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 he Polymer Society of Thailand (PST) was founded in 1999 by Thai academic and T
industrial polymer scientists. The society plays its important role as the network for the community so 
that the research, development and innovation in the country can go beyond. In order to achieve this 
goal, the PST realizes the annual conference to organize the Polymer Conference of Thailand (PCT) 
since 2010 as a stage to strengthen the network where the advancement of polymer can be cultivated 
through the presentations, discussions, idea exchanging, and collaborations among the members either 
from academia or industrial sector. The PST also considered the PCT as the stage to express the 
recognition the young polymer scientists in the country and announce its 'Thai Polymer Society 
Rising Star' since PCT-3.  In PCT-5, the scope was extended to an international conference where the 
Plenaries, Keynotes, and students are invited from abroad so that the international networks and 
collaborations as well as the raising of the quality can be expected.  
 In fact, the uniqueness of PCT is that it is the only conference for Polymer People in the 
country and this has proven by PCT-6 with an impressive number of participants (over 300) including 
more than 60 oral presentations and more than 90 poster presentations. The PCT-6 receives its honor 
to have 3 Plenary speakers from Universities; Prof. Atsushi Takahara (Kyushu University), Prof. 
Jean-François Pilard (Université du Maine, Le Mans), and Prof. Pramuan Tangboriboonrat (Mahidol 
University), and 2 Plenaries from the Industries; Dr. Teeradetch Tungsubutra (PTT Research & 
Technology Institute) and Dr. Butra Boonliang (SCG Research & Development Center). The PCT-6 is 
also pleased to have 10 Keynotes from abroad; Prof. Doo Sung Lee (SKKU University, Korea), Prof. 
Xiao Matthew Hu (Nanyang University of Technology, Singapore), Prof. Toshikazu Takata (Tokyo 
Institute of Technology, Japan), Prof. Dr.-Ing. Alois K. Schlarb (University of Kaiserslautern, 
Germany), Prof. Dr. Sahrim Hj. Ahmad (Polymer Research Center (PORCE), Universiti Kebangsaan 
Malaysia, Malaysia), Prof. Matthias Driess (Technische Universitaet Berlin), Prof. Paul D. Lickiss 
(Imperial College, UK), Dr. Li Xu (Institute of Materials Research and Engineering (IMRE), 
Singapore), Assoc. Prof. Dr. Hiroharu Ajiro (Nara Institute of Science and Technology (NAIST), 
Japan), Assoc. Prof. Dr. Loo Say Chye Joachim (Nanyang Technological University, Singapore), and  
7 Keynotes from Thailand; Dr. Daniel Crespy (Vidyasirimedhi Institute of Science and Technology, 
Thailand), Assoc. Prof. Dr. Voravee P. Hoven (Department of Chemistry, Chulalongkorn University), 
Assoc. Prof. Dr. Nisanart Traiphol (Department of Material Science, Chulalongkorn University), Asst. 
Prof. Dr. Kannika Sahakaro (Department of Rubber Technology and Polymer, Prince of Songkla 
University), Assoc. Prof. Dr. Thanyalak Chaisuwan, (The Petroleum and Petrochemical College, 
Chulalongkorn University), and Dr. Katanchalee Mai-ngam (Biomedical Engineering Research Unit, 
National Metal and Materials Technology Center (MTEC)). 
 The PCT-6 wishes to congratulate Assoc. Prof. Dr. Chatthai Kaewtong (Department of 
Chemistry and Center of Excellence for Innovation in Chemistry, Mahasarakham University), and 
Assoc. Prof. Dr. Napida Hinchiranan (Department of Chemical Technology, Chulalongkorn 
University) for their excellent and distinguish achievements to be the PCT-6 Rising Stars. 
 On behalf of the Thai Polymer Society, I would like to express my deepest gratitude to all 
speakers, participants, and the committee members and staff to make PCT-6 becomes real The 
gratitude is extended to the sponsors, which are the SCG Chemicals, PTT Global Chemicals, IRPC, 
Bruker BioSpin AG, and BASF (Thai) Ltd., as well as the 11 booth exhibitors.  
 Last but not least, I would like to deliver my appreciation to all participants who believe that 
PCT is the annual place and time for Polymer People in the Country.  
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PLENARY_1  
 

Synchrotron Radiation Scattering and Spectroscopy Applied to Soft Matter Science 

Atsushi Takahara 
1Japan Science and Technology Agency (JST), ERATO, Takahara Soft Interfaces Project 

 2Institute for Materials Chemistry and Engineering 
3International Institute for Carbon-Neutral Energy Research (WPI-I2CNER), Kyushu University, 744 Motooka, Nishi-

ku, Fukuoka 819-0395, Japan 

E-mail: takahara@cstf.kyushu-u.ac.jp 

 

2003-  Professor (Inst. Mater. Chem. Eng., Kyushu University) 

2005-2008, 2011- Member, Science Council of Japan 

2007-  Editorial Board, Progress in Polymer Science 

2016-  Senior Editor, Langmuir 

  Editorial Advisory Board, Polymer 

Research Interests: 

Structure & Properties of Polymers, Polymer Composites, Polymer Surface & Interfaces 

Abstract 
Synchrotron radiation produces light that is highly brilliant than conventional X-ray sources. Wave length covers 

from IR, soft X-ray to hard X-ray. By utilizing wide wave range and high quality of light source, various scattering and 

spectroscopy can be applied to various soft matter. In this presentation, the authors present our recent researches on SR-IR, 

XPCS, and SR-SAXS applied to soft matter characterization.    

SR source generates brilliant IR beam so that we can achieve high spatial resolution mapping of surface with high 

SN ratio. The authors characterized the wetting of superhydrophilic polyelectrolyte brushes with water utilizing SR-IR. 

Reflection interference contrast microscopy showed that the contact angle of a water droplet on the surface was extremely 

low but remained finite, despite the high affinity of the polyelectrolytes for water. The SR-IR demonstrated that water was 

present even outside the droplet. These water molecules were confined to the thin brush layer and formed a highly ordered 

hydrogen bond network, that is, structural water.  

Spontaneous molecular aggregation structure development around a crack tip of a segmented polyurethane (SPU) 

elastomer film consisting of hard segment (HS) and soft segment (SS) was investigated. In-situ micro-beam WAXD 

measurements were applied to the micrometer-scale local structure mapping at the crack tip. The local strain-induced 

crystallization of soft segment at a crack tip and the anisotropic HS domains alignment toward the crack tip were 

demonstrated. The mechanisms behind the crack arrest and mechanical strength of the polyurethane elastomer film are 

attributed to the local strain-induced soft segment crystallization at the crack tip, the mechanical stability of the HS 

domains, and local stress transfer through the HS rotation. 

A molded film of single-component polymer-grafted nanoparticles (SPNP), consisting of a spherical silica core 

and densely-grafted polymer chains bearing hydrogen-bonding side-groups capable of physically crosslinking, was 

investigated by in-situ ultra-small-angle X-ray scattering (USAXS) measurement during uniaxial stretching process. 

USAXS revealed that the molded SPNP formed a highly oriented twinned face-center-cubic lattice structure and a [111] 

plane was aligned nearly parallel to the film surface at initial state. Structural analysis by in-situ USAXS using a model of 

uniaxial deformation induced by rearrangements of the nanoparticles revealed that the fcc lattice was distorted in the 

stretching direction being proportional to the macroscopic strain until the strain reached 35% and subsequently changed 

into the other fcc lattice with different orientations. The lattice distortion and structural transition behavior corresponded 

well to the elastic and plastic deformation regimes, respectively, observed in the stress-strain curve. The rearrangement 

mechanism of the nanoparticles is well accounted for by a strong repulsive interaction between the densely-grafted-

polymer shells on the neighboring particles. 

XPCS is a technique, which allow us to characterize the dynamics of nanomaterials with coherent X-ray source. 

The dynamical behavior of polystyrene-grafted silica nanoparticles dispersed in a polystyrene matrix was studied using 

XPCS. While at low temperatures the particle motion was hyperdiffusive, the motion became subdiffusive with increasing 

temperature. This crossover may be a result of the competition between the dynamical heterogeneity of polymer matrix 

around the glass transition temperature, and the interaction between the polymer brushes and the polymer matrix. 

 

-----------------------------------------  
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Taking on the S-curve challenges 

Teeradetch Tungsubutra 
PTT Research and Technical Institute, PTT Public Company Limited, Ayutthaya, Thailand 

 

 

 

Ph.D. (Chemical Engineering) Rice University, USA 

Present Executive Vice President- managing PTT Research and Technical Institute 

(PTT RTI), covering disciplines such as fuels, lubricants, petrochemicals, 

petroleum transportation, and environmental sciences 

 Project director for the PTT Group in the establishment of the Kamnoetvidya 

Science Academy (KVIS) and the Vidyasirimedhi Institute (VISTEC) –in 

Rayong Province.   

 

Abstract 

 

Currently, in a strategic meeting at any organization - in any sector- it is almost a crime if we do not mention 

the word “S-curve”, or “new S-curves”.   This word is almost a National Agenda at the moment due to many 

factors or terms such as AEC, disruptive technologies, sustainable development, and new business platforms. 

Innovations are believed to be the key driver behind the development or establishment of an S-Curve.  As a 

result,” researchers” and “startups” are usually considered an integral part of it (an S-Curve) as well – what 

really are the connections between these terms, i.e.; innovations/ startups/ researchers?   

The speakers will share his views from his organization (PTT Research and Technology Institute) addressing 

the challenges and key success factors in achieving the coveted mission.  At the same time, he also would like 

to hear opinions from the audience on the subject matter. 

 

----------------------------------------- 
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Open Innovation – Building Success Together 

Butra Boonliang 
SCG Chemicals Co., Ltd., Bangkok, 10800, Thailand 

E-mail: butrab@scg.co.th 

 

 

 

Ph.D. (Microengineering and Nanotechnology( University of Birmingham, UK 

2011-Present Technology Intelligence Manager, SCG Chemicals 
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Abstract 

 

Open Innovation became key strategic R&D direction for major corporations in recent years. The key 

concept is to utilize external ideas as well as internal ideas, and internal and external market pathways to 

accelerate ideas towards commercialization. There are several models of collaborative environment as a result 

of this shift in industrial approach to R&D. This talk will illustrate the potential values of each type, the 

limitations, the outcomes and the corporation needed from each involved parties. 

 

SCG Chemicals Co., Ltd. is a subsidiary of Siam Cement Group (SCG) and is one of SCG’s 3 core 

businesses consisting of Chemicals, Packaging and Cement-Building Materials. SCG embarked upon the 

chemicals business in 1989. At present, SCG Chemicals manufactures and supplies a full range of 

petrochemical products ranging from upstream, intermediate, to downstream petrochemicals. SCG Chemicals 

is now one of the largest integrated petrochemical companies in Thailand and a key industry leader in the Asia-

Pacific region. 

 

Keywords:  Open Innovation, Research and Development, SCG 
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Abstract 

Over the past decades, the scientific community paid much attention to the influence of chemical 

processes on the environment. Thus, new methodologies were develop to reduce chemical pollution and the 

evaluation of the impact of low concentration of chemicals on human life is still of great importance nowadays. 

Even if organic chemistry was the first domain investigated, polymers were also source of questions. Are their 

degradation safe ? Are they obtained with low environmental impact ? And what can we do with end-life 

polymers ? Are we able to modify our processes or the polymers structure but without any change of 

properties ? In the same time, the growing world population needs more and more energy, facilities, 

transportation which seems highly challenging on an environmental point of view. In this respect Rubber 

chemistry domain has not escape to this rule.   

Indeed the consumption of synthetic or natural rubber has dramatically increase during the past 20 

years since rubber has found application in almost all life domains (transportation, goods, energy, life science, 

etc…). The rubber industry has well understood the neccessity to modify their processes and our scientific 

community is still  exploring different alternative to prevent or limitate the environmental impact of chemical 

industry. Among all axis investigated, scientifics were particularly involved in thermal, mechanical or chemical 

treatments leading either to new processes development or new chemical structures synthesis. The purpose of 

the presentation is to tentatively suggest an alternative procedure which could be able to target high value 

materials from low cost rubbers, which could be respectfull to the environment. 
 

 

----------------------------------------- 

 

  



  6 

 

PLENARY_5  

 

Natural Rubber Latex-Based Particle Composites 

Pramuan Tangboriboonrat*, Jitrada Wongpreecha and Waraporn Wichaita 
Department of Chemistry, Faculty of Science, Mahidol University, 

Bangkok 10400, Thailand 

Phone +66 2201 5135, Fax +66 2354 7151, *E-Mail: pramuan.tan@mahidol.ac.th 
 

 

 

Present Department of Chemistry, Faculty of Science, Mahidol University 

2015-present: Director, The Royal Golden Jubilee (RGJ) Ph.D. Program, The Thailand 

Research Fund (TRF) 

2015-present: Editorial Advisory Board,  Maejo Engineering and Agro Industry Journal, 

Maejo University. 

2014-present: Editorial Board, Journal of Science and Technology, Rajamangala University 

of Technology Thanyaburi 

2010-present: Member of the Committee of Nomination (Awards), Thailand Toray Science 

Foundation 

2009-present: Editorial Board, Trends Research in Science and Technology, Journal of 

Huachiew Chalermprakiet University 

Present: Member of Academic Review Committee, North Bangkok University, 

Rajamangala University of Technology Phra Nakhon, Sirindhorn International 

Institute of Technology, Thammasat University 

 

Abstract 

Research and development on natural rubber (NR) latex, which would lead to its use in biomedical 

and/or industrial fields, will be presented. Start from the knowledge on the structure, composition and 

morphology of NR latex particles, core-shell of NR-polychloroprene (CR) latex particles were fabricated via 

the heterocoagulation technique for improving the oil resistant property of NR latex film. A non-ionic 

surfactant whose molecules bear poly(ethylene oxide) was adsorbed on CR particles and allowed to form 

complex with indigenous surfactant (protein-lipid) on the NR particle surface. Replacing the CR with skim 

latex, the naturally abundant and low cost product, was also examined. The prevulcanized or cross-linked skim 

was used as agglomerating latex in the encapsulation of disinfectant agent for the preparation of NR medical 

gloves. The sulphur prevulcanized (SP) NR gloves possessing antimicrobial activity were then examined by 

depositing poly(methyl methacrylate) latex or silver nanoparticles stabilized by chitosan or N,N,N-

trimethylated chitosan. Recently, hollow latex (HL) particles using NR as seeds have been synthesized in one-

pot. Without core removal and solvent evaporation steps, the non-collapsed HL particles with double shell of 

polymer layers and a large void cavity were generated during polymerization of divinyl benzene/methyl 

methacrylate/acrylic acid monomers on the seed surface. The hollow structure could simply be tuned by 

selecting an appropriate initiation system and adjusting the monomers/seed (M/S) ratio. The HL-NR particles 

were successfully fabricated using tert-butyl hydroperoxide/tetraethylene pentamine redox initiation system 

with limited M/S weight ratio of 4/1. This process was further adapted for the synthesis of non-spherical HL 

particles, which would be potentially employed as a new type of photonic material. 

Keywords:  natural rubber latex particle; composite nanoparticle; hollow latex particle; heterocoagulation 
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Abstract 

Biodegradable polymers, such as polylactide and poly(trimethylene carbonate) (PTMC), has been employed to 

biomedical application. In order to add the functionalities of the biodegradable polymers, the monomer and polymer 

structures were designed. In this study, molecular design of monomer structures, block copolymer structures, and chain 

end modification approaches were employed. 

At first, the monomer structure was designed in order to introduce functionality. Molecular design of monomer 

structure is one of approaches to functionalize biodegradable polymers. PTMC is widely employed as biomaterials. 

Recently, the low-toxic catalyst for trimethylene carbonate (TMC) polymerization has been reported, and numerous 

studies have reported for PTMC modification by copolymerization, polymer reaction, and novel monomer design. In our 

laboratory, we designed novel monomers introducing hydrophilic moieties at side group of TMC. It is known that the 

novel monomer design introducing functional groups via ester and amide linkages. However, we introduced oligo ethylene 

glycol (OEG) units directly into TMC side group, in order to avoid the possible generation of organic acid compounds 

after hydrolysis. The homopolymer of PTMC derivatives, bearing OEG units at side chain, shows thermosensitive 

properties. The lower critical solution temperature (LCST) was varied from 30 °C to 72 °C. When the 3 units of OEG and 

methyl groups at side chain of TMC was polymerized, the aqueous solution of the homopolymer showed its cloud point at 

about 33 °C. On the other hand, when the 4 units of OEG and ethyl groups at side chain of TMC was polymerized, the 

aqueous solution of the homopolymer showed its cloud point at about 72 °C. These results showed the hydrophilic-

hydrophobic balance influenced on the cloud point. 

Secondly, the block copolymer was synthesized for the functionalization of biodegradable polymers. Block 

copolymer is also a popular approach to add functionalities to polymers. The hydrophilic modification of PTMC with 

OEG units were applied to the preparation of hydrophilic and hydrophobic block copolymer. We added methoxyethoxyl 

group into the TMC as monomer, and the homopolymer of the TMC derivative was used as initiator for ring opening 

polymerization of lactide. Then the block copolymer of PTMC derivative and PLA was obtained. The copolymer ratios of 

PTMC and PLA moiety were determined by 1H NMR as about 2:8. Using the solution of the block copolymer in 

chloroform, the spin-coated films were prepared on the glass plate. The water droplet was placed to measure contact angle 

in order to evaluate hydrophilicity. Interestingly, the contact of water droplet caused the contact angles to change from 80 

degree to 26 degree, indicating the hydrophilicity increased. The further investigation of the surface were achieved by 

AFM observation. The surface roughness increased with the estimated value from 3.4 nm to 7.5 nm. This result indicate 

that the polymer conformation and dynamic change were generated. The elemental analysis of the thin films were 

achieved by XRD. Compared with the initial thin film, the intensity of carbonate region of the film after increased after 

water immersion. Similarly, the intensity of ether region increased, suggesting that the TMC moiety with OEG groups 

were moved onto the surface by the hydrophilic circumstances. On the other hand, the intensity of carbonate region and 

ester region decreased after the films were immersed into hexane. To add to this, the intensity of ester region increased in 

the circumstance. The result also implied that the PLA moiety moved onto the surface, and TMC moiety with OEG groups 

were moved into the film, due to the hydrophobic interaction. Therefore, the thin film of the block copolymer of soft 

PTMC derivative with OEG and polylactide resulted in a dynamic surface, changing contact angles of a water droplet on 

the surface. The decomposition behavior of the film were next investigated. The thin films of the block copolymer were 

prepared onto the quartz crystal microbalance (QCM) substrates. Then, they were immersed into the aqueous solution of 

proteinase K, which accelerate of the hydrolysis of PLLA moiety. Compared to the film of the amorphous PLLA, the 

crystalline PLLA showed slower degradation behavior. However, the decomposition of the block copolymer showed 

much slower behavior than both of amorphous PLLA and crystalline PLLA films. This experiments will contribute to the 

long-term release of drugs by the degradation of the polymers. 

Finally, the chain end modification approach was applied. Chain end modification is also good approach to 

improve polymer properties. Various functional groups was introduced into initiator for lactide polymerization. After 

lactide polymerization, the functionality of chain end part was utilized, such as antibacterial properties. We selected 

catechin as anti-bacterial moiety. Catechin possesses four aromatic hydroxyl groups and one alkyl hydroxyl group, so the 

aromatic hydroxyl groups were protected for lactide polymerization. The antibacterial properties of the obtained polymer 

was evaluated. Such multi functionalization of the polymers are expected to produce the novel functional biomedical 

materials. 

Keywords:  Trimethylene carbonate, lactide, monomer design, block copolymer, chain end modification 
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Abstract 

Nanofibrous structures offer versatile platforms for functionalities and high surface area.  In this presentation 

work, we demonstrate syntheses, characterizations and applications of multicomponent nanofibers and 

nanofibrous membranes for environmental and antibacterial applications.  We first propose a conceptual design 

that involves three aspects of functional incorporation—in bulk, by compositions and on surface.  This simple 

concept allows ones to examine endless possibilities for synthesizing multifunctional and multicomponent 

nanofibers from inorganic constituents such as metals and metal oxides.  As examples, we show that 

photocatalytic TiO2, ZnO and WO3 nanofibers can be simply fabricated via electrospinning and decorated with 

noble metals and paramagnetic nanoparticles.  These hybrid nanofibers embodies great potential for air- and 

waterborne chemical mitigation under visible, UV or sunlight activation.  However, the inherent brittleness of 

these metal oxide-based nanofibers poses challenges upon their future utilizations as membranes for any 

devices.  As a consequent, we later innovates a new type of organic-inorganic hybrid nanofibrous membranes 

with multiple functions including potent antibacterial property.  It is shown that the ultrathin, lightweight and 

permeable nanofibrous membranes could eliminate not only E. Coli but also tuberculosis bacteria.  These 

mechanically robust and flexible nanomembranes could be fabricated into nanofilters for air treatment.  Finally, 

these inventive multifunctional nanomembranes are expected to make extraordinary impact in solving global 

environmental and health problems.    

Keywords: Nanofiber, Membrane, Nanospider, Noble Metal, Antibacterial 
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Abstract 

 

In pharmaceutical field, small molecules drugs face a lot of challenges such as non-specific absorption, poor 

pharmacokinetics, and off-target accumulation; whereas the bio-macromolecular medicines are obstructed due to quick 

degradation, invasive nature, and non-targeting uptakes. To overcome those obstacles, drug delivery system (DDS) has 

gained huge interests as an emerging technique for reducing systemic drug toxicity and increasing the therapeutic efficacy. 

In recent years, numerous of  smart artificial drug delivery systems (DDS), which can triggered-release the payload under 

changes in environmental factors (e.g. pH, temperature, enzyme, etc.) to achieve the ultimate goals of drug delivery 

system, have been evolved and developed [1]. Among those DDSs, based on the pH difference between pathological 

tissues and normal tissues, pH-responsive polymeric DDS can be administered directly to the blood and deliver the 

majority of the drug to the intended pH-gradients. Various polymeric materials have been employed to prepare nanosized 

pH-sensitive DDS with high potency for clinical applications [2, 3]. 

For last decade, our researches focus on developing the pH-triggered targeting polymeric nanocarriers, which are 

based on titratable-polymers/copolymers for theranostic applications. Aiming to the acidic pathological tissues like 

extracellular tumor tissues and ischemic stroke area, our nanocarriers can deliver and release the theranostic agents to the 

targeted acidic zones after a stable journey in blood circulation. Generally, our pH-sensitive amphiphilic 

polymers/copolymers can be prepared from hydrophilic polyethylene glycol (PEG) and pH-sensitive hydrophobic blocks 

as sulfonamide-related polymer, poly(β-amino ester) (PAE), and polypeptide. Firstly, Sulfonamide monomers, which have 

pKa 6.1-7.4 are selected to offer the titratable properties for anionic copolymers that display rapid association-dissociation 

transition at pH above 7.4. At pH higher than 7.4, soluble state of sulfonamide-related polymers allows to entrap 

pharmaceutic molecules due to the formation of micellar particles when pH drops to lower than 7.4. Secondly, PAE a 

well-known biodegradable cationic polymer, is mainly synthesized via Michael addition polymerization between 

bis(secondary amines) or primary amine monomers and bis(acrylate ester) monomers. The ionizable tertiary amine groups 

enable the resultant PAE undergoes a hydrophobic-hydrophilic phase transition upon pH change from basic to acidic 

along with the particle assembly-disassembly progression. Lastly, by using ring-opening polymerization of N-

carboxyanhydride monomers to achieve polypeptide with highly feasible modification in which tertiary amine groups or 

other functional groups can be chemically incorporated to the peptide backbone via aminolysis process. These pH-

sensitive polypeptide polymers perform dissolution and self-assembly state in acidic environment and physiological 

condition, respectively. Using those amphiphilic copolymers, assorted polymeric micelles and polymersomes have been 

erected for delivering therapeutic molecules and imaging agents, which possess high stability with long-term blood 

circulation, quick structure collapse inducing rapid payload release at targeted pH zones. Various hydrophobic anticancer 

drugs (e.g. DOX, PTX, TAXOL, CPT, etc.) and therapeutic macromolecules (e.g. DNA, SDF-1α, etc.) have been 

physically encapsulated to evaluate applicability of our DDS through a series of in vitro and in vivo experiments. 

Alternatively, inorganic imaging agents such as iron oxides Fe3O4 nanoparticles, quantum dots (QDs) which are usually 

highly toxicity due to the hazardous surfactants, can be loaded and delivered by our pH-sensitive nanocarriers. PAE or 

polypeptide, which contain hydrophilic shell PEG and specific functional groups can anchor on the nanoparticle’s surfaces 

to achieve high particle loading efficiency, protect the particle from non-specific adsorption, and diminish the systemic 

cytotoxicity. Thereafter, at targeting tumoral extracellular or ischemia stroke environments, Fe3O4 or QDs can be 

gradually accumulated, which are able visualized by magnetic resonance imaging (MRI) and in vivo imaging system 

(IVIS). Those positive results of therapeutic efficiency as well as high intensive diagnostic demonstrated the clinical 

potential of our propose concepts. Further details about our achievements shall be discussed in our delivered presentation. 

 

Keywords:  pH, targeting, nanocarriers, cancer theranostic. 
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Abstract 

Nanotechnology has found its presence in many industries and applications, and one such promising 

application is in the biomedical arena. It has been exploited for the development of nanotheranostics, for drug 

delivery and bioimaging purposes. For example, drug delivery in the form of nanomedicine utilizes nano-sized 

particles to transport and release pharmaceutical compound into the body, to achieve the most desirable 

therapeutic outcome and in the safest possible manner. In this presentation, we will focus on how 

nanotechnology can be applied for nanotheranostics, i.e. drug delivery and bioimaging. The scope will be on 

the use of bottom-up approaches to develop various types of particles, and how these can be modified for 

targeted, controlled and sustained release of drugs in orthopedic, geriatric, and oncologic applications. We will 

also review how multi-layered and hollow particles are currently developed to deliver multiple drugs and 

bioimaging probes. At the same time, this presentation would also review the toxicological responses of some 

nanomaterial candidates, and how this would translate to developing safer nano-materials for biomedical 

applications.  

 

 

----------------------------------------- 

 



  12 

DESIGN-KN1  

 

 

Unifying Catalysis Through Synthesis of Hybrid Materials 

Matthias Driess 
Technical University Berlin, Department of Chemistry: Metalorganics and 

Inorganic Materials, Strasse des 17. Juni 135, Sekr. C2, 10623 Berlin 

E-mail: matthias.driess@tu-berlin.de 

 

Abstract 

Current research activities in materials chemistry are devoted to the development of innovative and abundant 

materials suitable for conversion and storage of solar energy into chemicals (artificial photosynthesis). At the 

same time, there is an enormous demand for innovative new materials for energy-saving in electronic devices. 

Transparent conducting oxides (TCOs) are key components in organic light emitting diodes (OLED’s) for solar 

cells, photocatalysts, transparent electrodes in displays and Field Effect Transistors (FET). Unfortunately, 

transparent electrodes in flat-panel technology, photovoltaics or FETs rely on expensive indium tin oxide (ITO; 

In2O3:Sn doped with 5% Sn) which generate a bottleneck for the growing demand, combined with the relatively 

low abundance of indium. Changing the chemistry and using alternative materials systems based on abundant 

metal oxides provides a solution: Applying the concept of molecular metalorganic single-source precursors 

opened new doorways to innovative new TCO materials for biofuel cells and clean hydrocarbon catalysis (Fig. 

1). [1-7] In my talk the key role of materials design and synthesis for defragmenting catalysis will be discussed. 

 

 
Figure 1. From a molecular precursor to a bioelectrocatalytic device based on tin-rich ITO. 
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Abstract 

It is forecasted that the global population is growing to reach 9 billion by 2050 while there is limited resource on 

earth.   More and more people need access to affordable energy, housing, healthcare and quality food. There is 

almost 30% food waste before entering to the supply chain. BASF looks ahead how we as a company contribute 

to a sustainable future. BASF continue to develop and innovate to meet new challenges. In order to protect our 

planet and to cope with the resources it provides us, the way people live has to become much more sustainable. 

Packaging is one area on focus in order to reduce food waste and improve food quality as it moves through supply 

chain to consumers. Packaging trend and key drivers will be discussed, including different sustainable solution 

in packaging segment from BASF. 
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Abstract 

Taking advantages of gold nanorod (AuNRs) being capable of providing synergistic efficiency for cancer 

treatment via the combination of photothermal therapy and chemotherapy and their tunable properties as a 

function of stabilizer, this work aims to develop anticancer drug delivery system based on AuNRs stabilized with 

poly[(methacrylic acid)-ran-(methacryloyloxyethyl phosphorylcholine)] (PMAMPC). PMAMPC was 

synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. Some carboxyl groups 

in PMAMPC were modified with cysteamine to introduce more thiol groups to increase active binding sites for 

each PMAMPC chains onto AuNRs surface. Remaining carboxyl groups were covalently bonded with hydrazine 

using EDC/NHS activation. Then, doxorubicin (DOX), an anticancer drug was conjugated to PMAMPC by acid-

labile hydrazone linkage which should be rapidly destroyed under acidic environment in lysosomes. PMAMPC-

DOX was coated on AuNRs surface via Au-S bonds. The resulting PMAMPC-DOX-AuNRs showed good 

colloidal stability and uniform size. Photothermal studies verified that the particles can convert the absorbed light 

into heat (> 70C) when irradiated with NIR laser at 808 nm. In vitro drug release studies demonstrated that 

DOX release can be significantly accelerated at pH 5.0. Effective intracellular DOX release from the PMAMPC-

DOX-AuNRs was verified by confocal laser microscopy. In vivo synergistic effect via hyperthermia and 

chemotherapy apparently outperform either treatment alone. These results suggested that PMAMPC-DOX-

AuNRs could potentially be applied in pH-triggered drug delivery for cancer therapy. 

Keywords:  Anti-cancer drug, AuNRs, photothermal therapy, polymer stabilizer  
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Abstract 

Metal-organic frameworks (MOFs) are porous polymers in which metal centres are linked via polydentate 

organic linkers. They have become widely studied in recent years due to their potential in many areas such as energy, CO2 

capture, catalysis, and drug delivery.  These applications rely on the ability of the size, shape and chemical nature of the 

pores in MOFs to be tailored by suitable choice of both the metal and the organic linker.  The use of main group metals 

as either the nodes in the polymer or as components of the linkers has been explored far less than transition metals as 

the nodes with well known organic linkers.  The aim of this work was to demonstrate that group 1 and 2 elements 

may be used as nodes to prepare interesting MOFs and that organosilicon linkers can be used to give novel coordination 

polymers. 

In group 2, Mg
2+ 

nodes can be used to replace Zn
2+ 

in MOFs derived from aromatic linkers such as linear 1,4- 

benzenedicarboxylic acid (H2bdc), 4,4-biphenyldicarboxylic acid (H2bpdc) and trigonal planar 1,3,5-tricarboxylic acid 

(H3btc) [1] and Sr
2+  

forms a polymeric chain with [(p-CO2HC6H4)Me2Si]2O.   In group 1, Li
+  

and Na
+  

both form 

complicated polymers with organosilicon linkers such as (p-CO2HC6H4)3SiMe. 

A wide range of useful polydentate organosilicon linkers for application in coordination polymer synthesis have 

been prepared using a convenient synthetic route involving simple chloro- or alkoxy-silane precursors i.e.: 

 

 

 
This synthetic method enables simple compounds such as RnSi(p-C6H4CO2H)4-n (n = 0, 1, or 2; R = Me, Et, Ph 

etc.) as well as more complicated linkers such as C6H4-p-[(SiC6H4CO2H)3]2 to be prepared [2, 3]. Related silicon-based 

tetrazolate linkers can be prepared from nitrile precursors prepared using a similar route to the carboxylic acids [4]. 

These novel linkers can be used to prepare a wide range of MOFs that have been studied for both CO2 capture and for 

hydrogen storage. For example, reaction between Si(p-C6H4CO2H)4 and Co(NO3)2 affords a porous MOF, see below, 

capable of hydrogen uptake [5]. This MOF, together with other MOFs containing Si linkers, will be described. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A view down the x-axis of the MOF formed from 

Si(p-C6H4CO2H)4 and Co(NO3)2 

Keywords: Metal-Organic Framework, hydrogen storage, organosilicon, main-group elements. 
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Abstract 

In general, strategy for improving polymeric materials performance includes 1) design and synthesis of 

novel structured polymers and 2) incorporation of functional inorganic filler into polymer matrix to form polymer 

composites. Compared to polymer synthesis, fabrication of advanced polymer composites for various 

applications is a straightforward and industry adoptable approach. In this talk, I will present research achievement 

of our group on polymer composites development, including inorganic filler design and functionalization, 

composite process and structure-property-performance relationship.      

Inspired by the biosilification process of some marine organisms, we have successfully developed a 

method to synthesize PEGylated silica nanocapsules, polymer composites at nanoscale, at room temperature and 

near-neutral pH aqueous environment by using PEG-based block copolymer micelles as templates. The success 

of this approach lies on confining silica shell growth at the interfacial area between core and corona of polymeric 

micelles as a result of encapsulation of silica precursors inside the core of micelles. As a consequence, the 

synthesized silica nanocapsules are intrinsically perforated by PEG chains, which enable them to exhibit 

excellent colloidal stability and anti-fouling performance. The PEGylated silica nanocapsules are truly 

nanosized, which are ~15 nm in diameter, and demonstrated to be non-cytotoxic. These silica nanocapsules can 

be further functionalized by encapsulating hydrophobic ingredient inside their core.  

Oxygen barrier of materials used to wrap food plays an important role in making sure the product reaches 

consumer in the best possible condition. In order to enhance the oxygen barrier, layered-silicate fillers with high 

aspect ratio such as montmorillonite (MTM) have been incorporated into plastic materials to form polymer 

composites. Although the oxygen barrier of polymer matrix can be enhanced through incorporating layered-

silicate fillers, various studies have shown that the maximal improvement on oxygen barrier with layered-

silicate/polymer composite fabricated through conventional compounding or mixing is about 2/3 in maximum. 

At our group, a facile approach has been successfully developed for preparing flexible and optically transparent 

hierarchical MTM polymer composite layer with excellent oxygen barrier through applying gelatinous MTM 

polymer suspension onto PET film. Laminated flexible food packaging is then fabricated through laminating the 

coated PET film with polyolefin film. Nano-structured Fe/carbon oxygen scavenging filler has developed for 

further reducing oxygen transmission.  

 

Keywords:  Polymeric materials; Silica nanocapsules; Hierarchical polymer composites; Oxygen scavenging 

filler. 
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Abstract 

In electrochemical energy storage devices, choosing the appropriate electrode materials could increase 

the efficiency significantly. In this study, polybenzoxazines were chosen as precursors to prepare 3D – 

interconnected nanoporous carbon. By varying different types of precursors and synthesis parameters, 

nanoporous carbon with different microstructures can be obtained. In case of using phenol and 4,4-

methylenedianiline based polybenzoxazine as a carbon precursor, it was found that polybenzoxazine with 

surfactant added and CO2 activation exhibited remarkable improvement in textural properties with the surface 

area of 494 m2/g and the total pore volume of 0.81 cm2/g. The relationship between the specific capacitance and 

pore structure of the carbon electrodes was investigated. The electrochemical measurement in 1.0 M H2SO4 

electrolyte showed that surfactant and CO2 activation leaded to better capacitive performances with the specific 

capacitance of 275.16 F/g at a scan rate of 1 mV/s. The presence of micropores are essential for electrolyte ions 

adsorption, while the mesopores help to decrease the diffusive resistance of carbon electrodes and facilitate the 

electrolye ions transportation.   

 

Keywords:  energy storage, electrode materials, nanoporous carbon, polybenzoxazine 
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Abstract 

Two novel cross-linkers for preparation of toughened rubbers are discussed. Rotaxane cross-linkers having two 

radically polymerizable vinyl groups in both wheel and axle components were prepared and subjected to the radical 

polymerization of vinyl monomers to obtain rotaxane-cross-linked polymer (RCP) which showed much higher mechanical 

property than covalently cross-linked polymers (CCP).  Similar rotaxane cross-linkers having two nitrile N-oxide groups 

were prepared and directly used for cross-linking of NR, SBR, and so on.  

Network polymers having rotaxane structures at the cross-link points known as rotaxane-cross-linked polymer (RCP) 

are characterized by the movable polymer chains at the cross-link points and show unique properties and functions that have 

never been achieved with any covalently cross-linked polymer (CCP).[1-4] The movable polymer chain at the cross-link 

points makes possible an equalization of tension for external stimuli or stress to produce high swelling ability for solvents, 

high elasticity, and high stress-releasing ability. We have hitherto prepared various polymer networks showing recyclable 

and stimuli-responsible nature [1-4]. Herein, we would like to focus on the preparation of elastomers toughened by rotaxane 

cross-links using two novel rotaxane cross-linkers having vinylic and nitrile N-oxide functions placed on both wheel and 

axle components of their rotaxane structures, which were prepared based on our synthetic protocol for macromolecular 

[2]rotaxane consisting of one wheel and one polymer axle chain.  

 
Direct cross-linking of NR, SBR, etc. using a rotaxane cross-

linker having two nitrile N-oxide groups on its wheel and axle components 

[5-9] was carried out under catalyst-free or solvent-free conditions.  

Meanwhile, a similar rotaxane cross-linker possessing two vinyl groups 

in its axle and wheel components was added as a cross-linker into radical 

polymerization systems of vinyl monomers such as butyl acrylate to 

obtain solvent-insoluble polymer as rotaxane-cross-linked polymer 

(RCPBA) [10]. Mechanical property of RCP was compared with covalently 

cross-linked polymer prepared from a mixture of BA and a typical 

covalent cross-linker.  The big difference was observed as shown in the 

figure, suggesting the excellent cross-linker of the rotaxane cross-linkers 

which endow the cross-linked polymers with toughness.   

Keywords: Rotaxane Cross-Linker, Vinyl Group, Nitrile N-Oxide, Click 

Reaction, Toughness, Movable Cross-Link 
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Abstract 

 

Safe rubber process oils containing low Polycyclic Aromatic Hydrocarbons (PAHs) are in need for 

replacement of toxic distillate aromatic extract (DAE). Potential and commercially available petroleum-based 

safe process oils are: Treated Distillate Aromatic Extract (TDAE), Mildly Extracted Solvate (MES) and 

Naphthenics (NAP).  This work investigates the petroleum-based TDAE and MES safe process oils for 

replacement of DAE.  The characteristics of DAE-, TDAE- and MES oils, and solubility in unfilled NR, SBR 

and 50/50 NR/SBR blends are analyzed.  The solubility parameters () are calculated based on the group 

contribution method, and the difference of  values between oils and rubbers are correlated with the mass 

swelling of lightly crosslinked NR and SBR at different temperatures.  At high temperature in the range of mixing 

temperature, MES oil shows less compatibility compared to TDAE and DAE, respectively.  The replacement of 

DAE with TDAE and MES oils in unfilled NR, SBR and 50/50 NR/SBR had only minor effects on Mooney 

viscosity and mechanical properties of all the compound types.  When considering the overall changes in 

properties, NR is most sensitive to a change of oil types.  For carbon black filled NR and NR/SBR blend 

compounds, typically applied in tires, the properties are strongly affected by oil contents, but less by the oil types. 

The compounds with DAE oil have a lower Mooney viscosity but higher complex viscosity as well as higher 

Payne effect when compared to the mixes with TDAE- and MES-oils. The replacement of DAE- with TDAE- 

and MES-oils in NR compounds has only small effects on the vulcanization characteristics and mechanical 

properties, but clearly influences the properties which are related to changes of the glass transition temperature 

(Tg) and viscoelastic behavior. The lowest Tg of MES leads to the best elastic response in the NR vulcanizates, 

but TDAE gives the best overall elastic response for the NR/SBR blend vulcanizates.   

Keywords: natural rubber; styrene-butadiene rubber; process oils; TDAE; MES  
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Abstract 

 

Modern components for use e.g. in mobility, energy, or building and construction have to fulfill increasing 

requirements regarding their performance characteristics, energy efficiency, and sustainability. Hybrid 

components are the solution frequently, as they show outstanding performances very often. The smart 

combination of different materials at different length scales can utilize the specific strengths of each component, 

while the respective weakness of a single component is neutralized in the hybrid. Thus, the coherent polymer 

matrix guarantees for example the quick and easy processing into complex structures. In contrast, the dispersed 

metallic or ceramic component takes over the load-bearing function. The whole is then more than the sum of the 

parts. 

Actually, the boundaries between different 

material classes thereby may be overcome. What 

counts is the combination: the combination of 

materials on different scales from Nano to Macro 

and the combination of varying technologies for 

production purposes, i.e. the development and 

utilization of hybrid processes for manufacturing 

hybrid structures from hybrid materials. In this 

regard interfaces become more important. 

Actually, filling polymer materials with micro-sized fillers such as glass fibers or carbon fibers are proofed to be 

a very successful approach to achieve high strength and stiffness in a composite material. However, the use of 

nanofillers makes sense if new mechanisms in the material can be triggered and finally contribute to a better 

overall performance of the material.  

The talk exemplary focuses on developments where the addition of fillers on different length scales lead 

to a significantly improved behavior of components made from thermoplastic composites. Using tribology 

systems as an example the enormous opportunities and mechanisms by hybrid materials and systems in 

generating energy-efficient solutions are demonstrated. Key-factor of the success story is the interaction of the 

different materials on different length scales. 

 

Keywords:  Thermoplastic hybrid composites, interaction on different length-scales, tribology 
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Abstract 

Magnetic polymer nanocomposites belong to an emerging class of nanocomposites materials that is attracting 

an increase attention among scientists, engineers and researchers. This is due to its intriguing properties that serve 

in a wide range of applications including electromagnetic wave absorption and electromagnetic interference 

(EMI) shielding. This paper will discuss the preparation and potential application of magnetic thermoplastic 

natural rubber nanocomposite filled with ferrite nanoparticles and carbon nanotube using melt blending method. 

The effect of different compositions of nanoparticles on morphology, tensile, dynamic mechanical and magnetic 

properties  of the nanocomposites will be highlighted .The paper will also provides a review for fundamentals of 

the magnetic polymer nanocomposites including; basic concepts, common terms and important mechanisms 

related to microwave engineering. The processing methods and approaches utilized in the preparation of the 

magnetic polymer nanocomposite materials will be discussed in details. The absorption of the microwave energy 

at different frequency bands and EMI shielding application are also addressed.  

 

Keywords: Thermoplastic natural rubber, magnetic polymer nanocomposites, microwave absorbing materials, 

magnetic nanoparticles, nanocomposite preparation, electromagnetic wave absorption, electromagnetic 

interference, shielding effectiveness.  
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Abstract 

Our past and recent work on stimuli responsive polymers including micellar self-assembles and 

hydrogels will be discussed. Systems to be discussed include those respond to single, dual or multiple stimuli, 

such as temperature, pH, photo-irradiation, and CO2. Both naturally occurring and synthetic polymers are 

included. Discussion is mainly focused on water treatment and related applications such as water disinfection 

and desalination. Some of the materials have been explored for other applications including energy and 

sustainability.  

Keywords: Stimuli responsive system; structure; applications 
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Abstract 

 

Polydiacetylene (PDA) assemblies exhibit color transition upon exposure to various external stimuli, 

rendering them to be utilized in many sensing technologies. Our group recently introduces a new class of 

materials by incorporating zinc oxide (ZnO) nanoparticles into the PDA assemblies. New evidences show that 

Zn2+ ions are incorporated into PDA layers. Strong interfacial interaction between PDA and ZnO nanoparticles 

results in reversible thermochromism in aqueous suspension and various organic solvents. The color reversibility 

persists up to 200 C when the PDA/ZnO nanocomposites are fabricated into thin films by embedding in various 

polymeric matrices. In addition, the PDA/ZnO nanocomposites exhibit dual colorimetric response to acids and 

bases, allowing their utilization as chemical sensors. The nanocomposite can be used to detect and differentiate 

organic acids and bases in various media and at relatively wide concentration range. Their color-transition 

temperature and colorimetric response to acids and bases can be finely tuned by varying photopolymerization 

time and structure of the constituent PDAs. The nanocomposites prepared by using a combination of Zn2+ ions 

and other types of nanoparticles, TiO2, SiO2 and Al2O3, are also investigated.  

Keywords:  polydiacetylene; color transition; colorimetric sensor 
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Abstract 

Nanotechnology is considered as a key to pursue grand challenges such as curing of diseases or energy production 

and storage. The superior properties of nanomaterials is usually obtained by a specific arrangement of nanoscale 

units, also called nanoarchitectonics. 

We designed new materials mainly by combining polymer chemistry with the miniemulsion and the 

colloid-electrospinning processes. Herein, we report fundamental insights in the fabrication of nanomaterials by 

these processes. We introduced complexity in the design of the nanomaterials by tailoring their shapes and 

chemical natures. The nanomaterials were designed with stimuli-responsive polymers, yielding properties that 

are switchable upon change of pH value, electrochemical potential, or temperature. These materials found 

successful applications in biomedicine, catalysis, and anticorrosion. 
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Abstract 

 

We developed various comb-like surfactant polymers that could be used to modify the surface of existing 

biomaterials in order to improve some different desired activities, including anti-infection, blood compatibility 

and virus sensing.  To develop anti-bacterial interfaces, a series of structurally well-defined poly(ethylene 

oxide)/hydrophobic C6 branched chitosan surfactant polymers that undergo surface induced self-assembly on 

hydrophobic biomaterial surfaces were synthesized and characterized. The surfactant polymers consist of low 

molecular weight (MW) chitosan backbone with hydrophilic poly(ethylene oxide) (PEO) to repel nonspecific 

adsorption and hydrophobic hexyl pendant groups to facilitate adsorption and proper orientation onto a 

hydrophobic substrate via hydrophobic interactions. The surfactant polymers were prepared with various ratios 

of the two side chains. The molecular composition of the surfactant polymers was determined by FT-IR and 1H 

NMR. Surface active properties at the air–water interface were determined by Langmuir film balance 

measurements. The surfactant polymers with PEO/hexyl ratios of 1:3.0 and 1:14.4 were used as surface 

modifying agents to investigate their anti-infection properties. E. coli adhesion on Silastic® surface was 

decreased significantly by the surfactant polymer with PEO/hexyl 1:3.0.Surface growth of adherent E. coli was 

effectively suppressed by both tested surfactant polymers.  The chitosan based surfactant polymers, with or 

without further modification with 5-formyl-2-furansulfonic acid, could improve blood compatibility of the 

existing biomaterial surfaces.  Modification of polyethylene surfaces with the chitosan surfactant polymers 

resulted in a drastic decrease in platelet numbers, a decrease in the number of aggregates, and an increase in PRT 

time. Addition of PEO side chains to the surfactant resulted in a PEO density dependant drop in platelet numbers 

and increase in PRT time.  These results indicate that surface modification with our negatively charged chitosan 

based surfactant polymers may be suitable for cardiovascular applications.  Lastly, we improved virus sensitivity 

of a surface plasmon resonance (SPR) chip using a mixture of two comb-like dextran surfactant polymers, that 

are different in their dextran MW distribution and the presence of carboxylic groups.  A bimodal carboxylic 

dextran surfactant polymer consists of poly(vinyl amine) (PVAm) backbone with carboxyl higher MW dextran, 

non-functionalized lower MW dextran and hydrophobic hexyl branches; while a monomodal dextran surfactant 

polymer is PVAm grafted with non-functionalized lower MW dextran and hexyl branches.  Layer formation of 

non-covalently attached dextran chains with bimodal MW distributions on a surface plasmon resonance (SPR) 

chip was investigated from the perspective of mixed physisorption of the bimodal and monomodal surfactant 

polymers.  Separation distances between the carboxylic longer dextran side chains within the bimodal surfactant 

polymer and between the whole bimodal surfactant molecules on the chip surface could be well-controlled.  SPR 

analysis of shrimp yellow head virus using our mixed surfactant chips showed dependence on synergetic 

adjustment of these separation distances. 

Keywords: comb-like surfactant polymers, biomaterials, SPR, anti-infection and blood compatibility  
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Abstract 

Modeling and simulation can provide important insights on the polymerization process: how polymer 

chains were formed and how to control their microstructures. Such quantitative understanding can help determine 

appropriate operating conditions to tailor-make polymer chain microstructures (therefore, polymer properties) 

and aid the product development process. In this presentation, three modeling tools and example of their 

applications will be discussed: (1) method of moment, (2) Monte Carlo simulation, and (3) artificial neural 

network. 

The polymerization reaction involves a large number of chemical species (i.e., monomer, active catalyst 

site, active chains with different lengths, and dead chains with different lengths). Therefore, it is a tedious and 

time-consuming task to keep monitoring all compositional changes in the system. Although this can be done by 

solving an extremely large system of ordinary differential equations, where each equation describes the transient 

material balance of each component, it is not practical in industry. This problem can be greatly simplified by 

using the method of moment, which greatly reduce the mathematical system in the manageable level of 10-20 

equations in exchange with the reduce in information to only the average chain microstructures (i.e., average 

molecular weight, average comonomer content) instead of microstructural distribution. This approach is 

commonly considered in the polymerization process control and operations. Research example of the method of 

moment analysis in ethylene/1-olefin copolymerization produced in the tandem system (with no comonomer 

feed) will be illustrated. 

If the polymerization system of interests is complicated and the details on the formation of chains with 

different microstructures are required, static and dynamic Monte Carlo simulations can address such 

requirements. Monte Carlo simulation use the stochastic approach by following the process of building each 

chain “unit by unit” according to the random selection of the reactions in polymerization mechanism. In this 

presentation, an example of dynamic Monte Carlo simulation of olefin block copolymers (OBCs) made with 

chain shuttling polymerization will be discussed to show how polymer population with different chain 

microstructures (e.g., number of block, comonomer content) were evolved. 

Artificial neural network (ANN) offers new approach to describe the polymerization system. ANN is one 

of the black-box modeling concepts, which mimics how our nervous system operated and processed data in order 

to find the relationship between inputs and outputs. Although conventional phenomenological modeling 

approaches can be used to describe well the forward problem of how the operating conditions affect produced 

chain microstructures, these models cannot be used to directly solve invert problem of how to determine 

appropriate operating conditions to yield desired polymer microstructures. Example of ANN application in 

solving such problem in the ethylene/1-olefin copolymerization made with two site type system will be discussed. 

 Although the modeling and simulation of polymerization system cannot replace experiments, they can be 

of great complements. Beside the above examples, they can also be used to validate the proposed polymerization 

schemes (through systematic model discrimination), deconvolute the microstructures (to identify the number of 

site type and characteristics of site type), reduce number of experiments, and therefore provide the key to control 

the production process.  

Keywords:  Artificial Neural Network, Method of Moment, Monte Carlo Simulation, Polymer Reaction Engineering 
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Abstract 

Rhodamine spirolactam is a promising structural scaffold for the design of selective chemosensors. It can undergo 

a structural change from a spirolactam to an open ring amide by cations induced activation of a carbonyl group 

in the spirolactone or spirolactam moiety, resulting in a magenta-coloured highly fluorescence compound. 

Beyond the conventional findings from rhodamine compounds, our work describes new types of rhodamine 

derivatives for using in environmental and biological applications including ditopic receptors, rhodamine-

appended conducting polymer film, rhodamine-based modified polyacrylic acid (PAA)-coated FeNPs, 

rhodamine-functionlized AuNPs and inkpen-printed reusable colorimetric sensor. 
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Abstract 

 

Graft copolymerization is a kind of post polymerization techniques to induce polymers to have desired 

properties. The graft copolymerization of diene-based elastomers can be prepared via various methods such as 

solution, emulsion and melt mixing via free radical polymerization. The graft diene products can be used as the 

compatibilizers for blends containing polymeric constituents with dissimilar properties or for thermoplastic 

elastomers production. In the case of rubber-rubber blends, the phase separation of rubbers having different 

polarity can be improved by using graft copolymers. For example, the graft copolymer of acrylonitrile (ACN) 

and styrene (ST) on natural rubber (NR) was applied as the compatibilizer for NR/nitrile rubber (NBR) blends. 

The results indicated that the addition of graft NR (GNR) could improve the oil resistance and mechanical 

properties by reducing the phase separation of NR/NBR vulcanizates. Moreover, the graft copolymer of 2,2,2-

trifluoroethyl methacrylate (TFEM) onto NR was also applied as the compatibilizer for NR/fluoroelastomer 

(FKM) vulcanizates to increase their tensile strength and phase compatibility. For the aspect of thermoplastic 

elastomers, the modification of ethylene-propylene-diene rubber (EPDM) via graft copolymerization with ST 

and methyl methacrylate (MMA) could be more compatible with acrylic sheets derived from the mixture of ST 

and MMA. It was revealed that the addition of 1 – 3 wt% graft EPDM (GEPDM) improved the thermal and UV 

resistance of the modified acrylic sheets. The morphology of the fractural surface indicated that the properties of 

the modified acrylic sheet were shifted from brittleness to ductile. The improved tensile and impact properties of 

the rigid acrylic sheets were also found by using GNR. Thus, it can be concluded that the graft product derived 

from graft copolymerization of monomers onto elastomeric backbones can be applied as compatibilizers and 

mechanical properties modifier for both rubber-rubber blends and thermoplastic elastomers. 
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Abstract 

 

In this study, the PCL/PHBV blend of 50/50 weight ratio was mixed with varied amounts of NaCl particles, i.e., 
 

0, 25, and 50 wt%, a using a ball mill machine. Each resulting mixture was then extruded into PCL/PHBV/NaCl 

blended filaments using a twin-screw extruder. The filaments were subsequently fabricated into three-dimensional 

scaffolds with primary pores in the range of 250-300 µm by an in-house built fused deposition modeling (FDM) 

machine. The PCL/PHBV/NaCl blended scaffolds were salt-leached by aqueous NaOH solutions prepared at different 

NaOH concentrations, i.e., 0.5 M, 1.0 M, and 3.0 M, at 50oC for 60 min, generating secondary pores along the 

polymeric filaments. The effects of NaCl content and NaOH concentration on the pore structure, surface hydrophilicity, 

and compressive strength of scaffolds were investigated by using SEM, water contact angle, and DMA, respectively. 

The surfaces of all PCL/PHBV blended scaffolds treated with aqueous NaOH solutions appeared drastically more 

hydrophilic with a zero-degree water contact angle, while those of water-treated blended scaffolds exhibited the water 

contact angles in the range of 80-101o. The average compressive moduli of the porous PCL/PHBV blended scaffolds 

were found to be inversely proportional to the amount of NaCl incorporated and concentration of NaOH used. The 

secondary pores on the PCL/PHBV blended materials were anticipated to facilitate the chondrocytes to adhere, 

proliferate, and produce ECM more effectively on the scaffolds. The highest amount of GAGs content was apparently 

found in the scaffold prepared from the highest amount of NaCl, i.e. 50 wt%. 
 

Keywords: PCL/PHBV blended scaffolds; primary pores; secondary pores; salt-leaching; alkaline solution 
 

1. Introduction 
 

The preparation of three-dimensional (3D) 

scaffolds for tissue engineering applications has been 

intensively investigated in the areas of material selection 

and fabrication technique. Several biodegradable 

polyesters and copolyesters, e.g., poly(ε-caprolactone) 

(PCL), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV), and their copolymers, have been widely 

employed as cell/tissue culture substrates, owing to their 

biodegradability, biocompatibility, and processability [1- 

2]. 
 

The porous structure and geometry of a scaffold 

markedly play an important role in determining a cellular 

response. A number of processing techniques based on 

salt leaching [3], thermally induced phase separation [4], 

gas foaming [5], and additive manufacturing (AM) [6] 

have been used in wide spread to produce porous 

scaffolds.   Some   coupling   methods   have   also   been 

recently  used  to  create  more  complex  interconnected 

pores in the scaffolds [7-8]. 

In this study, PCL/PHBV/NaCl blended filaments, 

prepared at different polymer/salt ratios, were used as raw 

materials in the fabrication of 3D porous scaffolds using 

an in-house built fused deposition modeling (FDM) 

machine, an AM technique based on an extrusion 

technology, enabling the production of scaffolds with a 

controllable architecture and fully interconnected primary 

pores. The fabricated scaffolds were subsequently treated 

with  aqueous  NaOH  solution  to  leach  out  the  salt 

particles, yielding secondary pores along the scaffold 

filaments.   The   properties   of   PCL/PHBV   blended 

mailto:wanidaj@mtec.or.th
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scaffolds with primary and secondary pores, i.e., pore 

structure, surface hydrophilicity, and compressive 

strength,  were  evaluated.  Furthermore,  the 

chondrogenesis of porcine chondrocytes cultured on the 

PCL/PHBV blended scaffolds was assessed in terms of 

cell viability and ECM accumulation after 21 days of 

culture. 
 
 

2. Experimental Methods 
 

2.1 Materials 

between each deposition pathway was adjusted at 600 µm 

to   fabricate  the  scaffolds  with  a   distance  between 

filaments of 200 µm and a filament diameter of 400 µm. 

The internal scaffold structure was designed using a four- 

angle pattern, 0/90/45/135o, generating porous scaffolds 

with regular geometrical honeycomb-like pores and total 

height of 2.5 mm. Figure 1 reveals the porous structure of 

PCL/PHBV_50%NaCl blended scaffold. 

 

Polycaprolactone  (PCL; Mn  =  80,000  g/mol; 
 

CAS No.440744) was supplied by Sigma-Aldrich 

Corporation (Singapore) in a pellet form. Poly(3- 

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) pellets 

were supplied by TianAn Biopolymer (China) (product 

code:  ENMAT  Y1000P).  Sodium  hydroxide  (NaOH) 

(AR grade, 99%) was obtained from RCI Labscan Ltd. 

Sodium chloride (NaCl), from Thai Refined Salt Co., Ltd, 

was sieved to have particle sizes in the range of 106–250 

μm before use. 
 
 

2.2 Preparation of PCL/PHBV blended scaffolds with 

primary and secondary pores 

PCL  and  PHBV  were  ground  into   powders, 

blended at a 50/50 weight ratio, and then mixed with 

varied amounts of NaCl particles, i.e., 0, 25, and 50 wt%, 

using a ball mill machine at a constant speed of 180 rpm 

for 16 h, yielding PCL/PHBV_0%NaCl, 

PCL/PHBV_25%NaCl, and PCL/PHBV_50%NaCl 

compounds, respectively. Each PCL/PHBV/NaCl 

compound was then extruded into filaments with an 

average diameter of 1.64 mm using a twin screw extruder 

at    100,    148,    and    150oC,    respectively.    Porous 
 

PCL/PHBV/NaCl scaffolds, with a dimension of 6.0 x 

6.0 x 2.5 mm3 (length x width x height), were directly 

fabricated from those filaments individually formulated 

using an in-house built FDM with an exit diameter of 

0.42 mm. The FDM fabrication temperatures were set at 

160oC for PCL/PHBV_0%NaCl filament and 200oC for 

both PCL/PHBV_25%NaCl and PCL/PHBV_50%NaCl 

filaments. The deposition rate and nozzle speed at 0.4 and 

12   mm/sec,   respectively,   were   used.   The   distance 

 
 
 
 

Figure 1.  PCL/PHBV_50%NaCl blended scaffold 
 

The  PCL/PHBV/NaCl  blended  scaffolds  were 

salt-leached by aqueous NaOH solutions prepared at 

various alkaline concentrations, i.e., 0.5 M, 1.0 M, and 

3.0 M, at 50oC for 60 min, generating secondary pores 
 

along the blended polymeric filaments. The alkaline- 

treated scaffolds were washed thoroughly in de-ionized 

water and freeze-dried overnight. 
 
 
2.3      Characterization of PCL/PHBV blended scaffolds 

with primary and secondary pores 

2.3.1 Surface morphology 
 

A scanning electron microscope (SEM, Hitachi S- 
 

3400N) was used for the observation of the primary and 

secondary pore morphologies of the scaffolds. Typically, 

PCL/PHBV blended specimens were mounted on stubs 

with a conductive carbon tape, coated with gold, and then 

examined at 15 kV. 
 
 
2.3.2 Surface wettability 
 

The surface hydrophilicity of all scaffolds was 

comparatively evaluated by means of water contact angle 

measurement using a sessile drop technique with an 

optical contact angle measuring instrument (Data Physics, 

OCA20). 
 
 
2.3.3 Compressive strength 
 

The mechanical property of the scaffolds was 

evaluated using a dynamic mechanical analyzer (Mettler 
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Toledo, DMA/SDTA861e) at a compressive mode with 

solicitation frequencies ranging from 0.1 to 20 Hz with 

constant amplitude displacements of 0.03 mm under 

nitrogen atmosphere. The reading values at a frequency 

of 1 Hz were reported as reference values for the storage 

modulus comparisons. The specimens were tested in 

triplicate, and the data were presented as mean ± standard 

deviations (mean ± SD). 
 
 

2.4 Biological assessments 
 

2.4.1 Cell culture 
 

The sterilized scaffolds were placed into 24-well 

culture plates. Each scaffold was seeded with porcine 

chondrocytes at a density of 1×106 cells/scaffold, and the 

whole plates were then incubated overnight to allow the 

cells to attach onto the scaffolds. Afterwards, the cell- 

seeded scaffolds were further incubated in 24-well culture 

plates under 5% CO2  atmosphere at 37oC for 21 days. 

The culture medium using Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine 

serum, together with penicillin (100 units/ml) and 

streptomycin (100 µg/ml) was regularly replaced every 2 

days. 
 
 

2.4.2 DNA assay 
 

The  cell-seeded scaffolds  at  the  21-day  culture 

period  (n=3)  were  lyophilized  and  digested  with  1.5 

mg/ml papain solution (Sigma) at pH 7.5 at 60oC for 18 h. 

The papain-digested samples were centrifuged at 5000 

rpm  for  5  min.  A  10-µl  volume  of  supernatant  was 

analyzed  using  a  fluorimetric  DNA  quantitation  kit 

(Sigma), according to the protocols of the manufacturer. 

The fluorescence intensity was detected using 

VICTORTMX4  multilable  plate  reader  (Perkin  Elmer, 

Waltham, MA) at excitation 360/emission 460 nm. Calf 

thymus DNA (Sigma) was used to generate a standard 

curve for dsDNA quantification. 

at 60oC for 18 h. Aliquots of 100 µl of each papain- 

digested solution were mixed with 100 µl of 1,9- 

dimethylmethylene blue  (DMB)  dye  solution  (Sigma). 

The absorbance was measured at 525 nm using a 

VICTORTMX4 multilabel plate reader (Perkin Elmer, 

Waltham,  MA).  The  amounts  of  GAGs  were 

subsequently determined against the chondroitin-6- 

sulphate (Sigma) standard curve. 
 
 
2.4.4 Statistical analysis 
 

The data were reported as mean ± SEM of 

measurements. The results were analyzed using one-way 

ANOVA with using SPSS software (SPSS for Windows, 

version 11.5) at a significance level of 0.01 (p<0.01). 
 
 
3. Results and Discussion 
 

3.1 Scaffold characterization 
 

The PCL/PHBV_50%NaCl blended scaffold was 

microstructurally investigated for its polymeric filament 

width and pore size using a scanning electron microscope, 

as shown in Figure 2. The average filament diameter and 

the channel size (size of primary pores) were found to be 

374.73 ± 32.06 and 205.60 ± 24.80 µm, respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 2. Microstructure of PCL/PHBV_50%NaCl scaffold 

examined by SEM, original magnification: (a) x50 and (b) 

x150. 

 
To determine the efficiency of salt leaching by 

alkaline solution, all the scaffolds were weighed before 

and after the alkaline treatment. The leaching efficiency 

was directly related to %weight loss (%WL) calculated 

by the following equation: 

%WL = [(Wi - Wf)/ Wi] ×100 
2.4.3 Glycosaminoglycan (GAG) assay where Wi was the initial dry weight of a scaffold 

After  21  days  of  cell  culture,  the  cell-seeded  

before alkaline treatment, and Wf 

 

was the final dry weight 
scaffolds (n=3) were lyophilized and digested with 1.5 

 

mg/ml papain solution (Sigma, St. Louis, MO) at pH 7.5 

 

of a scaffold after alkaline treatment. 
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Overall,  the  %WL  values  reported  in  Table  1  were 

greater than %salt contents initially used in the scaffolds, 

except for PCL/PHBV_25%NaCl_1MNaOH,  implying 

that not only NaCl particles, but also PCL and PHBV, 

were leached out by NaOH solution. Furthermore, it was 

noted  that  the  higher  NaOH  concentration  used,  the 

greater %WL values observed Table 1(No.3-5). 

 
Table 1. %WL found in the scaffolds after salt leaching 

by alkaline solution.* 
 

 
No. 

 
Sample code 

 
%WL 

1 PCL/PHBV 0%NaCl 1MNaOH 1.43 ± 0.33 
2 PCL/PHBV_25%NaCl_1MNaOH 16.43 ± 2.19 
3 PCL/PHBV_50%NaCl_0.5MNaOH 51.01 ± 0.55 
4 PCL/PHBV_50%NaCl_1MNaOH 52.03 ± 2.12 
5 PCL/PHBV_50%NaCl_3MNaOH 60.30 ± 3.21 

* tested in triplicate. 
 
 

The SEM images of surfaces of PCL/PHBV 

blended scaffolds after alkaline treatment were shown in 

Figure 3. The surfaces of the 

PCL/PHBV_0%NaCl_1MNaOH and 

PCL/PHBV_25%NaCl_1MNaOH scaffolds were smooth, 

containing nearly no pores on the scaffold filaments, as 

shown in Figure 3(a-b). The alkaline solution seemed to 

be less efficient to leach of the salt from the scaffold, i.e., 

PCL/PHBV_25%NaCl_1MNaOH, when a less content of 

salt primarily incorporated. This was also confirmed by 

the result on the weight loss demonstrated in Table 1. The 

secondary pores with average pore sizes in the range of 1- 

5 µm were clearly observed on the scaffold filaments of 

PCL/PHBV_ 50%NaCl, as shown in Figure 3(c-e). The 

higher the concentration of alkaline used, the greater the 

average pore size of the secondary pore observed. 

The surface hydrophilicity of the scaffolds was 

evaluated by a sessile drop technique using an optical 

contact angle measuring instrument. The average water 

contact angles on the filament surfaces of the 

PCL/PHBV_0%NaCl, PCL/PHBV_25%NaCl, and 

PCL/PHBV_50%NaCl scaffolds were found to be 100.69 

± 7.94o, 96.02 ± 2.94o, and 81.19 ± 6.34o, respectively, 
 

while zero water contact angle was measured on the 

filament  surfaces  of  the  salt-leached  PCL/PHBV 

scaffolds. The PCL/PHBV scaffolds with primary and 

secondary pores absorbed water instantly. The enhanced 

surface hydrophilicity of the salt-leached scaffolds was 

also attributed to the alkaline hydrolysis of the polymeric 

surfaces, resulting in the formation of polar components, 

e.g., -C-O-, >C=O, and –COOH, on the surfaces. 

 
 

 
Figure 3. SEM images of surfaces of PCL/PHBV blended with 

varied salt contents and treated with varied NaOH 

concentrations: (a)0%NaCl_1MNaOH, (b)25%NaCl_1MNaOH, 

(c) 50%NaCl_0.5MNaOH, (d) 50%NaCl_1MNaOH, and 

(e)0%NaCl_3MNaOH scaffolds, original magnification x500. 

 
 

The compressive strength of the scaffolds was 

determined by DMA at the frequencies ranging from 0.1 

to 20 Hz, typical frequencies used for characterization of 

load-bearing orthopaedic materials in physiological 

environment [9]. As demonstrated in Table 2(No. 1, 2 

and 4), the storage moduli of PCL/PHBV/NaCl scaffolds 

after treated with 1.0 M NaOH solution were gradually 

decreased as a function of the NaCl content initially 

incorporated. Moreover,  the  harshness  of  alkaline 

solution used notably deteriorated the storage moduli of 

the salt-leached scaffolds. The higher the NaOH 

concentration employed, the less the storage moduli of 

the scaffolds resulted, as comparatively shown in Table 

2(No. 3-5). The decrease in the storage moduli of the 
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PCL/PHBV scaffolds were associated with the 

deformability   of   the   scaffolds   which   was   directly 

governed by the amount of salts incorporated and 

concentration of NaOH used. 

 
Table 2. The storage moduli of porous PCL/PHBV 

 

blended scaffolds.* 
 

 
No. 

 
Sample code Storage modulus 

(MPa) 

1 PCL/PHBV 0%NaCl 1MNaOH 19.45 ± 3.99 
2 PCL/PHBV_25%NaCl_1MNaOH 17.34 ± 1.84 
3 PCL/PHBV_50%NaCl_0.5MNaOH 15.79 ± 0.77 
4 PCL/PHBV_50%NaCl_1MNaOH 13.58  ± 0.74 
5 PCL/PHBV_50%NaCl_3MNaOH 6.48 ± 1.50 

*tested in triplicate. 
 
 

3.2 Responses of chondrocytes to PCL/PHBV blended 

scaffolds with primary and secondary pores 

To access the cell responses to the scaffolds, the 

DNA and total GAGs contents secreted by porcine 

chondrocytes cultured on the 

PCL/PHBV_0%NaCl_1MNaOH,                 PCL/PHBV_ 

25%NaCl_1MNaOH,      and      PCL/PHBV_50%NaCl_ 
 

1MNaOH scaffolds were determined after 21-day culture. 
 

The amounts of DNA content related to the cell 

viability found on each scaffold were reported in Figure 4. 

The  amounts  of  DNA  content  secreted  by  the  cells 

cultured on the PCL/PHBV_0%NaCl_1MNaOH and 

PCL/PHBV_25%NaCl_1MNaOH scaffold were quite 

close to each other and higher, but insignificantly, than 

that found on the PCL/PHBV_50%NaCl_1MNaOH 

scaffold. All these three scaffolds with varied extents of 

micro-rough surfaces expressed a rather similar capability 

to promote the cell viability. 

The total GAGs contents secreted by the porcine 

chondrocytes cultured on individual scaffolds were 

revealed in Figure 5. The significantly greatest amount of 

total GAGs content (p<0.01) was observed on the 

PCL/PHBV_50%NaCl_1MNaOH  scaffold  whose 

filament surface was most homogeneously covered with 

secondary pores.   This suggested that the chondrocytes 

could maintain their chondrogenic phenotype most 

efficiently when cultured on the PCL/PHBV_50%NaCl_ 

1MNaOH scaffold, and the accumulated GAGs could be 

retained well on this few micro-rough surface. 

 
Figure 4. DNA contents secreted by chondrocytes cultured on 

PCL/PHBV scaffolds with primary and secondary pores at a 21- 

day culture period. Values are presented as mean ± SEM, n = 3. 

 
 

 
 

Figure 5. Total GAGs contents produced by chondrocytes 

cultured  on  PCL/PHBV  scaffolds  with  primary  and 

secondary pores at a 21-day culture period. Values are 

presented as mean ± SEM, n = 3. * represents a statistical 

difference (p<0.01) analyzed by one-way ANOVA. 
 

The results obtained from the GAGs and DNA 

assays suggested that both surface hydrophilicity 

enhanced by alkaline solution and secondary pores 

generated after salt leaching of the 

PCL/PHBV_50%NaCl_1MNaOH  scaffold  could 

promote the functions of the porcine chondrocytes 

enormously. The well-defined secondary pores along the 

polymeric filaments of the scaffold also assisted the 

accumulation of GAGs secreted by the chondrocytes. 
 
 
Conclusions 
 

The PCL/PHBV blended scaffolds with primary and 

secondary pores were successfully prepared in this study. 

The porous scaffolds with well-controlled primary pores 

were initially fabricated by an in-house built FDM 

machine. The secondary pores were generated along the 

blended filaments after NaCl leaching in aqueous NaOH  
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solution. The extent and homogeneity of the secondary 

pores on the scaffold filaments were directly governed by 

the content of NaCl salts initially incorporated and the 

concentration of NaOH used. The results obtained from 

this   study   have   proven   the   potential   use   of   the 

PCL/PHBV  blended  scaffolds  with  primary  and 

secondary in articular cartilage regeneration suggested. The 

hydrophilic surface and secondary pore of the 

PCL/PHBV_50%NaCl_1MNaOH blended scaffold 

substantially promoted the functionality of the cultured 

chondrocytes. 
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Abstract 

The aims of this study were to modify the surface of poly(ε-caprolactone) (PCL) scaffolds using an enzymatic 

hydrolysis process and evaluate the responses of porcine chondrocyte to the modified PCL scaffolds. PCL scaffolds 

with a dimension of 6.0 x 6.0 x 2.5 mm3 (length x width x height) were fabricated by an in-house built fused deposition 

modeling (FDM) machine, using a lay-down pattern of 0/90/45/135°. The resulting PCL scaffolds were enzymatically 

treated with two different commercial lipase enzymes, namely Novozyme®435 and Amano lipase PS. The degrees of 

enzymatic degradation of PCL surfaces were determined, with respect to weight losses of the scaffolds after the 

hydrolysis. The surface morphology and chemistry of degraded PCL scaffolds were investigated by scanning electron 

microscopy (SEM) and attenuated total reflectance Fourier transform infrared spectroscopy (FTIR-ATR), respectively. 

The SEM and FTIR results revealed that, after enzymatic hydrolysis, the surfaces of PCL scaffolds became rougher and 

more hydrophilic owing to the presence of newly formed polar groups, i.e., -OH and -COOH. In addition, 

Novozyme®435 was found to degrade PCL surface more effectively than Amano lipase PS. After 28-day culture period, 

the cells cultured on both unmodified and enzymatically modified PCL scaffolds were assessed in terms of cell 

proliferation and ECM accumulation. It was noted that the enhanced surface roughness and hydrophilicity of the 

scaffolds by enzymatic hydrolysis promoted the proliferation and function of the chondrocytes.  

  
Keywords:  enzymatic modification, poly(ε-caprolactone), scaffold, fused deposition modeling, chondrocytes 

 

 

1. Introduction 

 Several characteristics of scaffolds are primarily 

required when they are used as tissue-engineered 

substrates, e.g., interconnected porous structure, proper 

surface morphology and properties, and good mechanical 

properties [1-2]. A substantial number of studies have 

been recently conducted on the preparation of porous 

scaffolds from aliphatic polyesters, e.g., poly(ε-

caprolactone) (PCL), poly-L-lactic acid (PLLA) and 

polyglycolic acid (PGA), owing to their intriguing 

properties, e.g., easy processability, biocompatibility and 

biodegradability [3-4]. Such techniques as salt leaching, 

thermally induced phase separation, gas foaming, and 

additive manufacturing have been widely studied in the 

fabrication of three-dimensional (3D) porous scaffolds. 

For instance, PCL scaffolds fabricated by methods such 

as electrospinning [5] and fused deposition modeling 

(FDM) [6] were reported. 

To enhance the material-cell interaction, surface 

modifications of scaffolds were also extensively 

investigated. Cell attachment, growth, infiltration and 

functions were promoted on the scaffolds surface-

modified by techniques, such as plasma treatment, 

chemical reactions and molecular immobilization [7-8]. 

The uses of hydrolase enzymes, such as lipases and 

cutinases, to alter the surfaces of polyester by means of 

enzymatic hydrolysis were also reported [9-10]. Small 

quantities of enzymes were employed to limit the 

polymeric degradation to occur merely on surfaces of the 

materials.   

 In this present study, 3D porous PCL scaffolds 

were fabricated using an in-house built FDM machine. 
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The PCL scaffolds were subsequently enzymatically 

hydrolyzed using two different lipases, namely 

Novozyme®435 and Amano lipase PS, under a mild 

reaction condition. The degrees of lipase-catalyzed 

degradation of PCL surfaces were determined, with 

respect to weight losses of the scaffolds after hydrolysis. 

The surface morphology and chemistry of degraded PCL 

scaffolds were trailed by scanning electron microscopy 

(SEM) and attenuated total reflectance Fourier transform 

infrared spectroscopy (FTIR-ATR), respectively. 

Moreover, the responses of porcine chondrocyte to the 

enzymatically hydrolyzed PCL scaffolds were assessed in 

terms of cell growth, and ECM accumulation. 

 

2. Experimental Methods 

2.1 Materials 

1. Polycaprolactone in a pellet form (PCL; nM  = 

80,000 g/mol; CAS No.440744), Lipase acrylic resin 

from Candida Antarctica (Novozyme®435, Sigma-L4777) 

and Amano lipase PS from Burkholderia cepacia 

(Aldrich-53461) were purchased from Sigma-Aldrich 

Corporation (Singapore). Sodium dihydrogen phosphate 

(NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) 

supplied from RCI Labscan Ltd were used as received in 

the preparation of phosphate buffer pH 8.0. 

2.  

3. 2.2 Preparation of PCL scaffolds  

4. PCL was melted and extruded into polymeric 

filaments with an average diameter of 1.64 mm using a 

twin screw extruder at 100oC. To fabricate porous PCL 

scaffolds with a dimension of 6.0 x 6.0 x 2.5 mm3 (length 

x width x height), the resulting filaments were then fed 

into an in-house built FDM machine with an exit 

diameter of 0.42 mm. The FDM processing parameters 

were set as follows: melting temperature of 160oC, nozzle 

speed at 12 mm/sec, filament deposition rate at 0.4 

mm/sec, and distance between each deposition pathway 

at 600 µm. The fabricated ten-filament-layer PCL 

scaffolds with a total height of 2.5 mm possessed a 

distance between filaments of 200 µm, a filament 

diameter of 400 µm, and regular geometrical honeycomb-

like pores which were designed and constructed by a lay-

down pattern of 0/90/45/135°. Figure 1 shows the porous 

structure of an FDM-fabricated PCL scaffold and the lay-

down pattern of 0/90/45/135°.  

5.  

6.  

7.  

8.  

9.  

10.  
 

Figure 1. (a) top-viewed PCL scaffold and (b) 0/90/45/135° 

processing direction. 

 
2.3 Enzymatic hydrolysis of PCL scaffolds  

11. To modify the surface of PCL 

scaffolds, the scaffolds were immersed in phosphate 

buffer at pH 8.0 in the absence or presence of 50 mg of 

lipase enzyme; two different lipase enzymes were used: 

Novozyme®435 and Amano lipase PS. The scaffolds in 

individual buffer solutions were shaken at 150 rpm at 

25°C for 30 min. Afterward, the scaffolds were washed 

thoroughly with de-ionized water followed by absolute 

ethanol and then freeze-dried overnight. The PCL 

scaffold soaked in the buffer solution solely was coded as 

PB, while that soaked in the buffer solution containing 

either Novozyme®435 or Amano lipase PS was coded as 

Novo50 or PS50, respectively.  

 

2.4 Characterization of PCL scaffolds 

2.4.1 The degree of enzymatic hydrolysis of PCL 

scaffolds 

Each PCL scaffold (n=3) was weighed before and 

after the enzymatic hydrolysis. The extent of surface 

degradation of a PCL specimen treated under a given 

experimental condition was directly related to the weight 

loss (WL) of the specimen which was determined using 

the following equation:  

%WL = [(Wi - Wf)/ Wi] ×100 

where Wi  was the initial dry weight of a scaffold 

before enzymatic hydrolysis, and Wf  was the final dry 

weight of a scaffold after enzymatic hydrolysis. Four 

specimens were tested for each experimental condition, 
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and the data were presented as mean ± standard deviation 

(mean ± SD). 

 

2.4.2 Surface morphology 

The surface morphologies of PB, Novo50, and 

PS50 were investigated by a scanning electron 

microscope (SEM, Hitachi S-3400N). The PCL 

specimens were mounted on stubs with a conductive 

carbon tape, coated with gold, and then examined at 15 

kV. 

 

2.4.3 Surface chemistry 

The surface chemical compositions of PB, 

Novo50, and PS50 were analyzed by an attenuated total 

reflectance Fourier transform infrared (FTIR-ATR) 

spectroscope (FT-IR imaging, Spectrum Spotlight 300, 

Perkin Elmer). The FTIR-ATR spectra were recorded at 

room temperature in a Perkin-Elmer Spectrum One 

Spectrometer in the 4000-600 cm-1 range. 

 

2.5 Biological assessments 
2.5.1 Cell culture  

The sterilized PCL scaffolds, i.e., PB, Novo50, 

and PS50, were placed into a 48-well plate. Porcine 

chondrocytes at passage 3 were randomly seeded onto the 

scaffolds at a density of 1.0 x 106 cells/scaffold at 37°C in 

Dulbecco’s modified Eagle’s medium (DMEM; Hyclone 

Thermo Scientific) supplemented with 10% fetal bovine 

serum (FBS, Hyclone) and 1% penicillin-streptomycin 

(Hyclone). The culture medium was regularly replaced 

every two days. 

 

2.5.2 Cell proliferation 

The colorimetric MTT assay, using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Sigma), was performed to quantify the number of 

viable cells after culture for a given period. Typically, 

cell-seeded PCL scaffolds (n=3) were incubated at 37°C 

under 5% CO2 for 1 and 7 days. At a certain culture 

period, the cell culture medium was replaced by 0.5 

mg/ml MTT in a fresh culture medium. Then, the cell-

seeded scaffolds were further incubated for 4 h at 37°C. 

The tetrazolium component was reduced within living 

cells by mitochondrial dehydrogenase into the insoluble 

formazan crystals which can be solubilized by an addition 

of dimethyl sulfoxide (DMSO, Sigma) and measured 

using spectrophotometry. In brief, a 200 µl volume of 

each dissolved formazan solution was transferred into a 

96-well plate and measured at 570 nm by a 

VICTORTMX4 multilable plate reader (Perkin Elmer, 

Waltham, MA). The reading OD values were directly 

proportional to the number of viable cells found on the 

scaffolds. 

 

2.5.3 GAG/DNA analysis 

Total GAG contents on the cell-seeded scaffolds 

were measured using the colorimetric dimethylmethylene 

blue (DMMB) assay. Briefly, at the end of 28-day culture 

period, the scaffolds were freeze-dried and digested with 

papain solution (1.5 mg/ml) in papain buffer (5 mM L-

Cysteine, 10mM Na2HPO4, 5 mM EDTA) pH 7.5 at 60°C 

for 18 h. Papain-digested lysates were used in the 

quantifications of GAG and DNA contents in parallel. A 

100 µl volume of each papain-digested solution (n=3) 

was mixed with an equal volume of DMMB dye (Sigma). 

The absorbance was measured at 525 nm using the plate 

reader. The amount of GAG collected from each scaffold 

was calculated relatively to a chondroitin-6-sulphate 

(Sigma) standard curve. Meanwhile, a 10 µl volume of 

each papain-digested solution (n=3) was used for the 

measurement of DNA content. The fluorescence 

intensities were detected using the plate reader at 

excitation 360/emission 460 nm. Calf thymus DNA 

(Sigma) was used to generate a standard curve for 

dsDNA quantification. The GAG/DNA ratios obtained 

were averaged and reported as mean ± SD. 

 

2.5.4 Statistical analysis 

 The data were statistically analyzed using one-

way ANOVA at a significant level of 0.05 (p<0.05). 
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3. Results and Discussion 

3.1 Scaffold characterization 

 To investigate the alterations in PCL surfaces 

after enzymatic hydrolysis, %WL, surface roughness and 

surface chemical composition were determined by means 

of a gravimetric method, SEM, and FTIR-ATR, 

respectively. The degree of enzymatic degradation of the 

polymer surface is essentially related to the amount of 

material loss. The calculated %WL values of PB, 

Novo50, and PS50 are reported in Table 1. It was noted 

that PCL scaffold was nearly not degraded in phosphate 

buffer at pH 8.0 in the absence of lipase enzyme, as seen 

in Table 1(No.1). On the contrary, the PCL surface was 

superficially eroded by both Novozyme®435 and Amano 

lipase PS; very minimal weight losses were detected. In 

addition, it was noted that Novozyme®435 surpassed 

Amano lipase PS in the surface hydrolysis of the PCL 

scaffolds.  

 

Table 1. %Weight losses found in various PCL scaffolds.* 

*n=3 

  

The SEM images of filament surfaces of PB, 

Novo50 and PS50 are demonstrated in Figure 2. The 

surface of PB was absolutely smooth, indicating no trace 

of surface degradation of PCL in phosphate buffer 

solution at 25°C for 30 min. This SEM result was in good 

accordance with the %WL result demonstrated above.  

The surfaces of the lipase-treated scaffolds, i.e., Novo50 

and PS50, became markedly rougher, compared to that of 

PB, suggesting the enzymatic hydrolysis of the PCL 

surfaces. The surface of Novo50 was, however, much 

rougher than that of PS50. Besides, this PCL scaffold 

possessed tiny holes, homogeneously distributed along 

the PCL filament, which were less observed on the rough, 

etched surface of PS50. This strongly suggested that 

Novozyme®435 had a higher enzyme activity and 

specificity toward PCL substrate than Amano lipase PS. 

The FTIR-ATR spectra of PB, Novo50 and PS50 

are revealed Figure 3. The surface hydrolysis of Novo50 

and PS50 were clearly evidenced by the presence of new 

broad absorption at wavenumber of 3600-3200 cm-1, 

corresponding to the O-H stretching vibration as well as 

the shift of a strong peak at 1850-1600 cm-1, 

corresponding to the C=O stretching vibration of ester 

group, to 1770-1580 cm-1, corresponding to the C=O 

stretching vibration of carboxylic acid. All these 

observations were attributed to the PCL chain scission, 

cleaving ester linkages into hydroxyl and carboxylic 

groups.  

 

 
 

Figure 2. SEM images of filament surfaces of (a) PB, (b) 

Novo50, and (c) PS50, original magnifications x1000. 
 

 
Figure 3. FTIR-ATR spectra of PB, Novo50 and PS50. 

 

 3.2 Responses of porcine chondrocytes to enzymatic-

hydrolyzed PCL scaffolds  

 Cell attachment and viability are primarily 

important factors for successful tissue regeneration. To 

assess the attachment and proliferation of chondrocytes 

No. Sample code  %WL 
1 PB  0.080 ± 0.069 
2 Novo50  0.585 ± 0.120 
3 PS50  0.458 ± 0.011 
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cultured on PB, Novo50 and PS50, the MTT assay was 

performed at day 1 and day 7, the experiments were done 

in triplicate. As demonstrated in Figure 4, at day 1, the 

viable cell numbers measured on individual PCL 

scaffolds were quite comparable and rather close to one 

another, suggesting the similarity in the initial cell 

attachment on the scaffolds. The cell viability was 

continuously followed until 7 days of culture to 

determine the cell growth. The porcine chondrocytes 

were found to proliferate well on each PCL scaffold; the 

cell viability at day 7 was significantly increased 

(p<0.05), compared with that measured on day 1. At day 

7, the living cell number found on Novo50 was 

significantly higher than those found on both PS50 and 

PB (p<0.05). Although the cell viability measured on 

PS50 was greater than that measured on PB, the viable 

cell numbers measured on both PCL scaffolds were 

insignificantly from each other. As the initial cell 

attachment on each PCL scaffold was rather alike, the 

greatest number of viable cells found on Novo50 at day 7 

indicated that the cells adhered most firmly and/or 

proliferated most efficiently on Novo50, mainly due to its 

well-defined rough surface. 

  

 
Figure 4. Chondrocyte viability measured at day 1 and day 7 on 

PB, Novo50, and PS50. * indicates a significant difference at 

p<0.05 when compared to cell viability at day 1 on each 

respective substrate, # indicates a significant difference p<0.05 

when compared to cell viability on PB at given culture days. 

 

To evaluate the functions of chondrocytes cultured 

on each PCL scaffold, the cell-seeded scaffolds had been 

incubated for 28 days. The accumulated sulfated 

glycosaminoglycans (GAGs) were determined according 

to the method described in the Experimental Methods. 

Sulfated GAGs normalized to DNA content was 

quantified and used as a marker of cartilaginous matrix 

accumulation. As shown in Figure 5, the chondrocytes 

cultured on both enzymatically hydrolyzed PCL 

scaffolds, i.e., Novo50 and PS50, significantly secreted 

and retained more GAG/DNA contents than those 

cultured on phosphate buffer-treated PCL scaffold 

(p<0.05). Moreover, the extracellular matrix production 

by the porcine chondrocytes cultured on Novo50 was 

significantly higher than that observed on PS50.  These 

GAG/DNA contents confirmed that Novo50 most 

efficiently promoted the cell attachment, proliferation and 

cartilaginous extracellular matrix production. 

 
Figure 5. GAG/DNA contents found on PB, Novo50, and PS50 

after 28 days of culture. * indicates a statistical significance at 

p< 0.05. 

 

4. Conclusion 

In this study, the surfaces of PCL scaffolds were 

successfully enzymatically hydrolyzed by two different 

lipases, namely Novozyme®435 and Amano lipase PS. It 

was found that Novozyme®435 had a greater enzyme 

activity and specificity toward PCL substrate than Amano 

lipase PS; the more homogeneously eroded surface was 

resulted with the use of Novozyme®435. The enhanced 

surface roughness and hydrophilicity of PCL scaffolds by 

enzymatic hydrolysis were proven to significantly 

facilitate the chondrocytes to adhere, grow and function. 

The surface modification by enzymatic degradation 

process of PCL scaffolds appeared to be a promising 

method to generate scaffolds with good biological 

properties suitable for cartilage tissue regeneration. 
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Abstract 
 

The  objective  of  this  research  was  to  study  and  fabricate  the  biodegradable  and  biocompatible  poly(vinyl 

alcohol) (PVA)/sericin  (SS) nanofibers by electrospinning,  in which different concentrations  of PVA and SS solutions 

were utilized.   The parameters  that affected the electrospinning  were also observed to find the optimized  conditions, 

such as flow rate, tip-to-collector  distance and applied voltage.   The obtained nanofibers were then characterized their 

morphology by using scanning electron microscopy, crystallinity by X-ray diffraction and functional groups by fourier 

transform  infrared  spectrometer  (FT-IR).   The fibers fabricated  in all compositions  had approximate  diameter  in the 

range of 100-400 nanometers.  High degree of crystallinity in the fibers was observed when 0.75 wt %/v of SS added in 

7 wt %/v of PVA, with SS acting as a nucleating  agent.   Whereas,  adding higher concentrations  of SS (1.5 and 2.5 

wt %/v) showed the best fiber compositions with smooth fiber surfaces and low bead density was observed.  In addition, 

a lower FT-IR peak intensities of hydrogen bonded –OH of PVA and an appearance  of carbonyl of ester bonds were 

observed  in  these  PVA/SS  electrospun  nanofibers,  due  to  the  interaction  between  hydroxyl  groups  of  PVA  and 

carboxylic groups of SS.  These electrospun nanofibers of PVA/SS have the potential to be used for tissue engineering 

scaffolds. 

 
Keywords:  poly(vinyl alcohol), sericin, electrospun nanofibers, crystallinity, morphology. 

 
 

1. Introduction 
 

Nanofibers are generally fibers with nano-scale 

diameters.  They usually possess porous structure, good 

flexibility  and mechanical  strength.   They are fabricated 

by a technique called “electrospinning”  which is a simple 

and  inexpensive  fabrication  method.    It  includes  three 

parts;  a  syringe  pump,  a  high  voltage  source  and  a 

collector.   During the electrospinning  process, a polymer 

solution  held  at the  needle  tip  by  surface  tension.    An 

electric  field  is  applied  using  a  high  voltage  source, 

which causes charge to be induced within the polymer, 

resulting in charge repulsion within the solution.   This 

electrostatic  force  disputes  the  surface  tension  and  the 

charge repulsion  overcomes  the surface tension, causing 

the initiation of a jet.  When this jet travels, the solvent 

evaporates and an appropriate collector can be used to 

capture  the  polymer  fibers  [1].     Recently,  nanofibers 

fabricated  by  electrospinning  has  gained  popularity  for 

use in many applications, such as membrane, catalytic, 

sensors, drug delivery and especially tissue engineering 

scaffolds. 

In this work, therefore, we set up our own 

electropinning   instrument   (Fig.  2)  for  fabricating   the 

selected materials.  In order to produce the best materials 

they  should   be  biodegradable   and  biocompatible   for 

further use as scaffolds.   Therefore, poly(vinyl alcohol) 

(PVA) and silk sericin (SS) from silk cocoons (Bombyx 

mori) were chosen, as they are both biocompatible and 

biodegradable  materials.     PVA  is  a  water-soluble 

synthetic  polymer  that is non-toxic  to the tissue cells of 

the  body.      PVA  can  be  fabricated  with  other 

biocompatible   polymers   into   the   different   forms   for 

would dressing [2], hydrogel for vascular grafting [3], 

scaffolds  for tissue engineering  [4-6].   SS is a glue-like 

mailto:sukunyaj@nu.ac.th
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protein that covers double stands of fibroin of silk cocoon 

fibers.      SS   comprises   of   18   types   of   amino   acids 

including  up  to  32%  of  essential  amino  acids,  such  as 

serine, glycine, aspartic acid, glutamic acid, threonine and 

tyrosine.   These consist of hydroxyl, carboxyl and amino 

functional groups, that make sericin enable to dissolve in 

water and to react with other materials [7-8].  SS has been 

used in medical applications by incorporating with other 

biocompatible materials, such as chitosan [9], 

polyacrylamide [10]. 

The combination of PVA and SS were studied and 

fabricated  into  the  different  forms,  for  examples,  films 

[11-12],  hydrogels  [10,13]  and  tissue  engineering 

scaffolds  [14-15].     Among  these  works,  none  are 

fabricated  into the fibers  by electrospinning  and do not 

study the morphology, crystallinity and functional groups 

of PVA/SS.   Therefore, this work is concerned in the 

fabrication of PVA/SS nanofibers using electrospinning. 

This   work   studies   the  parameters   that  effect   to  the 

formation  of  nanofibers,  which  are  polymer 

concentrations,  injection  flow  rate,  tip-to-collector 

distances   and   applied   high   voltage.      This   study   is 

important for controlling the physical and mechanical 

properties  of PVA/SS  electrospun  nanofibers  for further 

use in tissue engineering scaffolds. 
 
 

2. Experimental Methods 
 

Silk  sericin  (SS)  was  prepared  by  water 

degumming process from silk cocoons (Bombyx mori) 

provided from Tak province in the lower northern region 

of  Thailand.    Poly(vinyl  alcohol)  (PVA,  Mw  =  90000 

g/mol)  was  supplied  by  Sigma-Aldrich  Co.  Inc, 

Singapore.    Figure  1 shows  chemical  structure  of PVA 

and the essential amino acids that compose SS.   The 

electrospinning  was  set  up  and  used  in  our  laboratory, 

which is very simple and inexpensive method that can 

produce continuous fibers., as shown in figure 2. 
 
 

Degumming process of silk cocoon 
 

A simple hot-water degumming process prepared 

sericin powders.  20 grams of silk cocoons were weighed 

and cut into small pieces and then added to 500 mL of DI 

 
 
Figure 1. Chemical structures of PVA, representative SS 
 

and essential amino acids in SS. 
 
 
water   before   heating   at   100   oC   for   4   hrs.      After 

degumming process, the sericin solution was dried into 

powders in a vacuum oven and then stored in a desiccator 

to keep it dry before use. 
 
 
Electrospinning process 
 

Sericin  solution  were  prepared  at  3,  6  and  10 

wt%/v by dissolving  the sericin powders  in DI water to 

be use as stock solutions.  10 wt%/v of PVA solution was 

also prepared by dissolving PVA pellets in DI water and 

used  as  a  stock  solution.     All  PVA/SS  compositions 

(grams per 100 mL of DI water, a high dielectric constant 

of 80.4) used to electrospin are shown in Table 1.  These 

solutions  were loaded into the syringe and then injected 

by using various flow rates from 0.005 mL/min to 0.1 

mL/min.   The distance of tip-collector  was 10 cm or 15 

cm and the voltage was varied from 10 kV to 25 kV, to 

find the appropriate condition for spinning. 
 
 

 
 
 
Figure 2. Electrospinning setup to fabricate PVA/SS 
nanofibers. 
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Table 1. Compositions of electrospun PVA/SS fibers. 

 
Sample 
Code 

Wt.% in 100 mL of Solution 
PVA (g)  SS (g) 

EF1  5.0  1.5 
EF2  5.0  3.0 
EF3  7.5  0.75 
EF4  7.5  1.5 
EF5  7.5  2.5 

 
 

Sample characterization 
 

The morphology of the PVA/SS electrospun fibers 

was analyzed using Leo Model 1455VP scanning electron 

microscope (SEM).   The diameter sizes of fibers were 

measured  from  SEM  images  during  the  test.    Samples 

were  mounted  on  metal  stubs  and  coated  with  gold  to 

give higher electron density cover before testing.   The 

crystallinity of these electrospun fibers was also observed 

using  X-Ray  Diffraction  (XRD,  Panalytical  Model  X’ 

Pert Powder, a multipurpose X-ray diffracto-meter).   The 

technique uses incident beam of X-rays (Cu Kα, 1.54 Å) 

to  interfere  with  one  another  when  leaving  the  crystal. 

All samples were analyzed by recording the radial scans 

of intensity versus scattering angle (2θ) following the 

Bragg’s law equation, nλ = 2dsin(θ).   The functional 

groups of samples were observed by Fourier Transform 

Infrared  Spectroscopy  (FT-IR,  Perkin  Elmer  Spectrum 

GX, 4000-400 cm-1). 
 
 

3.  Results and Discussion 
 

As known, the main two factors that affect the 

electrospinning  process  are  the  solution  parameters 

(solution  viscosity,  solution  concentration,  conductivity 

and  dielectric  constant),  and  processing  parameters 

(applied  voltage,  flow  rate,  types  of  collector,  tip  to 

collector  distance  and  ambient  conditions  such  as 

humidity  and  temperature).    The  processing  parameters 

were first assessed in this work.  The results showed that 

the suitable parameters, that gave small amount of beads 

and microdrops in PVA/SS fibers were; 15 cm tip-to- 

collector distance, 0.02 mL flow rate and 25 kV applied 

voltage.  These processing parameters were then used to 

fabricate  all other compositions  shown in table 1.   This 

was in order to study the effect of PVA and SS solution 

concentration onto the fibers, which is the main objective 

of this work. 

From table 1, the compositions of samples were 

classified  into two groups.   The first group  is EF1 and 

EF2,  which  show  the  difference  in  SS  concentration, 

while  PVA  concentration  was  maintained  at 5 wt %/v. 

The  second  group  is  EF3,  EF4  and  EF5,  which  also 

showed  different  SS  concentrations  but  this  time 

increased  the  PVA  concentration  to  7.5  wt  %/v. 

Therefore, the morphology, crystallinity and functional 

groups of the samples and differences among each group 

were the main discussion  points of this work.   Figure 3 

shows  the  SEM  images  of  PVA/SS  electrospun 

nanofibers, together with PVA while SS could not form 

fibers. Even though, the work of Morikawa et al. 

successfully  fabricated  SS  nanofibers  with  a  diameter 

range of 114-430 nm, using the optimum spinning 

conditions of; SS concentration 8 wt %/v, applied voltage 

25 kV and a tip-to-collector distance of 15 cm [16].  PVA 

fibers were successful fabricated and had diameters in the 

range  of  200-220  nm,  these  also  contain  only  a  small 

amount of beads.  The formation of these beads is due to 

the low concentration of PVA and high surface tension. 

When 1.5 wt % SS was added to 5 wt % PVA of EF1 the 

beads  density   in  EF1  was  promoted   with  a  smaller 

diameter range (80-90 nm) compared to that of PVA. 

Adding  more  SS  (3.0  wt  %)  into  5  wt  %  PVA  (EF2) 

showed a higher density of beads and microdrops.  This 

shows that adding higher SS loading into 5 wt % PVA 

promoted the formation of beads.  For EF3, EF4 and EF5, 

which have higher PVA contents than EF1 and EF2, they 

formed better fibers in terms of morphology  (less beads 

and  no  microdrops).    However,  among  them  EF4  and 

EF5 showed similar diameters and has lower bead density 

than EF3.  Therefore, the concentration of PVA and SS 

solutions  play  an  important  role  in  the  fiber  formation 

during the electrospinning  process, in which higher PVA 

and SS concentration showed presented smooth and 

continuous fibers with less bead formation. 

The crystallinity of PVA/SS nanofibers was 

observed,  as shown in figure 4a and 4b.   Homopolymer 

PVA   nanofiber   showed   a   sharp   peak   of   crystalline 
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Figure 3.  SEM image of electrospun  PVA and PVA/SS fibers at different concentrations  at magnification  of 5000K 
 

(big images) and 2000K (small pictures) 
 
 

structure at 19.5° and a broad peak (shoulder peak) at 10- 
 

17°, which has distance  between  the crystal  (d-spacing) 

of 4.5 Å and 8.8-5.2 Å, respectively.   While silk sericin 

from electrospining  fabrication  (no fiber formation) 

showed  a broad  peak  of amorphous  structure  at 16-35° 

(d-spacing = 5.5-2.5 Å). 

From  figure  4a,  the  intensity  of  crystallinity  of 

EF1 and EF2 are similar to PVA.  This means that the 

addition of SS into the 5 wt % PVA does not disturb the 

recrystallization  of the PVA chains when they solidified 

the electrospinning process. In figure 4b, the crystalline 

peaks of PVA in EF3, EF4 and EF5 are significantly 

different  from  pure  PVA  (7  wt  %/v).  As  seen,  EF3 

showed higher intensity of PVA crystalline peak (label 

number 1) than pure PVA (label number 2).  In addition 

another crystalline peak was observed at 12° (d spacing = 

7.4 Å).   This is possible  due to a small  amount  of  SS 

(0.75 wt % /v) can act as a nucleating  agent to induce 

the PVA chains to recrystallize after the electrospinning 

process.      Whereas   using   higher   amount   of  SS,   for 

example in EF4 and EF5, can intermingle into the PVA 

chains and then prohibits the formation of PVA 

crystallization,   as  seen  the  lower  crystalline   intensity 

peaks of PVA in EF4 and EF5.  However, the XRD peaks 

of EF4 and EF5 are similar. 

 
 
Figure 4. XRD patterns of electrospun PVA/SS; (a.) EF1 

and EF2, and (b.) EF3, EF4 and EF5, together with PVA 

and SS. 
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The  functional   groups  of  all  samples  were  also 

investigated by FT-IR and the results are shown in figure 

5.  The first two peaks of PVA and SS from electrospinning 

showed  their  characteristic  functional  groups,  in  which 

PVA  has  broad  hydrogen  bonded  –OH  peak  at  a  high 

frequency range, sp3 C-H stretching of –CH2  or saturated 

C-H, and –OH bending at 1260-1410 cm-1.  Whereas SS 

has –N-H stretching at high frequency, amide I (-C=O 

stretching vibrations of amide groups), amide II (-N-H 

bending) and amide III (in-phase combination of N-H in 

plane-bending  and C-N stretching  vibrations).     All 

PVA/SS  electrospun  fibers  showed  the  spectra  sum  of 

PVA  and  SS  but  a  lower  intensities  in  the  hydrogen 

bonded –OH of PVA peaks was observed.  The spectra of 

EF1 and EF2 were similar having hydrogen bonded –OH 

peak intensities similar to PVA.  The spectra of EF3, EF4 

and   EF5   showed   differences   in   peak   intensities   of 

hydrogen bonded –OH, in which EF4 and EF5 are similar 

and have less intensity than EF3 and PVA, respectively. 

The  peak  of carbonyl  of an  ester  group  is observed  in 

both EF4 and EF5.   This is possibly because of the 

esterification  of the hydroxyl  groups  of PVA  and 

carboxylic groups of amino acid in SS. 
 
 

 
 

Figure 5. FTIR spectra of electrospun PVA/SS, together 

with PVA and SS. 

4. Conclusion 
 

The electrospun fibers of PVA/SS were successful 

to fabricate in nano-scale ranges.   The fiber diameter, 

morphology and crystallinity were observed to mainly 

depend  on PVA  concentration  but the SS concentration 

also had some effect.  From the morphology observations, 

the electrospun fibers with 7 wt %/v PVA and different 

amounts of SS (EF3, EF4 and EF5), showed smoother 

surfaces and lower bead densities than that of 5 wt %/v 

PVA (EF1 and EF2).  From the crystallinity observations, 

the peak intensities of PVA in EF3, EF4 and EF5 were 

altered from pure PVA, but not in case of EF1 and EF2. 

This shows the effect of SS loading, in which small 

concentration of SS (0.75 wt %/v in EF3) acted as a 

nucleating agent to promote the crystallinity of PVA.  In 

the opposite way, adding higher concentration of SS (1.5 

wt %/v in EF4 and 2.5 wt %/v in EF5) disturbed the 

recrystallization of PVA after the spinning process due to 

the SS chains intermingling with the PVA chains, this 

promotes the homogeneity between PVA and SS.   In 

addition, the carbonyl ester bond can be observed in FT- 

IR  of  EF4  and  EF5,  because  of  the  esterification   of 

hydroxyl group of PVA and carboxylic groups of amino 

acid  in  SS.     Therefore,   EF4  and  EF5  are  the  best 

electrospun nanofibers in this work that showed good 

morphology and homogeneity of PVA and SS.  These 

PVA/SS  nanofibers  have  the  potential  to  be  used  as 

scaffolds for tissue engineering, for example, skin 

reconstruction. 
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Abstract 
The aimed of the present study was to evaluate the liposomal formulation regarding its hydrophobicity. The evaluation 
studies were done based on the amphiphilic nature of the phospholipid liposomes. This paper highlights the importance of 
such type of lipid based carriers by encapsulation hydrophobic and hydrophilic drug models. Crystal violet and Nile red 
were used to represent hydrophilic and hydrophobic moieties before moving to pharmaceutical implications. The 
formulated liposomes were compared for their hydrophobicity using percent encapsulation efficiencies. The purpose of 
this formulation was to mimic the red blood cells. The average particle size of 120±25.1 and zeta potential of -10.2±1.4 
were in good agreement with reported characteristics of the red blood cells. Per cent encapsulation efficiency for crystal 
violet was more obvious with a value of 68.1 as compared to 36.5% for Nile red. The prepared liposomes were quite 
stable for a period of one month. Our findings reflect the fate of our system more suitable for hydrophilic drugs under the 
given set of formulation parameters. 
 
Keywords: Crystal violet; drug hydrophobicity; Nile red; percent encapsulations; phospholipid carriers 
 
ABSTRAK 
Matlamat kajian ini adalah untuk menilai penggubalan liposomal mengenai kehidrofobiannya. Kajian penilaian telah 
dijalankan berdasarkan sifat amfili daripada liposom fosfolipid. Kertas kerja ini membincangkan kepentingan apa-apa 
jenis penerbangan yang berpangkalan lipid oleh hidrofobi pengkapsulan dan model dadah hidrofili. Kristal ungu dan Nil 
merah telah digunakan untuk mewakili moieti hidrofili dan hidrofobi sebelum berpindah ke implikasi farmaseutik. 
Formulasi liposom dibandingkan untuk kehidrofobiannya menggunakan suatu kecekapan pengkapsulan peratus. Tujuan 
pembentukan ini adalah untuk meniru sel darah merah. Purata saiz zarah 120±25.1 dan potensi zeta daripada -10.2±1.4 
adalah sama dengan ciri yang dilaporkan untuk sel darah merah. Peratus kecekapan pengkapsulan untuk kristal ungu 
adalah lebih jelas dengan nilai sebanyak 68.1 berbanding 36.5% bagi Nil merah. Liposom yang disediakan agak stabil 
untuk tempoh satu bulan. Penemuan kami menunjukkan sistem kami lebih sesuai untuk dadah hidrofili dengan parameter 
formulasi yang diberikan. 
  
Kata kunci: Dadah kehidrofobiannya; kristal ungu; Nil merah; pembawa fosfolipid; peratus pengkapsulan 
 
 
  

INTRODUCTION 
 
Proper designs of drug delivery systems, its monitoring 
and evaluating strategies regarding specific targets have 
been very crucial in obtaining accurate stability and 
controlled drug release studies (Chen et al. 2014). In view 
of the stability and targeted delivery aspects, controlled 
average particle size (Karewicz et al. 2013), optimum 
lipid compositions (Mosca et al. 2011), drug loading 
strategies (Hou et al. 2013; Rossi et al. 2004), released 
kinetic studies (Hou et al. 2013; Millan et al. 2004) have 
played a significant role for the last few eras. This is done 
in order to enhance the collective inter-related effects of 
physical, chemical and biological stabilities of nano 
carriers especially liposomes (Ashraf et al. 2015; 
Krisenko et al. 2014; Zhu et al. 2013). Special attention 
has been given to liposomes as preferred drug delivery 
systems based on their amphiphilic nature (Cao et al. 
2010; Kastner et al. 2015). The inability to deliver drugs 

to the intended biological targets has long been a major 
obstacle in drug delivery systems. Liposomes are believed 
to offer minimum toxic side-effects by offering shielding 
effects for both hydrophilic and hydrophobic drugs of 
interest (Dyondi et al. 2015; Krasnici et al. 2003; Zhou et 
al. 2014). The liposomes are the vesicles having the 
ability to accommodate hydrophilic drugs in internal 
aqueous cores and the hydrophobic drugs in the lipid 
bilayer. The lipid bilayer protects the drug degradation on 
the way to targeted sites during circulation. Toxicity risks 
using liposomes are reduced which is a common practice 
for frequently used chemotherapeutics. Cisplatin and 
vincristine are among the examples which offer peripheral 
neurotoxicity and anthracyclines cardiotoxicity (Dimitriu 
et al. 2014; Rafiyath et al. 2012; Surhio et al. 2014). 
Liposomal delivery of chemotherapeutics like nausea and 
vomiting resulted in notably mild or even absence of any 
side effects which were generally associated with routine 
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chemotherapy treatments (Lee at al. 2010; Raymond et al. 
2011). In treatment of kaposi’s sarcoma (Raimundo et al. 
2013) and ovarian carcinoma patients (Kaye et al. 2012), 
DaunoXome and Doxil have been approved as 
liposomalbased drugs in the present context (Dawidczyk 
et al. 2014; Szebeni et al. 2012). Ligands may also be 
accommodated for target based nanotechnology using 
liposomes. Being amphiphilic, both hydrophilic and 
hydrophobic drugs can be retained within the liposomes 
until they are reached the targeted side well in time. 

This study reports that the overall stability of our 
liposome formulation will not only be related to 
phospholipid moieties, special attention has been given to 
the encapsulation efficiencies of the liposomes. The 
formulation of liposomes was done in order to mimic the 
red blood cells (Hincha 2008; Merkel et al. 2011). The 
reported average particle size and zeta potential of the red 
blood cells is 80 to 150 nm and -9 to -15 mV, respectively 
(Chapanian et al. 2012; Huang et al. 2011). The study was 
conducted to check the hydrophobicity of the system 
using model dyes prior to any drug encapsulation. The 
encapsulation ability of the liposomes was compared for 
both hydrophilic and hydrophobic drugs. In order to 
determine the effect of lipid composition on the liposome 
stability and drug loading capacity, crystal violet and Nile 
red was used as model hydrophilic and hydrophobic drugs 
respectively (Cottenye et al. 2013; Manca et al. 2012). 
The chemical structures of the dyes are given in Figure 1. 
We have used lecithin, Dipalmitolphosphatidylcholine 
(DPPC) (Elliott et al., 2005, Schaffran et al., 2010), 
Distearolyphosphatidylcholine (DSPC) (Lajunen et al. 
2015; Mfuh et al. 2011), phosphatidylserine (PS) 
(Dimitriu et al. 2014; Ran et al. 2015) and dicetyl 
phosphate (DCP) (Batool et al. 2015; El-Ridy et al. 2015; 
Sasaki et al. 2013) for liposomes formulation. The system 
developed was compared for its hydrophobicity using 
these model dyes with reference to its average particle 
size, zeta potential and per cent encapsulation efficacies. 
 

Materials And Methods 
 
L-α-phosphatidylcholine from Soybean 
(CALBIOCHEM), Chloroform (Merck Sdn Bhd (Petaling 

Jaya, Selangor, Malaysia), Dipalmitolphosphatidylcholine 
(DPPC), Distearolyphosphatidylcholine (DSPC), 
phosphatidylserine (PS), dicetyl phosphate (DCP) and 
phosphate buffer saline (PBS) tablets (sigma-aldrich) 
were used. All the solutionsand samples were prepared 
using deionized water (Barnstead DiamondTM  RO unit, 
Barnstead International, USA). Further purification of 
chloroform was done by distillation followed by nitrogen 
gas purging in order to avoid oxidation of the lecithin. 
 

Preparation Of Liposome 
Multilamellar liposomes were prepared by thin film 
hydration method described by Bangham in 1965. A 
definite quantity of lecithin was mixed with equal ratios 
of phospholipids and DCP using chloroform as solvent 
medium. The mixture was subjected to the rotary 
evaporator (50oC) followed by dispersion of resulted thin 
film with PBS dispersion medium (warmed at 50oC in 
water bath). The dispersion medium was 0.01M PBS at 
pH7.4. 

Crystal violet and Nile red were encapsulated in the 
above formulated liposomes in a different way. Being 
hydrophobic, Nile red was dissolved in chloroform 
together with the lipid mixture. Crystal violet was 
dissolved in the phosphate buffer saline dispersion 
medium as per its hydrophilic nature. Thin film was then 
hydrated with the same medium later on. 
 

Liposome Sizing 
Multilamellar liposomes were obtained as a result of thin 
film dispersion in PBS. These were then subjected to 
probe sonicator for proper sizing purpose. The sonicator 
was set at a total of 5 min process time. It was also further 
set at 
10 s pulse on and 15 s pulse off time for getting nano size 
liposomes. 
 

Average Particle Size, Zeta Potential and 
Polydispersity Index Measurement 

The liposomes were analyzed for their size, zeta potential 
and polydispersity index using a Malvern NanoSeries 
ZetaSizer (Malvern, UK) at a constant temperature of 
25ºC. 

 
 
 
 

(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1. Chemical structures of crystal violet (a) and Nile red (b) 
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Transmission Electron Microscopy 

The prepared formulation was subjected to an energy 
Filtered TEM model LIBRA 120 (quipped with an 
Olympus SIS-iTEM, version 5) to study morphology of 
nanosized liposomes. The procedure followed involved 
the placement of one drop of formulation onto a carbon-
coated copper grid. A filter paper was used to remove the 
excessive amount of formulation after 1 min. A negative 
stain, 2% phosphotungstic acid, was applied on the grid 
for only 1 min. The excessive stain was also removed 
with the help of a filter paper. The grid was air dried 
initially and then was put in desiccator for five days 
before being examined under transmission electron 
microscope. 
 

Calibration Curves For Crystal Violet And Nile Red 
The calibration curves for nile red and crystal violet were 
prepared by making different standard solutions from pure 
compounds. The solutions were subjected to the UV/ VIS 
spectrophotometer for absorbance measurements. The 
absorbance readings for crystal violet and Nile red were 
taken at λ max 589 and 537 nm, respectively. 
 

Encapsulation Efficiency (% EE) 
In order to determine the encapsulation efficiency of 
loaded liposomes, the loaded liposomes were subjected to 
ultrafiltration method. The liposomes were encapsulated 
with crystal violet and Nile red for determining the 
hydrophobicity of the liposome formulation under study. 
1 mg of each dye was loaded to compare the 
encapsulation efficiency using centrifugation process for 
30 min at about 9000 rpm (Vivaspin 6, Sartorius Stedim 
Biotech, Germany). The amount of encapsulated dyes was 
determined by taking supernatant of the centrifuged 
liposomes using Spectrophotometer (Cary 50 UV-VIS 
Spectrometer, Agilent Technologies, USA). The 
concentration of respective dyes in each sample was 
determined from standard calibration curves. The effect of 
centrifugation intensity was also noted. Per cent 
encapsulation efficiency was calculated using the 
following: 
 

× 100 (1) 
 
where WT is the total amount of dyes added; and WF is 
the amount of unloaded dyes. 
 

Stability Studies 
Stability of the liposomes encapsulating crystal violet and 
Nile red was determined by keeping them in dark at 37ºC 
  

over a time period of one month. The stability studies 
were done with respect to average particle size, zeta 
potential and the polydispersity index using Malvern Zeta 
Sizer. 
 
 

Results and Discussion 
 

LIPOSOME DESIGN AND CHARACTERIZATION 
The neutral head group present on the 
phosphotidylcholine molecules (PC) is known for stability 
of liposomes, however, negatively charged lipids also 
contribute towards this aspect according to previously 
reported studies. As a consequence, a combinatorial 
liposome approach has been followed since eras involving 
phospholipids with negatively charged head groups. The 
examples may include head groups such as 
phosphatidylglycerols (PG) to neutral phosphatidylcholine 
(PC) mixtures. Therefore, the present study also involves 
the negatively charged phospholipids as well. Liposomes 
were prepared from two different model dyes with 
varying hydrophobicity/ hydrophilicity. Water crystal 
violet has been found to have water solubility of 16 g/L at 
25oC (Buckley et al. 2015; Dai et al. 2015). In contrast, 
water solubility values for Nile red have been reported as 
very slightly soluble in water (< 1 ug/mL) indicating its 
hydrophobic nature (Kurniasih et al. 2015; Ramireddy et 
al. 2015). The comparative systematic study of these two 
representative dyes allowed to investigate encapsulation 
efficiencies with reference to drug hydrophobicity. 
Liposome samples were prepared and characterized using 
Malvern Zeta Sizer. The samples were found to have the 
same size range of 120±26 nm, allowing a relatively valid 
stability comparison between the systems under study 
(Huang et al. 2011). The zeta potential and the 
polydispersity index were obtained as -9.6±2.1 and 0.5, 
respectively (Table 1). The focus was to mimic red blood 
cells, therefore, the attempts were made to attain a zeta 
potential of red blood cells i.e. -9 to -15 mV. 
 

Morphology Of Liposomes Using TEM 
TEM images of the pure unencapsulated liposomes 
showed almost a spherical shape as shown in Figure 2. 
The small nanosized particles were in agreement with the 
Malvern zeta particle sizer, i.e. around 100 to 120 nm. 
TEM micrographs are shown in the figure with a single 
liposome in the inset with a scale bar of 100 nm. 
 

Encapsulation Efficiency 
The  loaded  liposomes  were  subjected  to  UV/Vis 
Spectrophotmeter analysis regarding encapsulation 

 
TABLE 1. Composition of the liposome for encapsulation of model dyes 

Liposome composition (mg) Average particle size (nm) Polydispersity index Zeta potential  (mV) 

Lecithin: DPPC: DSPC: PS: DCP 
(70:1:1:1:30) 

120±25.1 0.416±0.01 -10.2±1.4 
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FIGURE 2. Transmission electron microscopic image for 
the liposomes obtained at a scale of 0.5 μm (500 nm). The 

inset shows a single liposome at a scale of 100 nm 
 
 
efficiency measurements. The loaded liposomes were 
analyzed for encapsulation efficiency using standard 
calibration curves (Figure 3). The wavelengths used were 
590 and 537 nm for crystal violet and Nile red, 
respectively. The supernatant from each sample was taken 
out at different speed of centrifuge machine like 2500, 
5000, 7500, 10000 and 12500 rpm. This was done in 
order to check the optimum speed for such liposomal 
suspensions. It was found that the absorbance values 
against each sample were increasing until almost a 
constant value for the last two speeds. The reason for this 

increase in absorbance value was attributed to the fact that 
low speeds of centrifuge were not sufficient to separate 
suspended liposomes from its fluid mediums (Khaskheli 
et al. 2015; Ming et al. 2015). It showed that the 10000 
rpm may be used to centrifuge the liposomes with such 
lipid compositions. The encapsulation efficiency for both 
samples was measured with reference to the relevant 
standard calibration curves. The results showed that 
encapsulation efficiency for crystal violet was high in 
comparison with Nile red i.e 36 and 68.9% (Figure 4). 
This difference in the encapsulation led to a conclusion 
that the system developed for liposome formulation is 
well suited for the hydrophilic drugs more than the other. 
The Nile red is more likely to be entrapped in the 
lipophilic region of the liposomes owing to its very low 
water solubility (Wu et al. 2015). On a contrary, the high 
water solubility of crystal violet let it be stored 
predominantly in the central aqueous compartments of the 
liposomes (Bennett et al. 2015; Papancea et al. 2015). 
This difference in potential storage locations render them 
sensitive where stability discussions are concerned as 
reported in previous literature. 

The greater the phospholipid tail movements the 
greater are the expulsion of bilayer stored contents 
compared to the cargo stored in its cores. Therefore, 
literature also reports greater release of hydrophobic 
moieties reflective of the interplay between the physical 

 
   (a) 

 
   (b) 

 
FIGURE 3. Standard calibration curves for crystal violet (a) and Nile red (b) using UV/VIS spectrophotometer 
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FIGURE 4. Effect of centrifugation speed on the encapsulation 

efficiency of crystal violet () and Nile red () 
 

 
properties of the cargo and phospholipid liposome 
compositions (Manca et al. 2012; Parente-Pereira et al. 
2014). 
 

Conclusion 
 
The present study has focused on the comparative 
approach of the liposome loading characteristics with 
model drug cargos as a function of average particle size, 
zeta potential, polydispersity index, stability and 
encapsulation efficiencies. Liposomes with major 
phospholipid contents were found to be comparatively 
stable over a time period of one month at 37o C. 
Hydrophilic drugs have been found to be well suited for 
the liposome formulation under study as compared to the 
hydrophobic drugs. Systematic correlations of delivery 
efficiencies for unique physical properties of liposomes 
can also account for a ‘tunable’ approach for drug 
transport and other applications. 
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Abstract 

A series of novel hydrogels were synthesized that contained two unique and relatively underutilized monomers.  

These monomers were N-vinylformamide and 4-acryloylmorpholine, which are both hydrophilic and biocompatible.  

The fabricated hydrogels physical properties were assessed in terms of water content, water structure and 

hydrophilicity, by equilibrium water content, differential scanning calorimetry and contact angle, respectively.  The 

drug delivery performance of selected hydrogels was also determined using two surrogate drug molecules (Rhodamine 

B and Rose Bengal).  The results showed all gels gave high water contents (>60%) and hydrophilic contact angles 

(<90°) with the total and amount of freezing structured water increasing with higher poly(vinylformamide) content.  

Water structure played a key role in the amount of the dye released from the hydrogels with the amount released 

depending on two parameters:  First, the ratio of freezing water (free) and non-freezing water (bound) and second, the 

hydrophilicity and structure of the dye.  This series of hydrogels can therefore, control the amount of dye released, by 

controlling the structure and amount of water contained in the hydrogel by controlling the monomer ratio. 

Keywords:  N-vinylformamide, 4-Acryloylmorpholine, Hydrogels, Drug delivery 

 

1. Introduction 

N-vinylformamide (NVF) is an isomer of 

acrylamide (AAm), but possesses some favorable 

properties over AAm such as; a lower toxicity, [1] is 

more hydrophilic, more reactive [1,2] and is liquid at 

room temperature [3] so has easier usage.  The physical 

properties of poly(N-vinylformamide) (PNVF) gels are 

quite similar to the technologically important hydrogel 

polyacrylamide (PAAm). Polyacrylamide (PAAm) 

hydrogels are used in electrophoresis, [4] 

chromatography, [4] cosmetics, [4,5] biomedical 

implants, [6] superabsorbent products, [7] and soil 

conditioners [8] among numerous other applications.  

PNVF gels are also chemically related to poly(N-vinyl 

pyrrolidone) gels, another important biomedical hydrogel, 

widely used in contact lenses, [9] drug delivery systems, 

and wound dressings.  NVF monomer has been produced 

on a commercial scale by several major chemical 

companies in the US, Europe, and Japan, though the 

market is still developing. [10]  

The second monomer used in this work will be 4-

acryloylmorpholine (AMO), which is a well known 

amphiphilic biocompatible polymer, considered in the 

past as solid support for peptide synthesis [11] and 

enzymatic reactions in organic/aqueous media. [12,13] 

AMO is an acrylate monomer, is hydrophilic, contains 

hydrogen bond acceptors, but lacks hydrogen bond 

donors, and is electrically neutral. [14] Block copolymers 

of AMO have shown good biocompatibility with the 

human body, [15] demonstrated promise in blood cell 

separation, [16] and as drug delivery vehicle but 

surprisingly has remained unstudied as in either 

homopolymer or copolymers.  

 Hydrogels of AMO also rare in the literature [17], 

this work proposes to bring together both of these 
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Figure 1: Reaction of NVF and AMO copolymer. 

biocompatible monomers that possess favorable 

characteristics but have remained relatively underutilized. 

This work was concerned with the study of 

hydrogels of NVF and AMO.  A series of hydrogels were 

photo-polymerized with different ratios monomer of the 

two monomers.  The work focused on the water present in 

the gels and how altering the monomer ratio affected both 

the total water content and also the structure of the water.  

Water in a hydrogel is found in two states, freezing water 

and non-freezing water.  Freezing water is water that 

freezes and melts at 0°C, this is often referred to as free 

water.  Whereas, non-freezing water is the water that does 

not freeze as the water is associated with the polymer 

backbone and is sometimes termed bound water. [18] The 

hydrogels properties were also analyzed by measuring the 

equilibrium water content (EWC), and hydrophilicity by 

contact angle.  The final part of this work examined the 

drug delivery performance of the hydrogel series.  This 

was done by using surrogate dyes in the place of drug 

molecules, these dye molecules possess similar size, 

functional groups and partial coefficients to drug 

molecules but are less expensive and easier to measure in-

vitro.  The two dyes used also have different 

hydrophobicity’s to access the effect water structure had 

on drug delivery, which has been shown to have an effect 

but is rarely studied or mentioned in hydrogel drug 

delivery [19]. 

 
2. Materials and Method 

 

2.1 Materials 

The monomers used in this work were; N-

vinylformamide (NVF) and 4-Acryloylmorpholine 

(AMO), while di(ethylene glycol) diacrylate (EGDA) was  

used as the cross-linking agent.  The photoinitiator is 2-

Hydroxy-2-methylpropiophenone.  All chemicals were 

obtained from Sigma-Aldrich Singapore. 

 

2.2 Methods 

2.2.1 Hydrogel synthesis 

The hydrogels in this work were synthesized using 

the following procedure.  The desired monomer 

composition was mixed together by a wt/wt ratio and to 

this 3%wt cross-linker and 1%wt photo-initiator were 

added.  To ensure complete mixing the mixture was 

vortexed at 50000rpm for 30 seconds using a Vortex 

Mixer GENIE 2 (Model G560E).  The mixture solution 

was then injected between two glass plates and the 

polymerization was photo initiated under UVA lamps for 

8 mins.  After the dry dehydrated gels were removed from 

the mould and placed into deionized (DI) water.  The 

water was changed three times (every 24hrs) to remove 

any unreacted components and the gels were stored in DI 

water before testing. 

 

2.2.2 Equilibrium water content 

Equilibrium Water Content (%EWC) was carried 

out through measurements of the amount of DI water 

adsorbed into the hydrogel at room temperature for 72 

hours.  In order to dehydrated the hydrogels they were 

placed in an oven at 60 °C for 72 hours, after which the 

dehydrated gels were weighed and then replaced in the 

oven until the samples weight had reached a constant 

weight.  The equilibrium water content was calculated 

according to the formula in equation 1: 

 

%EWC = ((Whyd-Wdehyd)/Whyd) x 100%       (1) 
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2.2.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used 

to measure the water structure in the hydrogels by 

calculating the percentage of freezing water.  The DSC 

heating curves of all hydrogel samples displayed 

endothermic peaks due to the melting of the various forms 

of water, which freeze during the cooling stage. [20] A 

sample of the hydrated hydrogel was cut and weighed 

(~10 mg) and then placed in an aluminum pan and sealed 

in to prevent water evaporation.   

The samples were scanned using the following 

parameters: 

1) Cool from 25 °C to -70 °C 

2) Hold for 5 min at -70 °C 

3) Heat from -70 °C to -25 °C at 20 °C/min 

4) Heat from -25 °C to 25 °C at 10 °C/min 

 

The area under the DSC endothermic peak or the 

melting peak and the heat of fusion of pure water (ΔHf= 

333.5 J/g) [21] were used to calculate the percentage of 

free water following equation 2. 

 

𝐹𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟 (%) = Δ𝐻𝑡𝑟
𝑚

× 1
Δ𝐻𝑓

× 100%          (2) 

 ΔHtr = heat of transition 

 m  = sample weight (mg) 

The amount of bound water was obtained by 

subtracting the amount of free water from the total 

percent water content. [18]  

 

2.2.4 Contact Angle 

Hydrophilicity of the hydrogel surfaces was 

calculated by measuring the contact angles at room 

temperature (25ºC) using the sessile drop method on an 

OCA-20 (DataPhysics Instruments, Filderstadt, Germany) 

contact angle analyzer.  The hydrate hydrogel samples 

were cut into 1cm2 pieces and adhered to a cover slide, 

this was carried out in triplicate to obtain an average 

contact angle.  A volume of 3.00 μL deionized water was 

dropped onto the hydrogel surface with automated 

micrometric syringe.  A photograph was taken and the 

instruments software calculates the contact angle 

automatically. 

 

 

2.2.5 Dye uptake and release 

Dye uptake was carried out by immersing 

dehydrated hydrogel samples into a dye solution for a set 

period of time.  Each sample was weighed and soaked in a 

dye solution of know concentration (0.01%) for 72 hours.  

This enabled two things to occur first the dehydrated 

samples to reach their EWC and second the samples to 

uptake the dye.  For the uptake, ~0.01g of each hydrogel 

sample was placed into 0.5 ml of dye solution.  The 

structures of the dyes used (Rhodamine B and Rose 

Bengal) are shown in figure 2.   

 
Figure 2: Structures of the dyes used in this study. 

 

To release the dye from the hydrogels the 

following method was used.  After the uptake period (72 

hrs) the hydrogels with the absorbed dye were placed in to 

a new clean vial, which contained 0.5 ml DI water. After 

transferring the hydrogel, the vial was vortexed at 50,000 

rpm for 30 seconds.  The gel was then left in the solution 

for a set time.  The time periods were 10, 10, 10, 15, 15, 

30, 30, 60 and 60 mins, respectively, which combined to 

make a total release time of 4 hrs. 

After each time period the solution was removed 

and transferred to a 96 well plate, and a fresh release 

media (0.5 ml DI water) was placed into the vial for the 

next time period.  In order to determine the amount of dye 

released the UV absorbance of the solution was measured 

using a multiplate reader (Synergy H1 Multi-Mode 

Reader, Detection modes UV-visible absorbance, BioTek 

Instruments, Inc).  When using Rhodamine B a 

wavelength of 543 nm was used, while with Rose Bengal  
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549 nm wavelength was used.  The absorbance value at 

the specific wavelength for the given dye was then 

converted into μg/ml using a calibration curve. 

 

3. Results and Discussion 

To first assess this series of hydrogels, the 

equilibrium water content (EWC) was measured using the 

method described in section 2.2.2.  Figure 3 shows the 

EWC of each gel along with the how much of the water is 

classified as freezing or non-freezing measured using the 

method in section 2.2.3.  

 

 
Figure 3: EWC and about of freezing and non-freezing 

water in NVF and AMO hydrogel series. 

 

Table 1 also summaries the data shown in figure 2, 

the EWC of 100% NVF (100NVF) is 93.8%, while 100% 

AMO (100AMO) is lowest in the series at 59.6%.  The 

copolymers of NVF:AMO fall linearly between the EWC 

of the two homopolymer’s EWC with a R2 value of 

0.9854.   

Figure 4 shows the endothermic peak of the frozen 

water, the area under these peaks is the amount of 

freezing water in the hydrogel.  The amount of freezing 

water follows the same trend as EWC; however, non-

freezing water does not follow this trend.  This suggests 

there is some interaction between the functional groups of 

both polymers that enable more water to bind to the 

copolymer backbone.  The final column in table 1 shows 

the ratio of freezing (free) to non-freezing (bound) water.  

The two homopolymers have a largest ratio of free water, 

with the copolymers ratio decreasing as the content of 

AMO rises. 

 
Figure 4: DSC thermographs of select hydrogels. 

 

Table 1: Compositon %EWC and ratio of bound to free 

water. 

Compositions %EWC 
Free to 

Bound water 
ratio 

100NVF 93.8 5.0:1 
75NVF25AMO 84.2 3.2:1 
50NVF50AMO 77.6 2.9:1 
25NVF75AMO 73.2 2.1:1 
100AMO 59.6 4.0:1 

 

In order to compare the hydrogels further the 

hydrophilicity of the series was assessed using contact 

angle measurements as described in section 2.2.4.  Results 

are presented in figure 5, these show that all the gels are 

classified as hydrophilic with a contact angle below 90°.  

Examining the results in further detail show that 100NVF 

has the lowest angle (34.2°) and AMO has the highest 

(82.6°).  The copolymers follow the same trend as 

witnessed with the EWC and freezing water and fall 

between the two homopolymers, with the contact angle 

increasing as the ratio of AMO increases. 

 
Figure 5: Hydrated Contact angle of the hydrogel series. 
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For the drug delivery analysis of these gels, two 

surrogate dyes were used (Rhodamine B (RB) and Rose 

Bengal (RG)).  This was in order to assess a hydrophilic 

dye (RB) and a more hydrophobic dye (RG).  Figures 6 

and 7 show the cumulative release profiles obtained from 

three hydrogels from the series.  The three gels chosen 

were the two homopolymers (100NVF and 100AMO) and 

a 50:50 ratio of NVF:AMO (50NVF50AMO).   

 

 
Figure 6: Release profiles of hydrogels with 0.01% 

Rhodamine B. 

 
Figure 7: Release profiles of hydrogels with 0.01% Rose 

Bengal. 

 

The cumulative release of 0.01% Rhodamine B in 

figure 6 shows that the order of release was 

50NVF50AMO, 100AMO and 100NVF.  This order is the 

same as the ratio of free to bound water presented in table 

1.  100NVF has the highest ratio and gave the highest 

release, whereas, the copolymer (50NVF50AMO) has the 

lowest free water and gave the lowest release. 

Figure 7 shows the cumulative release of Rose 

Bengal, as Rose Bengal is much more hydrophobic than 

Rhodamine B [22].  The release profile shows the exact  

 

opposite trend as seen in figure 6, with the highest bound 

water ratio (lowest free to bound ratio) giving the highest 

release (50NVF50AMO) and the lowest bound water ratio 

(highest free to bound ratio) giving the lowest release 

(100NVF). 

 

4. Conclusions 

The work presented in this paper explored a series 

hydrogels prepared from two unique and rarely used 

monomers (N-vinylformamide / 4-Acryloylmorpholine).  

The water content, water structure (freezing and non-

freezing water) and hydrophilicity were all measured.  

The results followed the expected trend with the gels 

giving higher EWC, more freezing water and lower 

contact angles as the ratio of NVF was increased with 

respect to AMO.  All gels gave high water contents 

(>60%) and hydrophilic contact angles (<90°).  As both 

monomers have the ability to hydrogen bond, this 

interaction gave a synergistic effect that slightly increased 

the amount of non-freezing water (bound) water in the 

copolymers.  The release of two dyes with different 

hydrophilicity’s was observed and the results were in 

agreement with the theory. Which was for hydrophilic 

dyes (Rhodamine B) the more freezing water (free) the 

more dye released, but for hydrophobic dyes the opposite 

trend is seen and hydrogels with higher ratios of bound to 

free water release more dye.  This work will in the future 

enable the amount of drug released from hydrogels to be 

controlled by controlling the structure and amount of 

water contained in the hydrogel by controlling the 

monomer structure and ratio. 
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Abstract 
 

In this study, Alginate/Hyaluronic acid beads (AL/HA beads) were prepared by ionic crosslinking technique. 

AL and HA solutions were blended at different AL/HA weight blending ratios of 70/30 (AL70HA30), 50/50 

(AL50HA50) and 30/70 (AL30HA70). To stabilize the bead, layer-by-layer coating technique using oppositely charged 

species (type A gelatin and AL solutions) was used. Effects of AL/HA blending ratios and cycle of coating layer on the 

stability of AL/HA beads were investigated. The results showed that the AL/HA beads were in relatively spherical 

form. Higher viscosity of solution and more cycles of coating layer related in higher average size of obtained beads. 

In addition, AL70HA30 beads showed the greatest stability compared to the other two beads, possibly due to the 

highest negative charge. Two-cycled coating could enhance the stability of AL/HA beads compared to one-cycled 

coating, especially for the beads containing HA not more than 50wt%. The beads were expected to be applied as 

alternative carriers for drug delivery application. 

 
Keywords: Alginate, Hyaluronic acid, Gelatin, Ionic crosslinking, Layer-by-layer coating techniques 

 
 

1. Introduction 
 

Natural  biopolymer  based  beads  have  an 

interesting potential to be developed as drug delivery 

carriers. The beads are discrete spherical microcapsules 

that serve as solid substrate on which the drug is coated 

or encapsuled in the core of the beads. Beads can provide 

sustained release properties and a more uniform 

distribution of drug. Biomolecules can also be loaded into 

these beads under mild conditions to retain their three 

dimensional structure [1]. 

Alginate  is  a  hydrophilic  polysaccharide  extracted 

from brown algae. It is a linear biopolymer composed of 

the 1,4-linked-β-D-mannuronic acid (M) and α-L- 

guluronic acid (G), being carboxylic groups responsible 

by their negative charge. Thus, an alginate solutions is 

transformed into a bead in the presence of divalent cation 

like Ca2+  [2]. Calcium alginate bead is the most widely 

used due to several advantages such as non-toxicity, 

 
 
biocompatibility, biodegradability, easy production and 

its approval for pharmaceutical and food application [3]. 

Hyaluronic acid is a linear polysaccharide having 

negatively charged with a repeating disaccharide unit 

consist of N-acetyl glucosamine and D-glucoronic acid 

linked by β(1-3) and β(1-4) glucosidic linkage. HA is a 

major component in synovial fluid, vitreous humor in 

human body. Thus, HA has been widely used in drug 

delivery, medical applications and tissue engineering 

because of its hydrophilicity, good viscoelasticity, 

biocompatibility, and biodegradability [4]. 

Gelatin is a protein derived from acid (type A 

gelatin; positive charge) or alkaline (type B gelatin; 

negative charge) digestion of natural triple helical 

structured collagen [5]. Gelatin is of interest due to its 

excellent biological properties such as biocompatibility 

and biodegradability. 

mailto:siriporn.d@chula.ac.th
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In this work, we aimed to prepare AL/HA blended 

beads by ionic crosslinking. The beads were stabilized by 

layer-by-layer coating technique using oppositely charged 

species (type A gelatin and AL solutions). The effects of 

coating cycle and weight blending ratios of AL and HA 

on the stability of beads were investigated. The AL/HA 

beads were expected to be applied as carriers for drug 

delivery. 
 

2. Materials and methods 
 

2.1 Materials 
 

Alginic acid sodium salt (medium viscosity) was 

obtained  from  Sigma-Aldrich,  USA.  Hyaluronic  acid 

(Mv = 72 KDa) was purchased from Namsiang Group 

Co., Ltd., Thailand. Type A gelatin (Mw = 100,000 Da 

and IEP = 9) was kindly supplied by Nitta Gelatin Inc. 

(Osaka, Japan). Other chemicals used in this study were 

analytical grade. 
 

2.2 Preparation of AL/HA beads 
 

AL/HA beads were prepared by ionic crosslinking 

technique. The concentration of AL/HA blend solutions 

was fixed at 1 wt% and different weight blending ratios 

of  AL/HA (AL70HA30,  AL50HA50  and  AL30HA70) 

were studied. Firstly, AL/HA solution was dropped into a 

0.1% (w/v) type A gelatin (GA) in 0.1M CaCl2 bath using 

an automatic syringe needle (30G) as shown in Fig.1. The 

flow rate of AL/HA solution was fixed at 9±1 ml/min. 

The AL/HA beads were formed in mixed GA and CaCl2 

solution under constant stirring speed of 60 rpm for 1 hr. 

After that, the AL/HA beads were sieved and put into 

0.1% (w/v) AL bath for 1 min, so called “one-cycled 

coating” (AL/HA_1). Then AL/HA_1 beads were sieved 

and  alternatively  suspended  in  0.1%  (w/v)  GA  and 

AL bath for 1 min each, so called “two-cycled coating” 

(AL/HA_2). The obtained AL/HA_1 (AL70HA30_1, 

AL50HA50_1 and AL30HA70_1) and AL/HA_2 beads 

(AL70HA30_2, AL50HA50_2 and AL30HA70_2) were 

rinsed with DI water prior to stability investigation. 
 

2.3 Viscosity measurement 
 

All solutions including pure AL, pure HA, pure 
 

GA and AL/HA solutions at different weight blending 

ratios, were evaluated using a viscometer (Vibro SV-10, 

Japan) at 25±1 degree Celsius. 
 
2.4 Zeta potential measurement 
 

The measurements were performed using a Zeta- 

sizer apparatus (650, Malvern, England). All solutions 

(pH =  6  ,  25±1 degree  Celsius)  were  injected  into  a 

quartz-measuring cell containing two electrodes and 

repeated for three runs per experiment. 
 
2.5 Morphology observation of AL/HA beads 
 

The obtained AL/HA beads were observed under 

an optical microscope (Nikon elipse, TS100, Japan) to 

examine their morphology. The average size of AL/HA 

beads was determined from optical micrographs using 

Image J software (n = 50). 
 
2.6 Stability of AL/HA beads analysis 
 

In order to evaluate the stability of beads, freshly 

prepared AL/HA beads with layer-by-layer coating were 

stored at 4 degree Celsius for seven days. Every other 

day, the wet beads were weighed and the percentage of 

wet weight loss was calculated as follows. 

Wet weight loss (%) = ((W1-W2)/W1)×100       (1) 

where W1 and W2 represented the initial and final wet 

weights of beads, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 

A 
 

 
 
 
 
 
 

C 
B 

 
 
 
Fig.  1  Automatic  syringe  needle  for  preparation  of 

AL/HA beads; (A) AL/HA solutions at different weight 

blending ratios (B) Type A gelatin in 0.1M CaCl2  bath 

(C) Speed controller of syringe needle 
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Solutions 

Viscosity [cP] 
 

at 25 

Zeta potential [mV] 

at pH = 6 

AL 161 ± 0.58 -113.33 ± 3.54 

HA 411 ± 2.00 -66.60 ± 0.78 

GA 2.18 ± 0.01 +10.8 ± 0.17 

AL70HA30 171 ± 1.00 -95.55 ± 0.54 

AL50HA50 195 ± 2.00 -85.75 ± 0.64 

AL30HA70 214 ± 1.53 -74.15 ± 1.20 

 

2.7 FT-IR measurement 
 

All lyophilized samples were mixed with dry 

potassium bromide (KBr) and press into a pellet prior to 

Fourier Transform Infrared Spectroscopy (Perkin Elmer, 

USA) analysis. All spectra were recorded in the 

wavenumber  range  from  2000  to   600  cm-1    at  the 

resolution of 4 cm-1. 
 

3. Results and Discussions 
 

3.1 Viscosity and zeta potential of solutions 
 

Viscosities of solutions including AL, HA, GA, 

and AL/HA solutions at different weight blending ratios 

are shown in Table 1. The results showed that the HA 

solution had highest viscosity (411 ± 2.00 cP), while the 

AL  solution  (161  ±  0.58  cP)  and  GA  solution  (2.18 

± 0.01 cP) had lower viscosity at the same concentration. 

As expected, the viscosity of blended solution was 

increased with increasing contents of HA and the highest 

viscosity  was  noticed  for  AL30HA70  solution  (214 

± 1.53 cP). 
 

The results of zeta potential of all solutions 

presented in Table 1, showed that zeta potential of GA 

solution was positive (+10.8 ± 0.17 mV) due to the 

protonation of amino groups [6]. Whereas, zeta potential 

of AL solutions was much more negative (-113.33 ± 3.54 

mV) compared with HA solutions (-66.60 ± 0.78 mV). 

This was because the structure of AL chains contained 

more hydroxyl and carboxyl groups [7, 8]. As a result, 

zeta potential of AL/HA blended solution became more 

negative when increasing the content of AL. The most 

negatively charge of AL70HA30 (-95.55 ± 0.54 mV) was 

observed. 
 

Table 1 Viscosity and zeta potential of AL, HA, GA and 
 

AL/HA solutions 

3.2 Morphology of AL/HA beads 
 

Figure 2 shows appearance and average size of 

AL/HA beads prepared at different weight blending ratios 

of AL/HA and cycles of coating. All relatively spherical 

AL/HA beads were found. The average size of obtained 

beads was increased when increasing HA content. This 

might be because of higher viscosity of blended solution 

containing more HA. When AL/HA beads were layer-by- 

layer  coated  using  gelatin  and  alginate  solutions  for 

2  cycles,  the  average  size  of  beads  was  increased, 

compared to one-cycled coating. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  2  Optical  micrographs  (4X)  of  AL/HA  beads 

prepared at different weight blending ratios of AL/HA 
 

(AL70HA30, AL50HA50, and AL30HA70) and cycles of 

coating layers (1 and 2 cycles) 
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3.3 Stability of AL/HA beads 

 
A   direct  mixing  of   alginate  and   multivalent 

cations rarely produces homogeneous beads due to the 

very rapid and irreversible binding of such ions. Basically 

the AL/HA beads were formed by ionic crosslinking 

between  the  anion  of  AL  and  the  cation  of  calcium 

(Ca2+). Stability of obtained AL/HA beads evaluated from 

wet weight loss (%) as shown in Fig.3, suggested that at 

the same cycle of coating, wet weight loss (%) of AL/HA 

beads were decreased with increasing AL content. 

AL70HA30  had  highest  stability  compared  to 

AL50HA50 and AL70HA30. This might be the result of 

the most negative charge of AL70HA30, that could form 

greater ionic interaction between G blocks of monomers 

in AL (carboxyl groups) resulting in ionic bridges with 

Ca2+ so called “egg-box model” [9]. 

Considering the effect of cycle of coating layer, 

this layer-by-layer coating technique (LBL) generally 

based on the alternately deposition of oppositely charged 

species onto a charge substrate leading to materials with 

unique functional properties [10]. In this study, the LBL 

opposite charges were AL solution (negative charge) and 

GA solution (positive charge). GA was used though it 

had weak cationic charge because of its biodegradability 

and good swelling ability that could enhance drug 

absorption. For AL/HA beads with the same weight 

blending ratios, it was shown that two-cycled coating 

could reduce wet weight loss (%) of AL70HA30 and 

AL50HA50 beads by 38% and 37%, respectively, 

compared to one-cycled coating. It could possibly be the 

result of the stronger attraction of opposite charge of 

coated layers in two layer coating system. These results 

indicated that two-cycled coating could enhance the 

stability of AL/HA beads, especially for the beads 

containing HA not more than 50 wt%. 

 
 

(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Wet weight loss (%) of AL/HA beads stored at 
 

4 degree Celsius: (a) one-cycled coating, (b) two-cycled 

coating 
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3.4 FT-IR of AL/HA beads 
 

Figure 4 shows FT-IR spectra of AL/HA beads 

before and after coating with AL and GA solution. The 

IR spectrum of pure HA showed the absorption peak at 

1037 cm-1 (C-O-C stretching of carbohydrate ring), 1407 

and 1607 cm-1  (COO-  symmetric and asymmetric 

stretching of carboxyl groups, respectively), 1653 cm-1 

(C=O stretching of CONH groups), and 1563 cm-1  (N-H 
stretching of CONH groups). The spectrum of pure AL 

showed the absorption peak at 1029 cm-1 (C-O-C 

stretching of carbohydrate ring), 1408 and 1598 cm-1 

(COO-  symmetric and asymmetric stretching of carboxyl 
groups, respectively). The characteristic peaks of pure GA 

at 1633, 1539, and 1236 cm-1 corresponded to amide I for 
C=O stretching, amide II for N–H bending, and amide III 
for C-H stretching, respectively. 

Considering  the  interaction  between  AL  with 

HA for uncoated beads (AL70HA30, AL50HA50 and 

AL30HA70), the characteristic peaks of AL and HA 

(polysaccharide) were observed at 1030 cm-1 (1) assigned 

to C-O-C stretching of carbohydrate ring, 1407 (2) and 

1602   cm-1     (3)   assigned   to   COO-     symmetric   and 
 

asymmetric stretching of carboxyl groups, respectively. 
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When increasing HA content in the beads, the peaks at 

1658 (4) and 1565 cm-1  (5) assigned to C=O and N-H 
 

stretching of CONH groups were noticed clearer. 
 

On the other hand, for coated AL/HA beads 

(AL70HA30_2, AL50HA50_2, and AL30HA70_2), the 

spectrum at 1235 cm-1 (6) corresponded to amide III (C-N 

stretching)  of  GA  was  noticed,  representing  GA 

molecules  in  two-cycled  coated  AL/HA  beads.  The 

results confirmed the interaction between layer-by-layer 

of AL/HA beads coated with AL and GA. 

4. Summary 
 

AL/HA beads were prepared by ionic crosslinking 

technique and further stabilized by layer-by-layer coating 

using gelatin and alginate solutions. The advantages of 

this system were the easiness and non-toxicity of 

production process. It can be applied as drug delivery 

system. The average size of obtained AL/HA beads  

 

 

 

 

 

Wavenumber (cm-1) 
 
Fig. 4 FI-IR spectra of AL, HA, GA, uncoated 

(AL70HA30, AL50HA50 and AL30HA70) and two- 

cycled coated AL/HA beads (AL70HA30_2, 

AL50HA50_2, and AL30HA70_2) 

 

depended on the viscosity of beads solutions and cycle of 

coating layer. Cycles of coating layer could significantly 

enhance the stability of AL70HA30 and AL50HA50 

beads, but not AL30HA70 bead possibly due to the least 

negative charge and too high content of soluble HA in the 

bead.  The  FT-IR  results  confirmed  the  physical 

interaction of AL/HA beads coated with AL and GA 

layers. The AL/HA beads were expected to use as 

controlled release carrier. 
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Abstract 

Quaternized cellulose (QC) has been prepared by treating cellulosic materials derived from cassava pulp with 

glycidyl trimethyl ammonium chloride (GTMAC), for use as antibacterial agents. Chemical structures of the resulting 

cellulose are characterized by Fourier Transform Infrared (FTIR) spectroscopy. The QC is then incorporated into 

polylactide (PLA) nanofibers by an electrospinning method. Surface morphology of the nanofibers is examined by 

Scanning Electron Microscopy (SEM). The results show that QC fragments are located at both outside and inside of the 

PLA filaments. Wettability of the electrospun fibers is analyzed by a water contact angle measurements.  

 
Keywords:  Quaternized cellulose; Polylactide; Electrospun nanofiber; Biomedical Applications 

1. Introduction 

 In recent years, there has been a number of 

research on development of materials with complex 

microstructures for use in a wide range of applications, 

e.g., microelectronics, tissue engineering, and 

superhydrophobic surfaces. One attractive technique for 

production of materials with controllable microstructures 

is electrospinning for production of nanofibers [1]. 

Electrospinning is a versatile method to produce two-

dimensional nanofibers. Since patented design by Morton 

in 1902 [1], electrospun nanofibers have been an 

attractive choice in biomedical applications, due to their 

large area-to-volume ratio, high interfiber porosity with 

adjustable pore size, low hindrance for mass transfer, 

flexible handling, tunable morphology, and good 

mechanical strength [2].  

Further attractive developments in electro- 

spinning is adding other materials to polymeric solutions 

or embedded them into electrospun polymeric nanofibers 

in order to form composite filaments. This is a promising 

technique for fabricating nanocomposites, as the 

additional materials are well distributed along the 

nanofibers. Examples of materials used in electrospinning 

with polymers are small molecules that can be dissolved 

in the same solution (e.g. drug and ceramic precursors), 

as well as larger particles present in suspension [1].     

 As one of the most abundant bio-based 

polymers, cellulose has been attractive materials because 

of its low cost, unique functionality, biocompatibility, 

recyclability, hydrophobicity, and biodegradability [3]. 

Therefore, modification and utilization of cellulose as 

biocompatible materials for use in various biomedical 

applications is of interest.  

 Polylactic acid or polylactide (PLA) is one of 

the widely used biodegradable polymers, which is 

derived from renewable resources, e.g. corn or cassava. 

This is thermoplastic polyester, which not only possesses 

good mechanical properties (i.e. high strength and 
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modulus), but, is also biocompatible for use in medical 

devices [4].  

In this study, a process for preparation of PLA 

nanofibers containing quaternized cellulose (QC) is 

developed via an electrospinning technique. Physical 

properties and morphology of the obtained nanofibers are 

then investigated by Scanning Electron Microscopy 

(SEM), Fourier Transform Infrared (FTIR) spectroscopy, 

and contact angle measurements.  

 

2. Experimental 

 

2.1 Materials 

Cellulose was obtained from extraction of de-

starch cassava pulp. Glycidyl trimethyl ammonium 

chloride (GTMAC) was purchased from Sigma-Aldrich. 

Sodium hydroxide was purchased from Quality Reagent 

Chemical. PLA was purchased from NatureWorks LLC 

(Ingeo™ Grade 4043D, Density = 1.24 g cm-3). N, N-

dimethyl formamide (DMF) and tetrahydrofuran (THF) 

was purchased from CARLO ERBA Reagents. All 

chemicals and solvents were used without further 

purification. 

 

2.2 Preparation of quaternized cellulose (QC) 

 Quaternized cellulose (QC) was prepared 

according to the method previously reported [5]. 

Essentially, 1000 mg of cellulose and 50 mg of sodium 

hydroxide powder was mixed using a mortar and pestle 

for 5 min. The solid mixture was transferred into a 

polypropylene bag, in which distilled water was then 

added to make a 36% water content. Subsequently, 

glycidyl trimethyl ammonium chloride (GTMAC) was 

dropped into the solid mixture as a quaternization reagent 

at a GTMAC-to-anhydroglucose unit (AGU) molar ratio 

of 2:1. The solid mixture was, then, hand kneaded in 

order to mix uniformly. The reaction mixture was 

ultrasonicated at 65oC for 4 hr, with hand kneading every 

15 min. Finally, the reaction was stopped and any 

unreacted reagent residues was removed by 

centrifugation in 95% ethanol solvent at 10oC with a 

rotational speed of 11,000 G for 10 min. 

2.3 Preparation of PLA-QC suspension 

 PLA solution was prepared by dissolving PLA 

in a mixture of THF and DMF (weight ratio of 3:1), at a 

concentration of 12% (w/w) at 60oC. Subsequently, QC 

was dispersed into the solution with a QC content of 10% 

(w/w) based on the amounts of PLA. 

 

2.4 Electrospinning 

 Nanofibers from PLA suspension (with or 

without addition of QC) were fabricated by horizontal 

electrospinning. The suspension was filled into a 5 mL 

syringe, connected to a circular-shaped metal needle of a 

0.7 mm inner diameter. A high DC voltage power supply 

was employed to provide a high voltage of 9 kV to the 

needle and a rotary collector covering with an aluminum 

foil. The suspension was electrospun at a flow rate of 1 

mL/hr, and a spinning distance of 10 cm.       

 

2.5 Characterization of cellulose and QC 

Chemical structures of the products were 

characterized by FTIR spectroscopy (NICOLET 6700, 

Thermo Scientific, USA). The sample was grinded with 

KBr using a mortar and pestle and compressed into a 

pellet form with a concentration of 2% (w/w). FTIR 

spectra were recorded by coadding of 32 scans at a 

resolution of 2 cm-1.  

 Nitrogen contents (N%) of the samples were 

investigated by an elemental analyzer (Series CHNS-628, 

LECO instruments co. ltd, Thailand). Degree of 

substitution (DS) of quaternary ammonium groups was 

determined by considering nitrogen contents (N%) and 

calculating using the following equation: 

 

DS = 162 × N% / (1400 – 151.5 × N%) (1) 

 

Where,  

N% is a nitrogen content of quaternized cellulose,  

162 is molecular weight of anhydroglucose unit,  

151.5 is molecular weight of glycidyltrimethylammonium 

chloride (GTMAC). 
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2.6 Characterization of neat PLA nanofibers and 

composite nanofibers 

Surface morphology of the resulting electrospun 

fibers was observed from SEM (HITACHIS-3400N 

SEM, Illinois, USA). Chemical structure was 

characterized by FTIR spectroscopy (Thermo Scientific, 

iD5) in both Attenuated Total Reflectance (ATR) and 

transmission modes. The spectra were obtained using 32 

scans, at a resolution of 2 cm-1. Surface wettability of the 

fibers was measured by using a water contact meter 

(Dataphysics, Germany) with water droplets volume of 5 

µL.  

 

3. Results and Discussion 

 

3.1 Preparation of cellulose and quaternized cellulose 

 The structure and properties of the resulting 

cellulose and QC are examined. Figure 1 illustrates FTIR 

spectra of the samples. A strong band at around              

3400 cm-1 is assigned to the stretching mode of 

intramolecular hydrogen bonding between hydroxyl 

groups on C-2 and C-6 of the pyranose rings. The band at 

2903 cm-1 is corresponding to C-H stretching mode [6-8]. 

A sharp band at 897 cm-1 is assigned to C-O-C stretching 

at β-glycosidic linkages between the glucose units [6-7], 

[9-10]. The most noticeable difference between cellulose 

and QC is a vibrational mode observed only in the QC 

sample at 1479 cm-1, assigned to asymmetrical stretching 

of C-H in methyl groups of GTMAC [5], [11-14]. The 

intensity of a band at 3400 cm-1, corresponding to 

hydroxyls of cellulose, decreases upon the quaternization 

of cellulose. This provides an evidence that GTMAC is 

successfully grafted onto the cellulose surface.  

 

 
Figure 1. FTIR spectra of (a) cellulose and (b) QC 

 

The nitrogen content and degree of substitution 

(DS) of the samples are summarized in Table 1. The 

results show that the nitrogen content of cellulose after 

quaternization increases from 0.11 to 1.89. This is 

corresponding to a DS value of 0.26.       

    

Table 1. Nitrogen contents and degree of substitution 

(DS) of cellulose and QC  

Sample %N DS 

Cellulose 0.11 ± 0.01 - 

QC 1.89 ± 0.03 0.26 ± 0.01 

  

3.2 Fabrication of neat PLA nanofibers and composite 

nanofibers 

Properties and surface morphology of the resulting 

electrospun nanofibers are examined. Figure 2 shows that 

neat PLA nanofibers possess a smooth surface 

morphology with an average diameter of 1.22 µm, as 

illustrated in Figure 3. Bead defects are not observed in 

this neat PLA nanofibers. However, Figure 2(b) shows 

that many fibers are fused together. This is due to an 

insufficient evaporation rate of the solvents during 

electrospinning [15].  

When QC was added as a loaded component at a 

content of 10% (w/w), a smooth surface morphology of 

composite nanofibers is also observed. The results show 

that QC fragments presents at both outside and inside of 

PLA nanofibers. Figure 4(a) illustrates SEM image of the 

fiber in the region where QC are embedded in the 

filaments. Figure 5 shows that the average diameter of 

these filaments is 0.84 µm, which is slightly smaller than 

these of the neat PLA nanofibers. This could be attributed 

to the low viscosity of the solution upon addition of QC. 

It was reported that [16] at lower viscosity, there is a 

higher amount of solvent molecules and fewer polymer 

chain entanglement in the solution. This means that a 

dominant influence along the electrospinning jet is 

surface tension, leading to bead formation along the 

fibers. However, at higher viscosity, there is a higher 

degree of polymer chain entanglements in the solution. 

Therefore, the charges on the electrospinning jet could be 

able to completely stretch the solution jet. In addition, it 

(a) 

(b) 
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is also observed that the fiber diameter increases with 

increasing viscosity of the solutions.   

In contrast, Figure 4(b) shows the morphology of 

the filaments in regions where QC fragments are located 

outside of PLA nanofibers. This is likely because this 

consists of a portion of QC with particle sizes larger than 

that of the composite nanofibers. 
 

 

 

  

 

 

 

Figure 2. SEM images of electrospun PLA nanofibers; 

(a) 2000X, and (b) 10000X 

 

 

 

 

 

 

 

Figure 3. Size distribution of PLA nanofibers 

 

 

 

 

 

 

Figure 4. SEM images of electrospun PLA/QC 

composite nanofibers (2000X) 

 

 

 

 

 

 

 

 

Figure 5. Size distribution of PLA/QC composite 

nanofibers  

 Chemical structure of the resulting electrospun 

nanofibers are characterized by FTIR spectroscopy in 

both ATR and transmission modes, as illustrated in 

Figures 6 and 7. Bands near 3000 cm-1 are assigned to 

various C-H stretching modes [17, 18]. A strong band of 

carbonyl stretching (C=O) is observed at 1754 cm-1 [17-

20]. The band at 1083 cm-1 is attributed to C-O stretching 

[17]. A new band appears after the addition of QC at 

1215 cm-1, corresponding to interaction between hydroxyl 

group of QC and ester group of PLA. 

 

 
Figure 6. ATR-FTIR spectra of (a) neat PLA and (b) 

PLA/QC composite nanofibers. 

 

 
Figure 7. FTIR spectra in transmission mode of (a) neat 

PLA and (b) PLA/QC composite nanofibers. 

 

 Surface wettability of the samples is evaluated 

by contact angle measurements, as summarized in Table 

2. The average contact angle value of neat PLA nanofiber 

is  

(µm) 

(a) (b) 

(b) (a) 

(µm) 

(b) 

(a) 

(b) 

(a) 
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128.31o. Upon addition of QC, the results clearly indicate 

that surface wettability of the composite nanofibers is 

enhanced, reflected by an increase in the contact angle 

value of 4.2%. This is partly because of the hydrophilicity 

of the QC component, and also an increase in surface 

roughness of the nanofibers as a result from the presence 

of QC fragments [21].  

 

Table 2. Water contact angle (WCA) values of neat PLA 

and PLA/QC composite nanofibers 

Nanofiber WCA (o)  

Neat PLA  128.31 ± 3.35 

PLA/QC composite  133.70 ± 1.91 

 

Conclusions 

GTMAC is successfully introduced into cellulose 

structure via quaternization.  This is confirmed by FTIR 

spectra and results on the nitrogen contents. Neat PLA 

nanofibers shows smooth surface morphology with no 

bead defects, with an average diameter of 1.22 µm. 

PLA/QC composite nanofibers show that QC fragments 

present both inside and outside of the PLA nanofibers, 

with an average diameter of 0.84 µm.  This leads to 

variation in surface wettability of the electrospun 

nanofibers.  
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Abstract 

Poly(lactic acid) (PLA) has been widely used in several applications including in biomedical applications. 

However, PLA is rather hydrophobic, making it unsuitable to be used in certain applications that water accessibility is 

needed. Therefore, in order to enhance the hydrophilicity of PLA, PLA having two positively charged chain end 

(PLAdi+) was synthesized by two-step synthesis method. First, PLA having carboxylic groups on both chain ends 

(PLAdiCOOH) was prepared via polycondensation of L-lactic acid. Then the carboxyl groups of PLAdiCOOH were 

then used to open the epoxide ring of glycidyl trimethylammonium chloride (GTMAC) to form PLAdi+, a PLA chain 

with two trimethyl ammonium ion on both chain ends. After that, the PLAdi+ with 𝑀�w of 3.6 kDa was blended with a 

commercialized PLA (𝑀�w = 95 kDa). PLA/PLAdi+ blends with PLAdi+ contents of 10-70 wt% were then used to 

produce fiber mats using electrospinning technique. The diameter and hydrophobicity of PLA/PLAdi+ fiber was found 

to decrease with increasing amounts of PLAdi+ content, as determined by SEM and air-water contact angle 

measurement. Moreover, the electrospun fiber mats were further evaluated for fibroblast cell culture. PLA/PLAdi+70% 

was found to be an acceptable material for cell culture. 

 

Keywords: Poly(lactic acid), Electrospinning, Hydrophilicity, Cell adhesion and proliferation. 

 

1. Introduction 

 Poly(lactic acid) has been widely used in several 

applications such as biomedical materials, packaging, and 

tissue engineering, due to its biodegradable and 

biocompatible properties. PLA was reportedly applied in 

cell adhesion and proliferation [1-3]. Electrospinning is a 

key versatile method to produce the non-woven 

nanofibers of PLA providing high surface area and high 

amount of pores which affect infiltration of air and water, 

resulting in promotion of cell proliferation. However, 

PLA is hydrophobic, making it unsuitable to be used in 

certain applications that water accessibility is needed. 

Therefore, to increase hydrophilicity, PLA were 

introduced such as photo-induced grafting 

copolymerization and blending with hydrophilic polymer 

[4-7]. We have reported synthesis method to attach 

positively charged functional groups at the chain ends of 

PLA to get PLAdi+ in order to increase the 

hydrophilicity of PLA [8]. 

 In this work, low molecular weight PLAdi+ (𝑀�w 

3.6 kDa) was blended with a commercialized PLA (𝑀�w 

95 kDa). The blend was then used to produce fiber mats 

using electrospinning technique. The effects of 

PLA/PLAdi+ ratios on the hydrophobicity and the size of 

fiber are reported. Investigation on cell adhesion and 

proliferation on the modified fiber mats is also included. 

2. Materials and Experimental 

2.1. Materials 

L-Lactic acid solution (LLA, 88 wt%) was 

supplied from Carlo Erba Reagent, France. Tin(II) 

chloride dihydrate (SnCl2.2H2O), succinic acid (SA), 

triethylamine (Et3N), para-toluene sulfonic acid (pTSA), 

and glycidyl trimethylammonium chloride (GTMAC) 

were purchased from Sigma-Aldrich, USA. Methanol 

(MeOH), ethanol (EtOH), sodium chloride (NaCl), and 

chloroform-d were bought from Merck, Germany. 
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Figure 1. Synthesis of PLAdi+

Chloroform, tetrahydrofuran (HPLC grade), and dimethyl 

sulfoxide (DMSO) were obtained from RCI Labscan 

Limited, Thailand. Commercial PLLA, 𝑀�w 100 kDa 

(Ingeo™ 4043D), was provided by NatureWorks LLC. 

All the above chemicals were analytical grade and used 

as received without further purification. 

2.2. Synthesis of PLAdi+ 

 PLA attached with positively charged to chain end 

(PLAdi+) was produced from two steps, the first step was 

making dicarboxyl chain ends on PLA (PLAdiCOOH) 

and the second step was making PLAdi+ as show Fig 1. 

The first step, PLA with dicarboxylic terminal chain end 

(PLAdiCOOH) was synthesized via condensation 

polymerization using SnCl2 and pTSA as catalyst and co-

catalyst, respectively. The synthesis method was carried 

out according to previous work [9]. L-Lactic acid solution 

(88%wt), succinic acid (4 mole% of L-Lactic acid), and 

one half-portion of pTSA (overall pTSA is 1 equiv mole 

of SnCl2.2H2O) were added into three-neck round bottom 

flask equipped with magnetic stirrer and distillated at 

110°C for 2 hours to obtain lactide oligomers via 

dehydration. Then, to remove water by-product, the 

temperature was increased to 140 and 160°C for 70 and 

120 min, respectively, under reduced pressure. Finally, 

polymerization occurred by adding SnCl2.2H2O (0.4 

wt % of L-Lactic acid) and the remaining half-portion 

pTSA to the prepared oligomer solution while the 

temperature was increased to 180°C for 4 hours. The 

polymer was precipitated in cold ethanol. After vacuum 

dry, the final product was white powder. The second step, 

PLA with positively charged terminal chain end 

(PLAdi+) was synthesized by ring opening reaction of 

epoxide ring, glycidyltrimethyl ammonium chloride 

(GTMAC) to the free carboxyl chain end of 

PLAdiCOOH. The synthesis method was carried out 

according to previous work [8]. Firstly, PLAdiCOOH, 

GTMAC (3 equiv), triethylamine (1 equiv), and DMSO, 

as solvent, were added into a round bottom flask and 

stirred at 70°C for 24 hours. Then, the polymer solution 

was precipitated in 2M NaCl aqueous solution, and the 

precipitated polymer was collected and washed with de-

ionized water. White powder of PLAdi+ was obtained 

after lyophilization. 

2.3. Preparation of PLA/PLAdi+ nanofiber mat 

 PLA nanofiber mats were prepared by 

electrospinning. Firstly, commercial PLLA was mixed 

with PLAdi+ (10, 30, 50, and 70 wt%). The polymer 

solutions were prepared in chloroform/methanol (3:1) and 

sonicated for 60 minutes to dissolve the polymer .Then 

polymer solutions (2 mL) were loaded into 5 mL syringe 

with 26G blunt needle tip and the syringe was fixed 

horizontally on syringe pump. The electrospun were 

controlled at a flow rate of 1 mL/h with 20 kV. The gap 

between needle tip and collected plate was 20 cm. The 

electrospun fiber was jetted onto 10 cm × 10 cm 

aluminum sheet. 

2.4. Study of cell adhesion and proliferation on the fiber mats 

  Fibroblast (L929) cell line from mouse was used 

to study cell adhesion and proliferation on the fiber mats 

by MTT assay. RPMI 1640 containing 5% fetal bovine 

serum (FBS), penicillin (10,000 U/L) and streptomycin 

(100 mg/ml) was used as cell culture media. Cell 

incubation was carried out under 5% CO2 at 37°C for up 

to 5 days. The media was replaced every 2 days.  
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  All polymer fiber mats (1 cm diameter) were 

transferred to 48-well tissue culture polystyrene (TCPS) 

plate and sterilized with UV light for 30 min. Then, cells, 

approximate 2×104, were seed on the substrates and 

incubated under 5% CO2 at 37°C for 1 hour. The media 

(500 µL) was added into the sample and incubated under 

5% CO2 at 37 °C on 1st, 3rd and 5th day. After that the 

viable cells were quantified by MTT assay.  

2.5. Characterization 

  Nuclear Magnetic Resonance Spectroscopy (NMR) 

The synthesized polymer samples dissolved in CDCl3 

were analyzed on 400 MHz NMR (Varian, model 

Mercury-400 nuclear magnetic resonance spectrometer, 

USA). Proton chemical shifts were reported in parts per 

million (ppm) relative to tetramethylsilane (TMS) signal 

as a reference. 

  Ramé-Hart Contact Angle Goniometer 

Hydrophilicity of the fiber mats were determined by 

static air-water contact angle measurement using a Ramé-

Hart Contact Angle Goniometer (USA), model 100-00, 

equipped with Gilmont syringe and 24-gauge blunt 

needle tip. A droplet of DI water was placed on the 

sample surface by the syringe. 

  Scanning Electron Microscope (SEM) 

Diameter and morphology of fiber mats and cell adhesion 

were characterized using a JEOL JSM-6610LV field 

emission scanning electron microscope operated at 15 

kV. The fiber mats were coated with gold by ion-

sputtering before the analysis. The fiber mats diameter 

were measured using SemAfore version 5.21 and 

reported as mean ± standard deviation from 50 different 

points of two SEM micrographs. 

  UV/Vis Absorbance Micro plate Reader 

MTT assay was performed using Themo scientific 

multiscan FC micloplate reader at 540 nm. OD was 

investigated using SkanIt for HP multiskan FC 3.1 

program. 

3. Results and Discussion 

3.1. Synthesis of PLAdi+  

The telechelic dicarboxylic acid capped PLA 

(PLAdiCOOH) was synthesized via condensation 

polymerization of lactic acid monomer using succinic 

acid as the initiator with SnCl2/ pTSA as catalysts. From 

the 1H NMR of PLAdiCOOH, peak integration of 

methylene protons (-CH2-) of succinic acid, and methine 

protons (-CH-) of lactic acid unit were used to calculate 

its molecular weight (Fig. 2 and Eq. 1). The molecular 

weights of PLAdiCOOH determined by 1H NMR and 

GPC were 3,670 and 5,317 Da, respectively. 

 
Figure 2. 1H NMR spectra of PLAdiCOOH in CDCl3. a is 

methine proton of lactic unit, a’ is methine proton of dicarboxyl 

ends of PLA, b is methyl proton of PLA, b’ is methyl proton of 

dicarboxyl ends of PLA, and c is methylene proton of succinic acid 

M 𝑤 = � 72×𝑎
𝑑+(𝑐 4⁄ )

� + 262  (1) 

while 72 is the molar mass of lactic unit and 262 is the 

summation of molar mass of lactic unit at both COOH chain 

ends (178 g/mole) plus the middle succinic unit (84 g/mole) 

PLAdi+ was synthesized via ring opening reaction 

of epoxide ring, GTMAC. Its 1H NMR spectrum 

molecular is show in Fig. 3. The molecular weights of 

PLAdi+ determined by 1H NMR using Eq. 2 was 3,660 

Da. Furthermore, 1H NMR was used to calculate the 

degree of substitution of GTMAC on PLAdiCOOH as 

shown in Eq. 3. The degree of substitution of GTMAC on 

PLAdiCOOH determined by 1H NMR was 95%. 

M 𝑤 = �72×𝑎
(𝑐 4⁄ )

� + 565  (2) 

where 72 is the molar mass of lactic unit and 565 is the 

summation of molar mass of lactic unit at both polymer 

end (144 g/mole) plus the middle succinic unit (84 

g/mole) and plus the both GTMAC chain ends attached to 

the PLAdiCOOH and Cl- (337 g/mole). 
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Figure 3. 1H NMR spectra of PLAdi+ in CDCl3 

1H NMR spectra of PLAdi+ was found peak 

methine protons (-CH-) of lactic unit, methyl protons (-

CH3-) of lactic unit, methylene protons (-CH2-) of succinic 

acid, methine proton (-CH-) of PLA chain end, methyl 

proton (-CH3-) of quaternary ammonium, hydroxyl protons 

(-OH) of diquaternary ammonium ends PLAdi+, methine 

protons (-CH-) of dicarboxyl ends PLA, methylene protons 

(-CH2-) of diquaternary ammonium ends PLAdi+ and 

methyl proton (-CH3-) of PLA chain end. 

%𝐷𝑆 = 1
2
� 𝑒 9⁄
𝑑+(𝑐 4⁄ )

�  (3) 

where e/9 is total number quaternary salt unit per one chain, d 

is total number of PLA chain, and c/4 is total number of 

PLAdiCOOH chain 

3.2. Preparation of PLA/PLAdi+ nanofiber mat 

PLA/PLAdi+ fiber mat was produced from the 

commercialized PLA as a major component, mixed with 

10-70 wt% of PLAdi+. Both polymers were dissolved in 

CHCl3/MeOH (3:1). MeOH was also added in order to 

improve the conductivity of polymer solution [8, 10, 11]. 

Moreover fiber mats of PLA/PLAdiCOOH were also 

prepared as references in order to investigate the effect of 

positive charges on fiber diameter and hydrophobicity of 

the fiber mats (Fig. 4). 

The increase of PLAdi+ content in the polymer 

mixture resulted in fiber size reduction from 365±83 to 

109±29 nm (Fig. 5) because of the higher solution 

conductivity. Therefore, the solution was jetted from the 

needle tip at a higher rate to obtain fiber with smaller 

 
Figure 4. SEM images of (a) PLA, (b) PLA/PLAdi+10%, (c) 

PLA/PLAdi+30%, (d) PLA/PLAdi+50%, (e) PLA/PLAdi+70%, 

(f) PLA/PLAdiCOOH10%, (g) PLA/PLAdiCOOH30%, (h) 

PLA/PLAdiCOOH50% and (i) PLA/PLAdiCOOH70% 

electrospun (5000× magnification, scale bar = 1µm) 

 

diameter [8, 12]. Meanwhile, increasing PLAdiCOOH 

content in the polymer mixture resulted in diameter 

reduction but at a lesser extent than those mixed with 

PLAdi+. The molar mass of PLAdiCOOH was 5,317 Da 

thus could infiltrate into PLA chains, increasing the 

polymer chain mobility in the solution. This resulted in 

faster injection rate, and therefore, smaller fiber was 

obtained when PLAdiCOOH was mixed into the 

commercialized PLA [8]. It was however found that 

increasing the PLAdiCOOH content further from 30 to 70 

wt% did not help reduce the fiber diameter. From these 

results, it can be concluded that the positive charge (in the 

form of PLAdi+) doped into high M w PLA solution can 

effectively reduce the fiber diameter. 

 
Figure 5.  Average diameters of electrospun fiber prepared 

from commercialized PLA and PLAdi+ or PLAdiCOOH 
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3.3. Hydrophilicity of electrospun the fiber mats 

 Air-water contact angle was used to determine 

relative hydrophobicity of the prepared fiber mats. The 

results shown in Table 1 were the angles measured at 4 

consecutive time points (0, 30, 60 and 90 sec). The 

addition of PLAdi+ caused a reduction of air-water 

contact angle from 135 (PLA) down to 122º 

(PLA/PLAdi+70). Upon continuous observation for 90 

sec, the PLA/PLAdi+70% fiber mat slowly absorbed 

water droplet, causing a dramatic decrease of contact 

angle value to 50º. Meanwhile the presence of polar 

carboxylic group in PLAdiCOOH only slightly reduced 

the contact angle (from 135 to 128º). And no water 

absorption was observed. The contact angles of the other 

fiber mats were shown at only 2 consecutive time points 

(0 and 30 sec) because after 30 sec their contact angles 

remain unchanged.  

Table 1. Air-water contact angle (º) of PLA, PLA/PLAdi+, 
and PLA/PLAdiCOOH electrospun fiber mats. The angle 
measurements were done at 0, 30, 60, and 90 sec after 
water was dropped onto the samples. 

Sample 
0  30  60 90  

(sec) 

Contact angle (º) 
PLA 135±1 134±1 - - 

PLA/PLAdi+10% 130±3 129±4 - - 
PLA/PLAdi+30% 128±2 128±2 - - 
PLA/PLAdi+50% 122±1 122±1 - - 
PLA/PLAdi+70% 122±1 74±5 59±8 50±3 

PLA/PLAdiCOOH10% 130±1 129±2 - - 
PLA/PLAdiCOOH30% 128±2 128±2 - - 
PLA/PLAdiCOOH50% 128±1 127±2 - - 
PLA/PLAdiCOOH70% 128±1 127±2 - - 

 

3.4. Cell adhesion and proliferation on the fiber mats 

 Fibroblast cell proliferation was assessed on 1st, 

3rd, and 5th day, by implementing MTT assay (Fig 6). All 

tested electrospun fiber mats were sterilized by UV lights 

for 30 min before conducting the study. Unexpectedly, 

this led to bond breakage of the polymer chain, which 

results in the reduction of molecular weight as seen in 

Table 2. 

Table 2. Molecular weight of PLA and PLA/PLAdi+70% 

electrospun fiber mats determined by GPC before and 

after UV sterilization for 30 min. 

Sample Before After 

PLA 84.3 kDa 73.2 kDa 

PLA/PLAdi+70% 94.8 kDa 91.0 kDa 

 

Table 3. SEM images of fibroblast (L929) cell line on the 

electrospun fiber mats for1st, 3rd, and 5th day. (350× 

magnification, scale bar = 1µm). 

Day PLA PLA/PLAdi+70 

1 

  

3 

  

5 

  

 

 Referring to Table 3, The SEM images showed the 

attachment of L929 on the surface of electrospun fiber 

mats. The cell density increased continuously. The study 

demonstrated increasing PLAdi+ contents in the polymer 

mixture from 10-70 wt% resulting in an increase of cell 

proliferation (Fig. 6). Considering the data on the 1st and 

3rd day, the statistical comparison of the absorbance for 

each fiber was not significantly different as identified by 

Anova (p < 0.05). But, on the fifth day, the cell 

attachment and proliferation on the fiber mats with 

PLAdi+ over 30% were significantly higher than PLA (p 

< 0.05). This is due to the fact that PLAdi+ caused an 

increase in fiber hydrophilicity as mentioned in air-water 

contact angle analysis.  
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Figure 6. Absorbance for cell proliferation of L929 at 540 nm 

for 1st, 3rd, and 5th days. Approximately 2×104 per well were 

seeded on the electrospun fiber mats 

4. Conclusion 

Low molecular weight PLAs with dicarboxylic 

terminal chain end (PLAdiCOOH) and PLAs with 

positively charged terminal chain end (PLAdi+) were 

successfully synthesized. PLAdi+ was mixed with 

commercialized PLA and electrospun into fiber with 

diameter as low as 109 nm. The size and hydrophobicity 

of PLA/PLAdi+ was decreased because of the increasing 

positive charge in the polymer blend. The electrospun 

fiber mats were further evaluated for fibroblast cell 

culture. PLA/PLAdi+70% was found to be an agreeable 

material for cell culture.  
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Abstract 
 

Periodontal diseases are inflammatory disorders that affect the teeth supporting tissues caused by bacterial 

infections. Controlled release with a polymer-based delivery membrane as guided tissue regeneration (GTR) membrane 

has become one of the most interesting systems to eliminate bacterial infection and repair tissue defects. This study 

aimed to develop and characterize composite membranes with sustained drug delivery for prolong antibacterial 

properties to provide effective periodontal therapy. The biodegradable composite poly(caprolactone) (PCL) membrane 

containing tetracycline-loaded PHB microspheres were prepared by solvent casting technique. The composite 

membranes were investigated for their surface hydrophobicity, morphological, mechanical properties, and degradation 

properties. The prepared composite PCL membrane embedded TC-loaded PHB microspheres exhibited good surface 

hydrophilicity for cell growth, as indicated by the contact angle in range 83-86º. The composite membrane showed nano-

porous on the membrane surface (which can prevent from fibrous connective tissue infiltration but allow permeation of 

oxygen and nutrients). The mechanical properties of the membranes were found to have tensile strength with 6.62 ± 1.86 

MPa, which is required for GTR applications. The composite membrane exhibited an approximately sustained release 

profile after the initial burst release over 2 months. In vitro release profiles were described using the Higuchi and the 

Korsmeyer–Peppas equations. Modeling studies showed that the drug release mechanism was mainly dependent on the 

drug dispersion in the structure of composite membranes. The membrane exhibited that the structure of composited 

membrane could maintain the barrier function over the treatment period. The composite membrane exhibited strong 

antibacterial activities against periodontitis-causing bacteria which would have the great potential as GTR membrane for 

periodontal application. 

 
Keywords: Poly(caprolactone); PCL, Poly(hydroxybutyrate); PHB, Tetracycline, GTR membrane, Controlled release 

 
1. Introduction 

 

Periodontitis is an infection disease caused by 

specific bacteria that colonize on the teeth surface, with 

subsequent induce host inflammatory response resulting in 

the destruction of alveolar bone and teeth supporting 

connective tissues [1]. Consequently, this resulting in the 

formation of periodontal pocket and eventually tooth loss. 

The treatment of periodontitis is related to control the 

bacterial infection and regeneration of the lost periodontal 

structures.  In  periodontal  therapy,  regeneration  is 

achieved by using a surgical technique known as guided 

tissue regeneration (GTR) [2]. The principle of GTR 

involves the use of a barrier membrane to exclude the 

 
 
fast-growing  epithelial  and  gingival  tissues  from  the 

defect areas and providing a space to allow the slower 

growing alveolar bone and periodontal tissues to 

regenerate [3]. 

Biodegradable polymers such as poly(capro- 

lactone) (PCL) has received long-term attention because 

of its biocompatibility, desirable mechanical properties 

(flexible, possessed good tensile strength) and 

demonstrated satisfactory physicochemical charac- 

teristics. Because of their excellent biocompatibility 

characteristics, PCL has a long history as biomedical 

material in many pharmaceutical fields. Thus, the PCL 
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polymer could be attractive potentially material for GTR 
 

application. 
 

Although the application of GTR generally results 

in improvement of periodontal regeneration, the bacterial 

infection is the major problems in the clinical application 

[4]. Typically, the systemic antibiotics are usually adjunct 

administration as part of the GTR approach to control and 

prevent the recurrent of periodontal infections during 

treatment periods. However, long-term antibiotic 

administration can result in derangements of the oral and 

intestinal microflora, cause side effects and development 

of bacterial resistance [5, 6]. Therefore, local delivery of 

antimicrobial agents has been investigated as a possible 

approach for treatment of periodontal disease. Treatment 

of periodontitis requires a high concentration of antibiotic 

to be available in the periodontal pocket as an adjunctive 

therapy with GTR approach. Using a sustained 

antimicrobial delivery composite membrane will be more 

beneficial  regarding  the  ease  of  application  and 

selectively targeting a limited number of diseased sites 

that were unresponsive to conventional therapy. 

Tetracycline (TC) has previously demonstrated an 

antibacterial spectrum that includes most of the 

microorganisms play an important role in the 

periodontitis, such as Porphyromonas gingivalis, 

Actinobacillus actinomycetemcomitans and Prevotella 

intermedia [7]. TC is also widely used as an 

osteoconductive agent due to its high anti-collagenolytic 

and fibroblast-stimulating properties [8,9]. Many 

researchers have demonstrated that sustained delivery of 

tetracycline can be effective in reducing signs of 

periodontitis. Such antibiotic was studied in a variety of 

specialized systems like fibers, microparticles, and gels to 

maintain their antimicrobial properties in the disease area 

at a bactericidal concentration for the required period of 

therapy.  However, none of these studies have been able to 

reach an effective antimicrobial at sufficiently high 

concentrations to eradicate the infection over an extended 

period of treatment. 

Hence, the aim of this study was to develop a local 

drug-delivery GTR membrane to achieve a controlled and 

slow release rate of the drug and facilitate prolonged drug 

delivery through GTR membrane. TC was incorporated 

into the membrane in form of TC-loaded PHB 

microspheres (TC-PHB/MS) as a vehicle to increasing the 

membrane compatibility and ability to achieve controlled 

release properties. The effects of the formulation  

variables  on  the  morphological characteristics, 

mechanical properties, surface hydrophilicity and in vitro 

drug release behavior of the composite membrane were 

investigated. In addition, the antibacterial activity of the 

composite membranes was investigated against two main 

species of periodontitis- causing bacteria. This research 

was to introduce a novel composite membrane for the 

sustained delivery of TC as a potential GTR membrane for 

the treatment of periodontal diseases. 

 
2. Experimental methods 
 

2.1 Materials 
The polymers used were poly(caprolactone) (PCL) 

and poly(3-hydroxybutyrate) (PHB) with molecular 

weights ranging between 1.08 - 1.18 × 106 Da. Poly(vinyl 

alcohol( (PVA) (Mw = 13,000 – 23,000 Da) with 87–90% 

hydrolyzed and TC were purchased from Sigma- Aldrich 

(Singapore). Chloroform and ethyl acetate were obtained 

from RCI Lab-Scan (Thailand). De-ionized (DI) water 

(18.2 MΩ) was prepared in a Millipore purification 

system. Brain heart infusion (BHI), tryptic soy broth 

(TSB) and blood agar culture medium were supplied by 

Difco Microbiology (Detroit, MI). All other chemicals and 

solvents were of analytical grade and used without further  

purification.  Porphyromonas  gingivalis,  ATCC 33277 

(P. gingivalis) and Actinobacillus  actinomycetem- 

comitans, Y4 (A. actinomycetemcomitans) were obtained 

from American Type Culture Collection. 
 
2.2 Preparation of tetracycline-loaded PHB microspheres 
 

(TC-PHB/MS) 
 

TC-PHB MS were prepared with water-in-oil-in- 

water (W1/O/W2) double emulsion/solvent evaporation 

emulsion method. Briefly, 500 μL of TC solution 

equivalent to 40% (w/w) initial drug loading were added 

into 5 mL of 10% (w/v) chloroform solution of PHB 

polymers. Then, the polymer solution was homogenized 
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using a probe ultrasonicator (Bandelin Sonopuls, 

Germany) at 90 watt for 3 min to form a primary W1/O 

solution. The primary W1/O emulsion was then mixed 

with 20 mL of 1% (w/v) PVA solution and sonicated at 25 

watt for 1 min, to prepare the W1/O/W2 double emulsion. 

Subsequently the emulsion was added to 20 mL distilled 

water and stirred at 1,200 rpm for 4 h at room temperature 

to evaporate the chloroform. Afterwards, the TC-PHB/MS 

were collected by centrifugation at speed 4,024 × g for 20 

min. Finally, the microspheres were washed twice with 

distilled water in order  to  remove  non-encapsulated TC  

and  then  were dried  by  lyophilized  (Freeze  zone  plus  

6,  Labconco, USA) for 24 h. 
 

2.3 Preparation of composite PCL membranes containing 
 

TC-PHB/MS (PCL:TC-PHB/MS) 
 

The composite PCL membranes containing TC- 

PHB/MS (PCL:TC-PHB/MS) were fabricated using 

solvent casting technique. TC was loaded into membrane 

at 5% (w/w) base on the optimum range of commercial 

benchmark (i.e. PerioChip®) in order to achieve the 

therapeutic concentration over the MIC against 

periodontitis pathogenic bacteria during the GTR therapy. 

Briefly,  6%  (w/v)  polymer  solutions  of  PCL  were 

prepared by dissolving 300 mg of PCL polymer in 5 mL 

of ethyl acetate. TC-PHB/MS equivalent to 5% (w/w) TC 

mass was added to polymer solutions and then stirred 

magnetically to obtain homogeneous dispersion. The 

mixtures were molded in glass petri dishes for 48 h and 

then in vacuum oven for 6 h to remove all the solvent. To 

investigate the influence of incorporated TC-PHB/MS on 

the properties of the composite membranes, unloaded of 

PCL membranes were prepared in a similar way and were 

used as control formulations in characterization studies. 
 

2.4 Morphological and physical characteristics of 

composite PCL:TC-PHB/MS membranes 

Membrane surface and cross-sectional morpho- 

logy was observed using a scanning electron microscope 

(SEM) (S4700, Hitachi Co., Tokyo, Japan) at a voltage of 

15 kV. The membranes were coated with gold and 

observed under the microscope. The thicknesses of the 

membrane were measured at five locations (center and 

four corners) using a digital caliper and the mean 

thickness was calculated. The hydrophobicity of the 

membranes was evaluated based on the measurements of 

contact  angles  of  water  droplets  on  the  membranes 

surface by Contact Angle Analyzer (KYOWA interFAce 

Measurement  and  Analysis,  China).  5  µL  of  water 

droplets were dropped carefully onto the surface of the 

membrane  using  sessile  drop  method  at  room 

temperature. The contact angles of each  membrane at 

least 6 drops were measured and averaged. 
 
2.5 Mechanical characterization 
 

The mechanical properties of the composited 

PCL:TC-PHB/MS membranes were investigated using 

universal mechanical testing instrument (Instron-5567, 

Instron Corp) with refer to the ASTM D 882 standard test 

methods for tensile properties of thin plastic sheeting. The 

composited were cut as rectangular strips with 50 × 10  

mm2
   (gauge  length  3  mm)  for  each  sample.  The 

thickness  of  each  sample  was  determined  by  a 

micrometer and the average values were used in 

calculations. Mechanical properties in terms of ultimate 

tensile strength (UTS), elongation at brake (% EAB), and 

Young’s modulus (E) of composited membrane were 

tested at crosshead speed 20 mm/min. Each sample 

membrane formulation was tested triplicate at room 

temperature. 
 
2.6 In vitro drug release studies 
 

In vitro release studies were performed with 

PCL:TC-PHB/MS membrane, as well as with the TC- 

PHB/MS microspheres served as controls. The in vitro TC 

released from composite membranes was investigated in  

5  mL  of  0.05  M  PBS,  pH  7.4  containing  0.02% 

Tween-80 and 0.05% SDS, in which this particular pH of 

7.4 was mimicked to the physiological pH of the saliva. 

The membrane was cut into 20 mm2 rectangles samples, 

accurately weighed, and incubated at 37 ºC. At 

predetermined time intervals, 1 mL of releasing medium 

was collected for determine the amount of TC released 

using spectrophotometer at 290 nm. The drug release 

kinetics and mechanism of drug release from composited 
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membrane were calculated based on various kinetic 

models including Korsmeyer–Peppas and Higuchi kinetic 

model. 
 

2.7 In vitro antibacterial activity 
 

The antibacterial activities of PCL:TC-PHB/MS 

membrane against the oral pathogenic bacteria over time 

were determined against common periodontal pathogen P. 

gingivalis and A. actinomycetemcomitans, by broth 

dilution technique [10].  A. actinomycetemcomitans were 

cultured under CO2 incubation at 37 ˚C in TSB broth. P. 

gingivalis  were  cultured  in  BHI  broth  and  incubated 

under anaerobic environment with an atmosphere of 5% 

H2, 10% CO2, and 85% N2 at 37 ºC. After incubation 

period,  the  bacterial  inoculum  for  each  strain  was 

adjusted its turbidity using a spectrophotometer and 

standardized for their CFU/mL to be equivalent to 108 

CFU/mL. The membrane was cut into 20 mm2 rectangles 

samples and soaked into the 5 mL of each bacterial 

culture. The cultures were incubated with PCL:TC- 

PHB/MS membrane at 37 ºC and measured the bacterial 

log CFU reduction overtime on blood agar using 

conventional plate count technique. 
 

2.8 Statistical analysis 
 

All the data were shown as a mean ± standard 

deviation for triplicate determinations. One way analysis 

of variance (ANOVA) was performed to compare the 

mean values among different groups using IBM SPSS 

Statistics 19.0 software package. Statistical significance 

was tested at p < 0.05. 
 

3. Results and Discussion 
 

3.1 Characterization of TC-PHB/MS and its composite 

membranes 

TC-PHB/MS  were  prepared  using  double 

emulsion/solvent evaporation technique. The morphology 

of TC-PHB/MS was characterized by SEM. Figure 1 (A, 

a) shows the SEM of the synthesized TC-PHB/MS 

particles, which exhibit a uniform size and morphology. 

The average particle size of the TC-PHB/MS was 35.87 

±9.45 µm. The drug loading and encapsulation efficiency 

were high at 13.53 ± 0.32% and 29.47 ± 0.69%, 

respectively. 
 

3.1.1 Membrane morphology 
 

In order to enhance the integration of TC in 

membrane, the TC-PHB/MS were further incorporated 

into the PCL matrix to produce the composite membrane. 

The TC-PHB/MS were combined within composite 

membrane by forming a coat on the particles so that these 

stable composite microspheres can be produced. These are 

clearly observed that the surface roughness of composite 

membrane slightly increased due to some of TC-PHB/MS 

anchor on their surface. Figure 1 shows the SEM 

morphologies of the PCL:TC-PHB/MS membranes. The 

surface of PCL:TC-PHB/MS membrane showed a 

randomly-generated nano-porous surface suggesting 

incorporate TC-PHB/MS affect pore development. The 

small pore on the membranes suggests beneficial for gas 

and nutrient transfer to periodontal cells. The cross- 

sectional morphology of PCL:TC-PHB/MS membranes 

are shown in Figure 1D. The PCL:TC-PHB/MS 

membrane exhibit exclusion interface which the TC- 

PHB/MS were accumulated on top and cover by the PCL 

matrix. This effect can explain because of the poor 

integration between the differences polarity of the more 

slightly hydrophilic PHB microspheres and the 

hydrophobic  PCL  matrix.  The  thickness  of  the 

composited membranes was determined by micrometer, 

and the results are summarized in Table 1. 
 

 A  B C D 
 
 
 
 
 
 

a 
 

 
 
 

Figure 1 SEM images of membrane; A,a) PHB/MS B) unloaded PCL membrane surface, C) PCL:TC-PHB/MS 
membrane surface, (D) PCL:TC-PHB/MS membrane cross section 
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Thickness  Mechanical Properties  Contact angle 

(mm.) UTS (MPa) Young Modulus (MPa) EAB (%)  

0.12 ± 0.01 
 
0.26 ± 0.03 

23.23 ± 2.59 
 

6.62 ± 1.86 

746.33 ± 55.14 
 

387.50 ± 17.49 

22.00 ±  
 

2.45 ±  

86.2 ± 1.4 
 

83.3 ± 1.0 

 

The thickness of unloaded PCL membranes ranged from 

0.12 ± 0.01 mm while incorporated TC-PHB/MS into 

composited,  PCL:TC-PHB/MS  membranes  were 

improves in thickness of membrane ranged from 0.26 

±0.03 mm. The contact angle value of PCL:TC-PHB/MS 

membrane  are  exhibited  in  Table  1.  Measuring  the 

contact angle is a common technique for evaluating the 

surface hydrophobicity of the membranes. The 

incorporation of TC-PHB/MS could slightly decrease in 

the water contact angle from 86.2 ± 1.4º to 83.3 ± 1.0º. 

This might be simply due to the fact that PHB material is 

considered more hydrophilic than PCL. Thus, the 

incorporation of TC-PHB/MS into PCL membrane gave 

lowers the surface hydrophobicity (low contact angle) of 

membrane. 
 

3.2 Mechanical properties of composite PCL:TC- 

PHB/MS membrane 

The mechanical properties in term of ultimate 

tensile strength (UTS), Young’s modulus, and % 

elongation at break (%EAB) of the composites membrane 

are shown in Table 1. The tensile property of unloaded 

PCL membrane was significantly decreased with addition 

of TC-PHB/MS; the UTS were decreased from 23.23 

±2.59 MPa to 6.62 ± 1.86 MPa. In addition, the Young’s 

modulus of the unloaded PCL membranes was decreased 

from 746.33 ± 55.14 MPa to 387.50 ± 17.49 MPa. The 

results clearly showed that the addition of TC-PHB/MS 

into the PCL membrane could lead to an increase in 

membrane flexibility. This effect can be related to the 

created phase segregation from the addition of TC- 

PHB/MS that result in space formation in PCL:TC- 

PHB/MS, thus enhance ductility of membrane. At the 

same time, the %EAB values of the PCL:TC-PHB/MS 

membrane decrease to 2.45 ± 0.56% indicate to decrease 

membrane elasticity. 

 
Table 1 
Physical and mechanical properties of membrane 

The decrease of %EAB suggests that TC-PHB/MS 

behaved as hard filler to the polymer matrix, which 

promotes crack initiation and lowering their elasticity. 
 
3.3 In vitro drug release studies 
 

Drug release studies were performed in vitro for 

the composite matrices. The TC encapsulation efficiency 

was high at 87.52 ± 6.80%. The TC released profiles from 

the composited PCL:TC-PHB/MS membrane comparing 

to the TC-PHB/MS release profile are shown in Figure 2. 

The TC-PHB/MS show very rapidly release of TC over 

80% within 3 days and then leveled off. The initial  burst  

of  TC  released  was  due  to  the  highly solubility of TC 

localize on the surface of hydrophobic polymeric PHB 

microspheres. However, the results show that the 

PCL:TC-PHB/MS membranes have the ability to prolong 

the TC released from PHB microspheres. It was found that 

incorporated TC-PHB/MS into PCL:TC- PHB/MS 

membranes provided more slow release of TC than those 

containing in microspheres. It could be seen that 

composite PCL:TC-PHB/MS membranes provided 

sustained  release  of  TC  over  the  period  of  2  mount. 

About 45% of the TC is released from the composited 

membranes  within  1  week,  with  small  initial  burst 

release. After the initial burst release, the TC tends to 

release with linearly increasing over 70% within the 

following 1 mount and steady at about 90% within 2 

mount.  Moreover,  Higuchi  and  Korsmeyer–Peppas 

kinetic equations were employed to determine the release 

mechanism of TC. The high correlation coefficient (R2 > 

0.8209) of fitted data was obtained for both the Higuchi 

and the Korsmeyer-Peppus model. The results indicated 

that the kinetics of TC released can be described 

effectively by the Korsmeyer-Peppus model (as the 

highest R2 = 0.8919). The release mechanism was 

governed by non-Fickian diffusion indicated that TC 

released not depending on the residual concentration of 

drug in the composited matrices. 
 

Membrane 
 

Unloaded PCL 

PCL:TC-PHB/MS 
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Figure  2  In  vitro  TC  release  profiles  from  composited  membrane 
compared to the TC-PHB/MS 8 

 
 

Hence, suggesting that the release mechanism of TC from 

composited membrane is related to the dispersion of TC- 

PHB/MS embedded in the composited matrix limit the 

drug release. 
 

3.4 In vitro antibacterial activity of composite PCL:TC- 

PHB/MS membrane 

The antimicrobial activity of PCL:TC-PHB/MS 

membrane against periodontal pathogenic bacteria are 

shown in Figure 3. The antibacterial activity of the 

composite membranes was done in vitro comparing to 

TC-PHB/MS and free drug TC served as control. The 

composite PCL:TC-PHB/MS membrane exhibited strong 

antibacterial activity, which required at least 7 days for 

eliminating P. gingivalis and A. actinomycetemcomitans. 

A. actinomycetemcomitans exhibited lower bacterial 

susceptible to TC with related to the higher MIC values 

than P. gingivalis. According to the obtained results, the 

TC at content of 5 % (w/w) can be adopted to achieve the 

optimum antibacterial ability in the preparation of 

antibacterial  composite  membranes.  Thus  far,  our 

findings suggest that PCL:TC-PHB/MS membrane could 

be employed as a potential GTR membrane to eradicate 

bacterial infection in the periodontal pocket as well as to 

maintain long term antibacterial effects and prevent 

bacterial re-infection during the treatment period. 

4. Conclusion 
 

TC was homogenous distributed throughout the 

composite PCL:TC-PHB/MS membrane by forming a 

drug  loaded carrier system (i.e. TC-PHB/MS). 

6 
 

4 
 

2 
 

0 
0 1 2 3 4 5 6 7 

Time(days) 
Figure 3 In vitro antibacterial of composited PCL:TC-PHB/MS 
membrane compared to the TC-PHB/MS against; (A) P. gingivalis 
ATCC 33277 and (B) A. actinomycetemcomitans Y4. 

 
The mechanical properties showed that the composited 

membranes are good barrier properties. The 

incorporation of TC-PHB/MS improved the 

hydrophilicity of PCL:TC- PHB/MS  membrane.  The 

in vitro drug  release experiments demonstrated that 

the composited PCL:TC- PHB/MS membrane could 

prolong the dual release of TC over 2 mounts. The 

release of TC is much larger than the MIC value and 

therapeutic concentrations used to inhibit the growth 

of pathogenic bacteria and promote bone regeneration. 

Thus, the biodegradable PCL:TC-PHB/MS membrane 

would have the great potential as GTR membrane for 

application in periodontitis treatment. 
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Abstract 

Hydrogels are hydrophilic polymers with three-dimensional networks that can absorb water without dissolving, 
possesses good properties such as high flexibility, hydrophilicity and water absorption. Hydrogels are possible to develop 
in medical application. The objective of this research was prepared hydrogels from deproteinized natural rubber latex 
(DNRL) with 2 %, 3 % and 4 % w/w gelatinized cassava starch and sinlek starch in ratio DNRL:St ; 1:2. Method I, using 
1 phr zinc mercaptobenzothiazole (ZMBT) as initiator and 1.5 phr sulphur as crosslinking agent. Method II, using 1 phr 
potassium persulfate as initiator and N, N’-methylenebisacrylamide (MBA) as crosslinking agent. Hydrophilicity 
properties of hydrogel were determined in term of % swelling and % water content. The hydrogels from DNRL with 3 % 
gelatinized cassava starch using method II provided statistically a greater level of % swelling and % water content 108.53 
% and 51.80 %, respectively. While deproteinized natural rubber DNRL provided % swelling and % water content 13.82 
% and 12.14 %, respectively. Thus, hydrogels from DNRL with gelatinized cassava starch are able to developed for use 
as wound dressing in medical application. 

 
Keywords: Cassava starch, deproteinized natural rubber latex, hydrogel, sinlek starch, wound dressing 

 
1. Introduction 

Natural rubber or para rubber (Hevea Brasiliensis) 
is an important natural polymeric resource in Thailand. 
The outstanding mechanical properties of natural rubber, 
such as elasticity and tear resistance, are more than 
synthetic rubber from petrochemical industry[1]. 
Hydrogels were used in medical application such as tissue 
engineering, drug  delivery  system  and  wound  dressing.  
Nowadays, 
hydrogels are an important polymeric material that retain 
large water into their structures because they have 
hydrophilic groups such as -OH, -COOH, -CONH-, NH2 

and -SOH etc[2]. Hydrogels are a network of polymer, 
possesses good properties which are high flexibility, 
hydrophilicity and water absorption. 

Water absorption of hydrogels, the water entrance 
into   the   system   will   necessitate   its   expansion   and 
consequent ordering of the polymer chain as shown in 
Figure 1 

 

 
 
 
 
 
 
 
 
 
 

Figure 1 Water entrance into hydrogel chain[3] 
 

In general, hydrogels were prepared from synthetic 
polymers so they were expensive. Hydrogels from natural 
rubber  are  an  alternative  for  use  as  wound  dressing. 
Natural polymer has many advantages such as non-toxic in 
environment and biodegradable. However, natural rubber 
in   medical   applications   must   eliminate   the   protein 
allergens in natural rubber latex by using protease to 
remove proteins[4] and it cannot used as a rubber material 
to absorb water, which is an   important feature of the 
wound because rubber is a polymer of hydrophobic. 

Natural rubber, which is required to resolve this 
disadvantage by improving the properties of a natural 
hydrophilicity by addition of starch. 

Starch (St) is a nutritional polysaccharide and is the 
major storage carbohydrate in plant. It is a 
heteropolysaccharides composed of two polysaccharides, 
amylose and amylopectin. They related to swelling and 
water absorption properties which are useful for exudates 
absorption from injury[5]. 

The objective of this research was prepared 
hydrogels from deproteinized natural rubber latex with 
starch by casting in thin films. The application of 
hydrogels for using as wound dressing were determined in 
term of water content. 
 
2. Experimental methods 
2.1 Materials 

Low ammonia concentrated natural rubber latex (NRL, 
60 % natural rubber content) was obtained from Thai 
Rubber Latex Corporation Public Company Limited, 
Thailand. Cassava starch was purchased from E.T.C. Eaib 
Tong Chan Company Limited, Thailand. Sinlek starch was 
purchased from Sooksatharana Company Limited, 
Thailand. Sulphur as crosslinking agent for natural rubber, 
Zinc oxide was purchased from Lucky Four Company 
Limited, Thailand. Zinc mercaptobenzothiazole (ZMBT) 
as initiator was purchased from Behn-Meyer-Chemical 
Company Limited, Thailand. Lowinox®CPL as 
Antioxident was purchased from Lucky Four Company 
Limited, Thailand. Potassium persulphate (K2S2O8, 98%) 
was purchased from Ioba Chemie Pvt. Ltd., 
N,N′methylenebisacrylamide (MBA, 99%) used as 
crosslinking agent for natural rubber latex polymerization 
was purchased from (Sigma-Aldrich, Missouri, USA). 
Potassium hydroxide (KOH, 85%) (Carlo Erba Co., Ltd., 
Italy) and Tween® 80 was purchased from Loba Chemie 
Pvt Company Limited, Thailand. 

mailto:achara_kleawkla@yahoo.co.uk
http://www.foodnetworksolution.com/wiki/word/1032/hydrophobic-%E0%B9%84%E0%B8%A1%E0%B9%88%E0%B8%8A%E0%B8%AD%E0%B8%9A%E0%B8%99%E0%B9%89%E0%B8%B3-%E0%B9%84%E0%B8%AE%E0%B9%82%E0%B8%94%E0%B8%A3%E0%B9%82%E0%B8%9F%E0%B8%9A%E0%B8%B4%E0%B8%81
http://global.britannica.com/science/carbohydrate/Heteropolysaccharides#ref593948
http://global.britannica.com/science/carbohydrate/Heteropolysaccharides#ref593948
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2.2 Preparation of DNRL 

Natural rubber latex (NRL) and protease were 
mixed  in  ratio  500:100 unit/ml to  incubated at  45  °C 
with 150 rpm shaking for 6 hr. 

 
2.3 Preparation of hydrogels from sulphur-prevulcanised 
DNRL with cassava starch and sinlek starch 

60 % DNRL 100 phr. was mixed with 50 % 
dispersion of sulfur solution 1.5 phr., 50 % dispersion of 
zinc oxide solution 1.8 phr., 50 % dispersion of zinc 
mercaptoben-zothiazole solution 1 phr. and 50% 
dispersion of lowinox® CPL solution 1 phr. incubated for 
24 hr. Then 2 %, 3 % and 4 % gelatinized cassava starch 
and sinlek starch were mixed gently to DNRL mixture in 
ratio of DNRL:St ; 1:2 at 60 °C for 24 hr. 

 
2.4 Preparation of hydrogels from MBA polymerization 
DNRL with cassava starch 

60 % DNRL 100 phr. polymerization was made by 
10 % KOH 5 phr., Tween80 5 phr. at 70 oC and 1 phr of 
K2S2O4 was continually added while stirring for 15 min 
and then added 1 phr. of MBA. The reaction was then 
allowed to proceed for 2 hr. under continuous stirring and 
then the reaction was stopped by cooling down at room 
temperature to mix with 2 % and 3 % gelatinized cassava 
starch were added and mixed gently to DNRL mixture by 
ratio of DNRL:St ; 1:2 at 60 °C for 24 hr. 

 
2.5 Swelling and water content (WC) studies 

The specimen (2 cm x 2 cm) was immersed in 
distilled water (50 mL) at room temperature. Remove the 
excess media on the surface with tissue paper. The weight 
of swollen sample would be calculated following equation 
1 and 2. 

 
% Mass swelling =  × 100         (1) 

 
 

% WC                   (2) 
 

2.6 Chemical characterization 
In this research project, the functional groups of 

 
 
Figure 2 Mass swelling - time profiles of crosslinked 
DNRL and hydrogels from DNRL mixed with 2 %, 3 % 
and 4 % gelatinized cassava starch on DNRL:St ratio 1:2 
using method I. 
 

 
 
Figure 3 Mass swelling - time profiles of crosslinked 
DNRL and hydrogels from DNRL mixed with 2 %, 3 % 
and 4 % gelatinized sinlek starch on DNRL:St ratio 1:2 
using method I. 

hydrogels were investigated by Fourier Transform Infrared 
Spectrometer (Perkin Elmer model Spectrum RX I, Perkin 
Elmer, England). The spectra were recorded in the range 
400 – 4000 cm−1. The FTIR spectra were obtained from 
samples prepared in the form of thin film. 

 
3. Results and Discussion 

 
3.1 Swelling studies 

The  study  of  cassava  starch  and  sinlek  starch 
hydrogels shown 2 % starch higher swelling than DNRL 
due to the presence of crosslink-network including high 
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2% 3% DNRL crosslink 

amylose content of cassava starch and sinlek starch in 
hydrogel. Similarly, the percentage of swelling and water 
absorption increased with increasing amylose content[6]. 
Concentration of starch increased, the swelling of 
hydrogels increased in Figure 2 and 3. When comparison 
of methods use in experimental, it was found that method 
II give higher swelling than method I in Figure 2 and 4. 

0 1 2 3 4 5 6 7 8 9 
Time ( hr ) 

 
 
Figure 4 Mass swelling-time profiles of crosslinked 
DNRL and hydrogels from DNRL mixed with 2 % and 3 
% gelatinized starch on DNRL:St ratio 1:2 using method 
II. 
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Vibrational Assignments 

 
Wavenumber 

(cm-1) 

 
 

DNRL 

 
-C=C 

C-H bending of CH3 

C-H bending of CH2 

 
835-839 

1375-1376 
1449-1543 

 
cassava 
starch 

 
-CH band 

-OH stretching band 

 
2930 

3338-3454 

 

3.2 Water content studies 
The  study  of  cassava  starch  and  sinlek  starch 60 

hydrogels shown 2 % starch higher water content than 
DNRL due to the presence of crosslink-network including 50 
high amylose content of cassava starch and sinlek starch in 40 
hydrogel. Similarly, the percentage of swelling and water 
absorption  increased  with  increasing  amylose  content. 30 
Concentration of  starch increased, %  water  content of 
hydrogels  increased  to   as   shown  Figure   5   and   6. 20 
Comparison of methods, it was found that method II give 
higher water content than method I in Figure 5 and 7. 10 
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Figure 7 WC - time profiles of crosslinked DNRL and 
hydrogels from DNRL mixed with 2% and 3% gelatinized 
cassava  starch  mixture  on  DNRL:St  ratio  1:2  using 
method II. 
 
3.3 Chemical characterization 

FTIR spectra of hydrogels from DNRL with 2 %, 3 
% and 4 % w/w gelatinized starch on DNRL:St ratio 1:2 
using method I and cassava starch as shown in Figure 8 
and Table 1. 

 
 

Figure 5 WC - time profiles of crosslinked DNRL and 
hydrogels from DNRL mixed with 2 %, 3 % and 4 % 
gelatinized cassava starch on DNRL:St ratio 1:2 using 
method I. 
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e          -OH 
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Figure 8 FTIR spectra of (a) DNRL crosslinked (b) DNRL 
with 2 % cassava starch (c) DNRL with 3 % cassava starch 
(d) DNRL with 4 % cassava starch and (e) cassava starch 

 
 
 

Figure 6 WC - time profiles of crosslinked DNRL and 
hydrogels from DNRL latex mixed with 2 %, 3 % and 4 % 
gelatinized sinlek starch mixture on DNRL:St ratio 1:2 
using method I. 

Table 1 Vibrational assignments of DNRL with cassava 
starch 
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From the results, the hydrogel from DNRL with cassava 
starch showed -OH band at 3338-3454 cm-1 while the DNRL -OH 
band is absent. 
 

4. Conclusion 
Hydrogels  from  DNRL  with  3  %  gelatinized 

cassava starch using MBA 1 phr. as crosslinking agent on DNRL:St 
ratio 1:2 shows high % swelling and % water content (108.53 % and 
51.80 %, respectively). Thus, hydrogels are able to develop for 
using as wound dressing in medical application in further study. 
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Abstract 

 The aim of this study was to investigate an effect of drugs charges on encapsulation efficiency in oil-in-water 
emulsion system using polymeric phosphorylated chitosan as emulsifier. In this study, naproxen (NPX, negatively charged 
drug) and propranolol (PPNL, positively charged drug) were used as representative drugs dissolving in oil phase 
encapsulated within phosphorylated chitosan (PCTS) which functioned as water soluble emulsifier as well as barrier of the 
drug reservoir. Since PCTS possessed both positive and negative charges, thus, the charged drugs might effect to the 
encapsulation efficiency as well as release profiles.  The emulsifying efficiency was evaluated in terms of droplets size and 
surface charges of PCTS oil-in-water emulsions with and without drug encapsulation. All emulsions still showed high 
surface charges, leading to stabilize the emulsion droplets. Encapsulation efficiency (%EE) was calculated. Charges of 
polymers do not effect on drug encapsulation neither positively charged or negatively charged drugs in emulsion system. 
PPNL showed faster in vitro release profiles from either PCTS or CTS emulsion than NPX, possibly from higher water 
solubility.    
 

Keywords: chitosan, encapsulation, water soluble, phosphorylated, emulsion, drug, charge  

 

1. Introduction 

 Currently, more than 40-70% of new discovered 

pharmaceuticals products such as drugs are poorly 

aqueous soluble. The challenging approaches to deliver 

poorly water soluble drugs have been studied.   Different 

strategies such as emulsion[1], liposome[2], polymeric 

micro- and nanoparticles[3] were developed to provide 

pharmacokinetic properties. Emulsion is used to 

encapsulate, deliver and release hydrophilic or lipophilic 

components within water-in-oil (w/o) or oil-in-water (o/w)  

emulsion, respectively. Oil-in-water emulsion provides 

good biocompatibility, longer shelf life, and relatively 

easy to produce in both small and large scale. However, 

the drawback of emulsion is a low stability because the 

immiscibility between two phases. By the way, the 

interfacial tension between oil and water was potentially 

reduced by utilization of surfactants or amphiphilic 

molecules. There are many studies that extensively 

interested in developing amphiphilic polymer as emulsifier 

due to their great biological compatibility and 

biodegradability[4]. 

In this research we interested in water soluble 

chitosan derivative with its amphiphilic property. 

Phosphorylated chitosan (PCTS), a water soluble chitosan 

derivative, consisted of hydrophilic functional groups 

(hydroxyl, phosphate and amino groups) and hydrophobic 

backbone were selected as polymeric emulsifier. Since the 

emulsifier arranges its molecule at the interface between 

oil and water phases, thus, the amphiphilic polymer own 

its functions not only being emulsifier, but also being 

polymeric barrier for drug reservoir (dispersed phase). 

Two oppositely charged lipophilic drugs, naproxen 

(negative charges), and propranolol (positive charges), 

were selected as model drugs in this study. The aim of this 

study is to explore the effect of drug polarity on the 

emulsifying properties of PCTS compare to CTS in terms 

of droplet size, surface charges as well as on drug 

encapsulation efficiency and drug release.   

 

2. Experimental methods 

2.1 Materials  
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 PCTS with a degree of phosphate substitution of 

0.08 and weight average molecular weight (Mw) of 53 

kDa was synthesized in our research group. Briefly, 

chitosan with degree of deacetylation of 85 was reacted 

with phosphorus pentoxide in methanesulfonic acid at 0-5 

°C for 3 h. The mixture was precipitated in acetone and 

washed with ethanol several times. The obtain product was 

dissolved and dialyzed against distilled water following by 

lyphilyzation[5], and the chemical structure of PCTS was 

shown in Scheme1.  The degree of phosphate substitution 

was determined by Field Emission Scanning Electron 

Microscope equipped with Energy Dispersive X-Ray 

Spectrometer (SEM-EDX), JEOL JSM-7610F (JEOL Ltd., 

Tokyo, Japan) and a Mw of PCTS was measured by a 

Shimadzu LC-20AD and CTO-20A system (Tokyo, 

Japan) equipped with four Shodex GPC K-802.5, 803, 

804, 805 columns connected in series and a Shimadzu 

RID-10A refractive index detector. A mixture of acetic 

acid 0.15 M and sodium acetate 0.25 M were used as an 

eluent at a flow rate of 1.0 mL min-1. Pullulan were used 

as standard. The measurements were performed at 40 °C.   

 Chitosan (CTS) was purchased from A.N. Lab, 

(Samutsakorn, Thailand). The molecular weight of 

chitosan was reduced by methanesulfonic acid to 50 kDa 

as similar as the preparation of PCTS. Phosphorus 

pentoxide was purchased from Acros Organics (New 

Jersey, USA). Methanesulfonic acid and naproxen (NPX) 

were purchased from Sigma Aldrich (Paris la Defense, 

France). Commercial grade acetone and ethanol were 

purchased from RCl Labscan, Co., Ltd, (Samutsakorn, 

Thailand). Isopropyl myristate (IPM) and analytical grade 

ethanol were purchased from Merck (Darmstadt, 

Germany). Propranolol (PPNL) was obtained from Xing 

Yuan chemical (Jiangsu, China).  Dialysis tubing, 

CelluSep T2 (MWCO 6000-8000) was purchased from 

Membrane Filtration Products, Inc. (Texas, USA).  

 

 

Scheme1. Chemical structure of PCTS. 

 

2.2 Emulsion preparation and encapsulation 

 The 1% w/v PCTS and CTS aqueous solution 

were used as the dispersion medium, 3 mg/mL of drugs 

(naproxen and propranolol) in IPM were used as dispersed 

phase. The emulsion droplet was performed at 4:1 ratio of 

the aqueous: oil phases. The mixture was sonicated with 

pulse mode of ultrasonic probe in ice bath for 30 min to 

obtain the o/w emulsion.  

2.3 Determination of droplet size and surface charge 

 The droplets size and surface charge of o/w 

emulsions were measured by Dynamic Light Scattering 

technique (NanoZS, Malvern Instrument Ltd., 

Worcestershire, UK). A 10 µL of emulsion was diluted to 

1×10-4 %v/v in distilled water and shaken by vortex. The 

droplet size was calculated by the surface mean diameter 

(d32), as in Eq. (1) and surface charges were presented as 

zeta potential.  

                          𝑑32 =  ∑ 𝑛𝑖𝑑𝑖
3

𝑖
∑ 𝑛𝑖𝑑𝑖

2
𝑖

                       (1) 

Where ni the number of droplets with diameter di. 

2.4 Determination of the drug encapsulation efficiency 

within o/w emulsion 

 The encapsulation efficiencies were reversely 

evaluated from the concentration of unencapsulated drugs. 

The drug encapsulated o/w emulsion was centrifuged at 

6000 rpm for 10 min, and then a 10 µL of subnatant was 

diluted in 4.99 mL ethanol. The mixture was measured 

with UV-vis spectrophotometer (Specord S 100, 

Analytikjena, Jena, Germany). The drug encapsulation 

efficiency was evaluated in Eq. (2): 
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Encapsulation efficiency (EE %) = 
𝐶𝑒−𝐶𝑠
𝐶𝑒

 × 100     (2) 

Where Ce is the total concentration of drug in the 

emulsion and Cs is the concentration of drug present in the 

subnatant 2.5 In vitro release study 

 The in vitro release of drugs was determined by 

dialysis of the drug encapsulated emulsions. The 

emulsions were diluted to 0.02 %(v/v) in phosphate buffer 

saline (pH 7.4). The 5 mL diluted solution was poured into 

dialysis tubing (MWCO 6000-8000) and dialyzed against 

50 mL phosphate buffer saline. Within a specific period of 

time, 1 mL of the medium was collected for analysis and 

replaced with 1 mL of fresh release medium. The 

concentration of both drugs was determined with UV-vis 

spectrophotometer at 229 nm for naproxen and 217 nm for 

propranolol.  

3. Results and discussion 

3.1 Emulsifying efficiency 

 Naproxen is a propionic acid derivative and a 

non-steroidal anti-inflammatory drug (NSAID) used in the 

treatment of rheumatoid arthritis and other rheumatic or 

musculoskeletal disorders, dysmenorrhea, and acute gout. 

Propranolol is a nonselective beta-blocker that affects the 

heart and circulation, it is also used to treat or prevent 

heart attack, and to reduce the severity and frequency of 

migraine headaches. Both of drugs are practical insoluble 

in water (<100 µg/mL) and short half-life. To overcome 

these drawbacks, their bioavailability would be improved 

by encapsulation within emulsion. Because of their 

lipophilic properties, those drugs were encapsulated within 

dispersed oil phase to formulate o/w emulsion.    

 The emulsification was performed at 4:1 v/v ratio 

of 1% (w/v) PCTS solution or 1%(v/v) chitosan solution 

to IPM loaded drug. The emulsification properties of 

PCTS has distinctly reported on the association between 

PCTS molecular characteristics. The charge density was 

demonstrated by the zeta potential and the droplet size was 

measured in terms of surface mean diameter are shown in 

Table1.   

 In order to study the stability of the performed 

emulsion, we was focused only short term storage (7 days) 

to discuss in terms of efficiency of being an emulsifier of 

PCTS with positive and negative drugs. All of emulsion 

was separated in two phases of creaming and subnatant in 

day 4 with naked eye. But the droplet diameter and zeta 

potential was not significant change.    

 The adsorption of PCTS or CTS onto the oil in 

water emulsion interface was due to the arrangement of 

the nonpolar part of PCTS or CTS backbone and 

acetamide groups to interact with IPM, while the polar 

part of functional groups interact with water. The stability 

of PCTS or CTS o/w emulsions that are stabilized by 

charged emulsifiers is dependent on the electrolyte 

concentration. The droplet surface charge was monitored 

by applying an electrical potential. The zeta potential 

values may be positive or negative depending on the 

nature of polymer. PCTS has a lower zeta potential than 

CTS due to the present of negative phosphate group. 

 

Table1. Droplets size, zeta potential and encapsulation 

efficiency of the emulsion 

Emulsion d32 (nm) 
Zeta potential 

(mV) 
EE (%) 

CTS 662.13 51.72 - 

PCTS 523.26 40.95 - 

CTS-NPX 625.78 39.97 95.00 

CTS-PPNL 351.41 29.58 90.33 

PCTS-NPX 721.38 35.90 95.13 

PCTS-PPNL 423.26 17.18 90.33 

   

The encapsulation of naproxen showed a bit higher 

encapsulation efficiency. The high value of encapsulation 

efficiency might depend on many factors. In this case, 

aqueous phase and oil phase ratio, concentration and the 

sonicated condition are controlled. Therefore, the different 

in drug encapsulation efficiency possible means from the 

solubility of drug in IPM. Besides, since PPNL has higher 

water solubility than NPX, leading to the preferably leak 
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into water phase, resulting in lower %EE. However, 

charges of polymers do not effect on drug encapsulation 

neither positively charged or negatively charged drugs in 

emulsion system.  

To evaluate the release profile of the encapsulated 

drugs from emulsion, the in vitro release profile was 

performed in phosphate buffer saline, PBS (pH 7.4) at 37 

°C. All amount of drug released indicated that more than 

80% of encapsulated drug was release within first two 

hours. The both NPX encapsulation showed a slower 

release rate than CTS-PPNL and PCTS-PPNL. It might 

because of the higher water solubility of PPNL, 

preferential faster release in PBS. However, NPX with 

negatively charge and PPNL with positively charge can be 

released in a physiological environment. 

 

Figure1. Drug release profiles of NPX and PPNL from 

CTS and PCTS oil-in-water emulsion.  

 

4. Conclusion 

 CTS and PCTS with a DS of phosphate 

substitution of 0.08 was evaluated as emulsifiers for the 

encapsulation of 2 species of reactive lipophilic drugs. The 

encapsulation was successfully performed to oil in water 

emulsion droplets by using ultrasonic probe. Both CTS 

and PCTS were displayed an effective molecular 

surfactant aligned in between oil and water phases and 

functioned as drug reservoir for controlled drug delivery 

system. 
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Abstract 

The silk fibroin (SF) hydrogel has recently been explored as promising matrices for biomedical applications due 

to its excellent biocompatibility, biodegradability, hydrophilicity and non-toxicity. Beside these, native SF hydrogels 

exhibits poor water resistance and mechanical strength. To overcome this drawback, a single acrylamide polymer 

(PAM) network and a double network of PAM and poly(ethylene glycol)diacrylate (PEGDA) were developed through a 

redox-initiated route.  Various hydrogel properties, including the gelation time, molecular structure, water swelling 

behavior and the in vitro release characteristic, were evaluated using both spectroscopic methods and scanning electron 

microscopy (SEM). Results indicated that the silk gelation time, equilibrium water content (EWC), sol fraction and 

swelling ratio increases with the SF content.  Furthermore, both single and double SF hydrogel networks could facilitate 

prolonged delivery of the model drug due to the tightened network formation. The proposed methods had thus, 

demonstrated their potential use to render SF hydrogels, making them more suitable for controlled drug delivery 

applications. 
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1. Introduction  

Hydrogels are three-dimensional (3D) 

polymeric networks formed by physical or chemical 

methods. They display impressive ability to absorb large 

amount of water without losing their structural integrity. 

Moreover, they could be made to have controllable 

mechanical strength, cell encapsulation capacity and 

biodegradability. 3,4,5,6  For these reasons, they are widely 

used as tissue engineering scaffolds, wound dressing and 

controlled drug release devices.7,8,9 Among all available 

source of materials, hydrogels from silk fiber have 

received much attention for biomedical and 

biotechnology applications. The silk fiber, produced by 

the members of the class Lepidoptera worms, is 

composed of two protein components; fibroin and 

sericin.10,11 Silk sericin (SS) acts as glue to adhere the two 

fibroin filaments together.12 Silk fibroin (SF) can be 

purified from SS by in an alkaline solution to obtain 

regenerated SF solution (RSF).13 SF is suitable for 

biomedical applications due to its biocompatibility, ease 

of fabrication, thermal stability, as well as high 

permeability to oxygen and water.14 Furthermore, the 

formation of the silk β-sheets could facilitate steric 

hindrance for the solutes to achieve controlled drug 

delivery feature.15 Despites these benefits, unmodified SF 

hydrogels are in fact, too soft and not stable in aqueous 

solution. Thus, there is still a need for stabilization 

method to overcome these drawbacks.  

  To stabilize SF hydrogels, a single 3D network 

of other synthetic polymers, such as poly(acrylamide) 

(PAM) and poly(ethylene glycol)diacrylate (PEGDA), 

was introduced into the system. A formation of such 

interpenetrating network (IPN) could improve various 

hydrogel properties, including mechanical coherence, 

water resistance and release characteristics. Both PAM 

and PEGDA is a hydrophilic and biocompatible synthetic 

polymer. They are widely used in biomedical and 

biotechnology fields due to their biologically inert, 
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capacity to maintain original shapes and controllable 

mechanical strength.15,16 To our best knowledge,  a 

formation of silk IPNs had been based on a single 

polymeric network of either PAM or PEGDA. This study 

 

Table 1. The feed compositions of the single and double hydrogel network samples.

would be the first to demonstrate a potential of forming 

double 3D networks of PAM and PEGDA to tailor 

hydrogel properties to match specific needs for controlled 

drug delivery applications.  

In this study, the 3D crosslinked SF hydrogels 

based on  a single PAM and double PAM/PEGDA  

networks were synthesized by the free radical reaction of 

ammonium persulfate (APS)  and N,N,N’,N’-

tetramethylenediamine (TEMED). Various 

physicochemical properties of the hydrogels, including 

the structural aspect, water swelling ability and the 

release behavior s were also investigated through a 

combined use of both physical and spectroscopic 

techniques.  

2. Materials and Methods 

2.1 Chemicals 

The Bombyx mori silk cocoons were supplied 

from the Silk Innovation Center, Mahasarakham 

University. Acrylamide (AM) and N,N’-Methylenebis 

(acrylamide) (MBA) were purchased from Sigma 

(China). Poly (ethylene glycol) diacrylate (PEGDA) was 

purchased from Sigma (Japan). Calcium chloride (CaCl2), 

sodium carbonate (Na2CO3) and all other chemicals were 

purchased from Sigma. 

2.2 Preparation of regenerated silk fibroin  

The silk cocoons were cut into small pieces and 

degummed in aqueous solution of Na2CO3 (0.5%w/v) at 

80-90ºC for 45 min. Then, the degummed silk fibroin was  

 

refluxed in a ternary solvent of calcium chloride/ 

ethanol/water (1:2:8 mole ratio), at 70-80ºC for 3 h. The 

solution was dialyzed against distilled water for 5 days 

using a cellulose dialysis tube (MWCO 3,500). The 

solution was centrifuged at 15ºC for 20 min (5,500 rpm). 

Finally, the clear solution was freeze dried at -40ºC for 20 

h to obtain RSF powder. 

2.3 Preparation of crosslinked silk hydrogels  

All hydrogels were prepared by free radical 

polymerization initiated by the redox-initiated system. 

For the case of the single crosslinked network, 

appropriated amounts of RSF, ammonium persulfate 

(APS, 5 mg), MBA (0.3 mg) and AM were mixed in 

distilled water (2 mL). After that, TEMED (2 µL) was 

added into the mixture solution before injection into the 

glass mold. The feed compositions are present in Table 1. 

In order to prepare the double crosslinked 

network, appropriate amounts of RSF, APS (5 mg) and 

AM were mixed in distilled water (2 mL), accordingly to 

the feed compositions shown in Table 1. After that, 

PEGDA (3.4 µL) and TEMED (2 µL) were added into 

the solution mixture prior to casting into the mold. 

Sample MBA (mol%) PEGDA 
(mol%) 

SF(g)  Composition (%w/w) Weight ratio of SF/AM 

 
     SF AM   

SSF0 0.03% -  -  - 100% 0/100 
SSF5 0.03% - 0.025  5% 95% 5/95 

SSF15 0.03% - 0.075  15% 85% 15/85 
DSF0 - 0.03% -  - 100% 0/100 
DSF5 - 0.03% 0.025  5% 95% 5/95 

DSF15 - 0.03% 0.075  15% 85% 15/85 
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2.4 Gelation time 

All feed formulations in Table 1 were incubated at 

room temperature for until there is a pronounced increase 

in the apparent viscosity visually (resistance to flow). The 

duration of time to reach to this point is referred as a 

gelation time.  

 

Table 2. The averaged gelation times of different hydrogels.

 

 

 

 

 

 

2.5 Swelling behavior 

Hydrogels were allowed to swell and equilibrated 

in water at 37ºC for 3 days. The swollen samples were 

weighed (Me) and dried at 60ºC for 2 days. The dried gels 

were re-weighed (Mo). The equilibrium water content 

(EWC) of hydrogels was determined by using equation: 

          EWC = (Me−Mo)
Me

 × 100 

For the calculation of sol fraction, the freshly-

prepared hydrogel samples were dried at 60ºC for 2 days. 

The dry weight, Wd (sol+gel), was noted down. Next, the 

dried gels were swollen in distilled water at 37ºC for 2 

days, followed by re-drying. After that, the dried gel 

weight after re-drying (Wrd) was recorded. Percentage of 

sol fraction was calculated using following equation: 

%Sol-gel fraction = (Wd−Wrd)
Wd

 × 100 

2.6 In vitro release 

Aqueous solution of Rhodamine B (0.5 mg/ml) 

was prepared and added into the feed solutions prior to 

gelation. The loaded hydrogels were weighed and 

immersed in a 50 mL of PBS buffer (pH 7.4) at 37ºC on a 

shaker (100 rpm). At the end of 7 days, a 2 mL of the 

buffer media was collected. The cumulative release of 

dye was measured by UV-Vis spectrophotometer 

Genesys 20, Thermo Scientific) at 555 nm. All 

measurements were performed in triplicates. 

2.7 FTIR Measurement 

 

 

 

 

 

 

 

The samples were mixed with potassium bromide 

(KBr) powder. All spectra were obtained by using 

Spectrum GX FTIR spectrometer (PerkinElmer) in the 

spectral range of 600–4000 cm-1 with 32 scans and 4 cm-1 

resolution. 

 

3. Results & Discussions 

3.1 The gelation time  

The gelation time of hydrogels could reflect the 

moment at which linear polymer chains had turned into 

crosslinked structure. This can be visually observed by a 

change from a liquid to a solid state. As observed in 

Table 2, the formation of single and double crosslinked 

networks in SF-free samples (0% SF) occurs within a few 

minutes. When SF was added, the gelation time becomes 

longer. This can be explained in term of the delayed rate 

of the reaction due to possible intermolecular interactions 

with SF and the potent reduced persulfate initiator caused 

by tyrosine oxidation of fibroin to quinone. These would 

eventually delay the rate of initiation in radical 

polymerization17 thus, explaining a prolonged gelation 

time observed in Table 2.   

In addition, a gelation time of double network 

hydrogels is slightly longer than that of single network 

ones. This is because of PEGDA can also physically react 

with PAM, resulting in the prolonged gelation kinetics. 

Another possible explanation is based on different 

reactivity of MBA and PEGDA towards free radical 

polymerization. Since, free radical reaction is generally 

SF content 
Gelation  time (min) 

Single PAM network Double PAM/PEGDA 
network 

0% 1-2 2-3 
5% 5-8 8-9 

15% 25-30 30-35 
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governed by diffusion through the media, the larger 

molecules of PEGDA would migrate at slower speed than 

MBA. As a result, the double network hydrogels thus, 

requires longer time for the gel formation  

3.2 Swelling behavior 

The equilibrium water content (EWC) determines 

the ability of hydrogels to absorb water into their 

matrices. As seen in Figure 1, the EWC values of all 

hydrogel networks increase with SF content. This is 

because natural SF is hydrophilic with great affinity for 

water adsorption. Thus, the added of SF would obviously 

raise the hydrogel swelling ability. As suggested earlier, 

the increased SF content affects the gelation kinetics by 

competitively interacting with the monomers and/or 

persulfate initiator. The calculation of the crosslinking 

density based on the Flory equation may not be as 

straight forward as it seems.18 These undesirable 

reactions could further deteriorate the extent of radical 

crosslinking thus, producing loose interconnected 

hydrogel networks with increased hydrodynamic free 

volume for water absorption.  

The sol fraction can be used to determine the 

proportion of unreacted species or low molecular weight 

molecules. As seen in Figure 2, the sol fraction values of 

the single and double networks are almost identical, 

suggesting the fact that a crosslinked reaction in the 

double network hydrogels may not completely proceeded. 

The fact that the sol fraction increases with the SF 

content implies that SF interferes with the free radical 

crosslinking reaction, leading to greater portions of 

unreacted species. 

3.4 FTIR spectroscopy 

         As shown in Fig. 3, RSF shows typical IR band of 

Amide I (C=O stretching), Amide II (N-H deformation) 

and Amide III (C-N stretching) at around 1654 cm-1, 

1540 cm-1 and 1240 cm-1, respectively.17 A lower 

wavenumber shifts of these bands in double crosslinked 

network SF5 and SF15 samples imply the presented of 

the β-sheet transition driven by strong inter- and 

intramolecular interaction and hydrogen bond. For double 

network SF5 and SF15 samples, they show the 

characteristic IR bands of C=O bond at 1731 cm-1, 

corresponding to the PEGDA component.17 Surprisingly, 

the IR absorption peak 1394 cm-1, corresponding to C=C 

functional group of PEGDA, is still detected. This 

reconfirms the incompletion of the crosslinking reaction 

during double network formation. Nevertheless, the 

presence of a new peak at around 1007 cm-1, 

corresponding to the ether linkage (C-O-C), re-assures 

the coexistence of PEGDA in the hydrogel samples. 

 

Figure 1. The equilibrium water content of the hydrogels 

at different SF contents (%w/w). 

 

Figure 2. The sol fraction of the hydrogels at different SF 

contents (%w/w). 
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Figure 3. FTIR spectra of the raw material RSF and 

different double crosslinked network hydrogels. 

3.3 In vitro release 

A Rhodamine B dye (MW 479 gmol-1) was 

used as a model drug to investigate the release character 

of the crosslinked hydrogels. This was only a preliminary 

study which aimed to quantitatively examine an actual 

total amount of the dye released after 7 days, rather than 

the release kinetics. A discussion on the release 

mechanism is thus limited throughout the course of this 

study, but this needs to be clarified in the near future.  

Since all the hydrogels are non-biodegradable solid-like 

material. It seems that the release of the dye from both 

single and double network hydrogels is potentially relied 

on a diffusion-controlled mechanism. However, a binding 

between drug and matrices could also influence their own 

release behavior. Furthermore, the characteristics of 

solutes (size, shape, molecular weight, hydrophilicity), 

matrices (pore size, water uptake, degree of crosslinking 

density, degradation rate) and type of release media could 

also play important role on the profile from hydrogel 

matrices. Besides, possible dimerization of Rhodamine B, 

caused by prolonged incubation, could also shift the 

maximum adsorption wavelength from 555 nm so 

affecting quantitative analysis of the dye.  

 

Figure 4. Cumulative release (%) of Rhodamine from the 

hydrogels at different SF content. The dye release was 

collected after 7 days and performed at 37ºC in PBS (pH 

7.4).  

As seen in Figure 4, the cumulative dye release 

after 7 days from all hydrogel networks varies with the 

SF composition. As the silk content is increased, the 

amount of the dye release into the buffer media is higher. 

This result supports the fact that the increased SF content 

loosens the hydrogel network architecture. For double 

network hydrogels, lesser amount of the dye could be 

released after 7 days, comparing to the single silk 

network. This is due to possible electrostatic interactions 

between the N+ group of the dye and PEGDA that could 

provide steric diffusion of the solute to the release media. 

A double crosslinked network thus, shows greater benefit 

for controlled drug release over a prolonged period of 

time. 

 

4. Conclusion 

In this study, the methods to stabilize SF-based 

hydrogels were developed through the formation of single 

and double 3D networks. The result indicated that 

hydrogel properties, including water swelling behavior 

and release character depend primarily on the SF content. 

As the SF content was increased, the water swelling 

ability, and the dye release characters ware improved. 

When the feed composition has been optimized, the 

crosslinked SF hydrogels with suitable physiochemical 

properties may be generated for controlled drug delivery 

applications. 
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Abstract 

Pathogenic bacteria are developed rapidly due to changing of climate and they are concerned in causing 

abnormal status or diseases, thus, biomedical polymer with an efficiency to disturb the bacterial activities is interested. 

(Carboxymethyl) trimethylammonium chloride (CMA) is desired to install onto polymeric main chain. Antibacterial 

activity occurs by electrostatic interaction between negatively charged bacterial membranes and positively charged of 

quaternary ammonium compound. Therefore, CMA is substituted onto chitin (CT) by coupling reaction and 

(carboxymethyl) trimethylammonium chitin (CMA-chitin) is obtained. In order to optimize the antibacterial property of 

CMA-chitin, reducing size of CMA-chitin by preparing into nanoparticles is considered. CMA-chitin is dissolved in 

dimethyl acetamide/lithium chloride solution (DMAc/LiCl) then coagulates in distilled water. Then CMA-chitin 

nanoparticles are gained, under ultra-sonication. CMA-chitin is characterized using FT-IR spectroscopy. The peaks of 

carboxylic ester at 1726 cm-1 and C-N stretching at 1196 cm-1 are identified in existence of CMA on chitin chain. The 

degree of substitution is calculated as 1.67. Particle size of CMA-chitin nanoparticles is obtained by dynamic light 

scattering (DLS) technique. It’s found that the particle size is around 284.8 ± 65.4 nm. Antibacterial property of CMA-

chitin nanoparticles are investigated through inhibition zone against S.aureus and E.coli. Inhibition zone is observed 

against both of S.aureus and E.coli appeare under filter paper coated with dried CMA-chitin nanoparticles even the 

lowest concentration at 0.01% w/v.  

Keywords:  chitin, quaternary ammonium, antibacterial, CMA-chitin 

1. Introduction 

 Pathogenic bacterial are dwelling around in 

environment. They can cause symptoms by entering into 

body through skin or soft tissue and infectiousness. 

Pathogenic bacteria (e.g. Staphylococcus aureus 

(S.aureus), Streptococcus pneumonia (S. pneumonia) and 

Escherichia coli (E.coli)) also have developed to be more 

effectiveness in causing diseases and malfunction. 

Antibiotic always be used to eliminate pathogens when 

body get infect [1]. It is not only damage body’s cells but 

also leading pathogens to adapt and resist to antibiotic.  

There are many methods that are developed to 

resolve that point, one of them is to use polymer as an 

active substance. Chitin, the one of natural polymer is 

concerned due to its advantages, ease of process, 

biocompatibility, non-toxicity and biodegradability. 

There are several kinds of products are made from 

chitin[2] such as scaffold for tissue engineering [3], nano-

scale drug [4], thermoresponsible hydrogel [5], and so on. 

The previous research reported about successful 

establishing  of antibacterial property onto chitin through 

coupling reaction with quaternary ammonium salt [6]. 

Carboxymethyl trimethyl ammonium chitin (CMA-

chitin) is obtained and applied as polymeric 

biodegradable substance with antibacterial property in the 

form of powder. It  exhibits antibacterial property against 

pathogens. In order to optimize efficiency of antibacterial 
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property, CMA-chitin is reduced the size into nano-scale 

particles to improve mobility and surface area which 

expose positively charge. Some promises of antibacterial 

mechanisms of modified chitin explicate that it can 

damage pathogen’s cell wall by electrostatic interaction 

between positively charged of CMA-chitin and 

negatively charged of bacterial cell wall [7]. Another is 

binding bacterial cells and stack them together causing 

cell’s inactivity [8]. Moreover, it can penetrate through 

pathogen’s cell wall and disturb RNA reproduction in 

case of very small particles size [9]. It was confirmed by 

confocal laser scanning microscopy and found the 

existing of chitin nanoparticles inside bacterial cell and 

revealed that chitooligosaccharide can pass through the 

bacterial cell wall [10]. From various methods, ultra-

sonication is desired due to its performance and no 

damage to modified functions appears [11][12].  

In this research CMA-chitin is synthesized 

through coupling reaction and is characterized using FT-

IR spectroscopy. Then CMA-chitin nanoparticles are 

collected by ultra-sonication method. The size of CMA-

chitin nanoparticles are calculated through dynamic light 

scattering (DLS) technique. And antibacterial property of 

CMA-chitin nanoparticles is investigated through 

inhibition zone against S.aureus and E.coli. 

 

2. Materials and methods 

 

 Chitin [degree of acetylation (DA) of 62 which 

determined by FTIR] was purchased from A.N.Lab 

(Samutsakorn, Thailand). Carboxyl methyl trimethyl 

ammonium chloride (CMA; betaine hydrochloride) was 

purchased from Fluka (Munich, Germany). Dicyclohexyl 

carbodiimide (DCC) was purchased from Sigma-aldrich 

(Buch,Switzerland).  
 

2.1 Modification of CMA-chitin and preparation of its 

nanoparticles 

1) CMA-chitin is synthesized followed the method 

of Tachaboonyakiat et al. Carboxymethyl 

trimethylammonium chloride (CMA) is installed onto 

chitin’s chain via acylation using dicyclohexyl 

carbodiimide as a coupling agent. 

 2) CMA-chitin nanoparticles are prepared by 

dissolving CMA-chitin in dimethyl acetamide/lithium 

chloride solution (DMAc/LiCl) and dispersing in distilled 

water into various concentration (10-2 – 10-4 g/ml), then 

dialysis them against distilled water for 3 days to 

eliminate residue solvent. Then, CMA-chitin various 

concentration was prepared using ultra-sonication. 

2.2 Characterization and testing 

1) The structure of CMA-chitin is characterized by 

Fourier Transform Infrared Spectroscopy (FTIR).  The IR 

spectrum is recorded on a Nicolet 6700 Fourier 

Transform Infrared Spectrometer (Thermo Scientific, 

Wisconsin, USA). The sample is ground with potassium 

bromide. Degree of substitution is calculated from the 

integral ratios of FTIR spectra at wave number 1735 cm-1 

(ester linkage) and 1650 cm-1 (amide linkage) over 1072 

cm-1 (C-O bond of pyranose ring). as defined in eq (1).  

 

107216501735 )()( AAAacylationDS +=  (1) 
 
where A1735 is the area under ester peak   

A1650 is the area under amide peak 

A1072 is the area under C-O bond of pyranose ring 

peak    

2) The particle size of CMA-chitin nanoparticles 

and its surface charges are determined at room 

temperature by DLS (NanoZS, Malven Instrument Ltd., 

Worcestershire, UK). Fresh prepared CMA-chitin 

nanoparticles (within 24 hrs. after preparation) with a 

concentration of 10 µg/ml are shook by vortex before 

measurement to prevent particle aggregation. The droplet 

size is reported as the surface mean diameter (d32), as 

define in Eq. (2) 

2

3

32
iii

iii

dn
dn

d
∑
∑

=    (2) 

where  ni is the number of droplet with diameter di. 

2.3 Antibacterial activity of CMA-chitin nanoparticles 

Agar diffusion method 

CMA-chitin nanoparticles are dispersed in PBS 

(conc. 1000 µg/ml). CMA-chitin nanoparticle solution 
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was dropped on glass slide (diameter 10 mm), dried and 

redropped all 1 ml solution. 

Staphylococcus aureus (S. aureus) and 

Escherichia coli (E. coli) are incubated in nutrient broth 

for 18 hrs. The bacterial cells are centrifuged at 10,000 

rpm for 5min, and cell pellets are washed twice in 10 mM 

sodium phosphate buffer pH 7.5. Then spread at a 

concentration of 107 CFU/plate onto 15 mL petri plates 

containing 1% agarose and 21 g/L Mueller Hinton (MH) 

agar. After solidification, sample is placed on the surface 

of the agar and incubates in close environment for 3 hrs. 

at 4 oC. 

Antibacterial activity is estimated from the 

diameter of the clear zone of growth inhibition and 

recorded as diameter of inhibition zone in millimeter.  

 

3. Results 

Structural characterization of CMA-chitin 

CMA has carboxylic groups which could be 

reacted with carbodiimide groups of N,N'-

dicyclohexylcarbodiimide to form O-acylisourea 

(intermediate) and then react with hydroxyl group and/or 

amino group of  partly deacetylated chitin to obtain 

CMA-chitin. Chitin and CMA-chitin exhibit 

characteristic peaks O-H  and  N-H stretching at  3500 

cm-1, C-H stretching of methyl at 2900 cm-1, C=O 

stretching, amide I at 1650 cm-1, N-H bending at 1560 

cm-1 and C-O stretching of pyranose ring at 1072 cm-1. 

CMA exhibits characteristic peaks of carboxylic ester at 

1726 cm-1 and C-N stretching at 1196 cm-1. CMA-chitin 

exhibits the similar characteristic peak of CMA but there 

is a shifting of carboxylic ester of CMA at 1726 cm-1 to 

ester linkage at 1735 cm-1. Fig. 1 shows FTIR spectrum 

of CMA-chitin. This can be inferred that CMA was 

reacted with chitin via acylation. Furthermore, CMA-

chitin was desired to investigate by 1H-NMR technique. 

But, it only can be dissolved in very strong organic 

solvent (N, N - Dimethylacetamide) that make it hard to 

be characterized by this technique. Then, degree of 

substitution of CMA onto chitin was calculated through 

Eq. (1) as 1.67. 

 

 

 

 

 

 

 

Fig 1. FTIR spectrum of CMA-chitin 

Particle size and zeta potential measurement of CMA-

chitin nanoparticles 

 The particle size of CMA-chitin nanoparticle 

was determined by DLS (NanoZS, Malven Instrument 

Ltd., Worcestershire, UK). The CMA-chitin 

nanoparticle’s size was around 248.8±65.42 nm and 

surface charge was about 14.7±0.4 mV. 

 

Antibacterial activity of CMA-chitin nanoparticle 

Evaluation of inhibition zone 

The antibacterial activity of chitin nanoparticle 

and CMA-chitin nanoparticle against pathogenic E.coli 

by agar diffusion method were shown in Fig.2 (a-b). In 

the control (Fig.2a), clear zone is not observed. In CMA-

chitin nanoparticle sample (Fig 2b), clear zone does not 

expand around tested area but inhibition appears under 

tested slide. 

     
    Fig.2 Inhibition zone against E. coli of a) CT 

nanoparticle and b) CMA-chitin nanoparticle with 

concentration of 1000µg/ml coated on glass slide 

(diameter 10 mm). 

 
The antibacterial activity of chitin nanoparticle 

and CMA-chitin nanoparticle against pathogenic S.aureus 

were shown in Fig. 3 (a-b). In the control (Fig.3a), clear 

zone is not observed. In CMA-chitin nanoparticle sample 

(Fig 3b), clear zone does not expand around tested area 

but inhibition appears under tested slide. 

a b 
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Fig.3 Inhibition zone against S. aureus of a) CT 

nanoparticle and b) CMA-chitin nanoparticle with 

concentration of 1000µg/ml coated on glass slide 

(diameter 10 mm).  

 

4. Conclusion 

 CMA-chitin is successfully developed through 

coupling reaction and it is defined by establishing of 

characteristic IR spectrum of CMA in modified chitin. 

Particles size of CMA-chitin nanoparticles is defined as 

248.8±65.42 nm. Thus, surface of CMA-chitin reveal 

positive charges. In contrast of degree of substitution, 

surface charge energy of CMA-chitin is low because 

surface charge energy of chitin which is the main 

structure is closed to 0 mV. So, even modification could 

increase surface charges to be positive. As the results, 

CMA-chitin nanoparticles exhibit antibacterial activity 

even the lowest concentration. So, it can prove that 

decreasing size of CMA-chitin could improve its 

antibacterial activity. Bacterial growth was not supported 

under the tested area. Antibacterial property with direct 

contact method of CMA-chitin polymer in film form 

coated on tested paper will be further investigated as 

comparative study.   
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Abstract 
 

The present research aims to prepare thermoplastic starch (TPS) from gamma-ray irradiated starch and to study its 

properties. Starch was irradiated with different gamma-ray doses, i.e. 25, 50, 75 and 100 kGy.  Molecular chains of 

starch were broken down after gamma-ray irradiation as confirmed from the molecular weight reduction determined by 

HPSEC. The obtained gamma-ray irradiated starch was then used to prepare GTPS named GTPS25, GTPS50, GTPS75 

and GTPS100. The properties of GTPS depend on the gamma-ray dose used for preparing gamma-ray irradiated starch. 

Melt flow ability and crystallinity of GTPS increased with increasing gamma-ray dose. In addition, GTPS25 possessed 

higher thermal stability than the TPS obtained from unirradiated starch (TPS0). The mechanical properties of GTPS will 

be reported in the future. 
 
 

Keywords: Gamma-ray irradiation, Cassava starch, Thermoplastic starch, Extrusion 
 
 
1. Introduction 
 

Cassava starch is an abundant and cheap biopolymer as 

well as an important export product of Thailand. Cassava 

starch has been used in many fields, e.g. food, biofuel, 

peper, adhesive, textile, cosmetics and bioplastics. In the 

area of bioplastics, starch has been exploited in the form 

of thermoplastic starch (TPS), 

which has been recently received increasing attention due 

to its low cost, renewability, biodegradability, 

compostability, resistance to oxygen permeation and 

semi-resistance to carbon dioxide permeation [1]. 
 

However, TPS still had some limitations such as high 

moisture absorption, resulting in poor mechanical 

properties. In addition, its high melt viscosity caused 

difficulty in processing and converting. Physical 

modification is an alternative approach to overcome TPS 

limitations and interesting because of no chemical 

substance involvement and simple method. 

Gamma-ray irradiation is chosen to modify starch 

molecules in the present work due to its fast, low cost and 

environmentally friendly method. Gulrez et al. [2] 

reported that gamma-ray irradiation could induce the 

radical formation on polysaccharide chains, then leading 

to two competitive phenomena: (i) chain scission and (ii) 

cross-linking. Bertolini et al. [3], who studied the effect 

of gamma-ray irradiation on cassava starch using ESR and 

viscosimetry found the radical formation and the intrinsic 

viscosity reduction of cassava starch after gamma-ray 

irradiation. 

Nevertheless, thermoplastic starch prepared using gamma-

ray irradiated starch has not been reported yet. Thus, the 

present research aims to study the preparation and 

properties of thermoplastic starch prepared using gamma-

ray irradiated starch. 
 
 
2. Experimental methods 
 
 
2.1 Preparation of gamma-ray irradiated starch 
 

Cassava starch (Dragon Fish brand, Tong Chan Registered 

Ordinary Partnership, Thailand) was irradiated by gamma 

ray in a cobalt-60 (60Co) source irradiator at 

mailto:rangrong.y@ku.ac.th
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at ambient temperature. The gamma-ray dose was varied 

as 25, 50, 75 and 100 kGy and the dose rate was fixed at 

4.8 kGy/h. 
 
 
2.2 Preparation of thermoplastic starch 
 

The obtained gamma-ray irradiated starch was mixed with 

glycerol (35 parts per hundred parts of starch, phs). The 

mixture was then extruded in a twin-screw extruder using 

a temperature in the range of 90-140 °C and a screw speed 

of 250 rpm.  Four types of thermoplastic starch (TPS), i.e. 

GTPS25, GTPS50, GTPS75 and GTPS100, were obtained 

when 25 kGy gamma-ray irradiated starch, 50 kGy 

gamma-ray irradiated starch, 75 kGy gamma-ray 

irradiated starch and 

100 kGy gamma-ray irradiated starch were used, 

respectively. TPS0 was also prepared from native starch 

and used as a control. 
 
2.2 Molecular weight determination 
 

Sample was dissolved in 95% (w/w) of dimethyl sulfoxide 

and heated in a water bath at 95 °C for 1 h. After cooling 

to room temperature, the sample was stirred at room 

temperature for 48 h. Absolute ethanol was added to the 

mixture, which was further centrifuged at 20°C, 4000 rpm 

for 30 min to remove the supernatant. This process was 

repeated three times. The sediment was dried in a vacuum 

oven at 40 °C for 90 min. The dried powder was 

dispersed in distilled water and boiled for 1 h. After 

cooling to room temperature, it was filtered through PTFE 

membrane (5 µm, 25 mm) into vial (100 µL). The 

prepared sample was injected into a high- performance 

size-exclusion chromatography instrument with a multi-

angle laser light scattering coupled with a refractive index 

detection (HPSEC–MALLS –RI) system consisting of a 

515 HPLC pump (Waters, Massachusetts, USA) equipped 

with a 7725i sample injector valve (200 μL sample loop; 

Rheodyne, California, USA); a DAWN® EOS MALLS 

detector (Wyatt Technology, California, USA) with a He–

Ne laser source (λ = 690 nm) and a K-5 flow cell; and an 

Optilab rEX refractive index detector (Wyatt Technology, 

California, USA). The size-

exclusion chromatography (SEC) columns compose of an 

OHpak SB-G guard column (Shodex, Tokyo, Japan) as 

well as an OHpak SB-804HQ and SB-806HQ analytical 

columns (Shodex, Tokyo, Japan). The columns were 

performed at 55 °C and temperature of the RI detector 

was set at 30 °C. Flow rate of system was controlled at 

0.6 mL/min. Deionized water was used as a mobile phase. 

The measurement was perfomed in quadruplicate for each 

sample. 
 
2.3 Melt flow index measurement 
 

Melt flow index of sample was measured using an MFI-

203 melt flow indexer (Custom Scientific Instruments, 

Pennsylvania, USA), according to ASTM 1238. The 

measurement was performed in triplicate for each sample 

at 190 °C using a load cell of 2.16 kg and a preheating 

time of 7 min. 
 
 
2.4 X-ray diffraction analysis 
 

X-ray diffraction (XRD) patterns of samples were 

analyzed by a RIGAKU RINT-2000 x-ray diffractometer 

(Rigaku, Tokyo, Japan). Samples were scanned at the 

diffraction angle (2θ) of 3-40 ° using a scan rate of 0.02 

°/min. 
 
 
2.5 Thermogravimetric analysis 
 

TGA thermogram of each sample was obtained using a 

Thermoplus TG 8120 thermogravimetric analysis (TGA) 

(Rigaku, Tokyo, Japan). The measurement was 

performed at the temperature range of 30-600 °C with a 

heating rate of 10 °C/min. 
 
 
2.6 Statistical analysis 
 

Mean values and standard deviations (SD) were analyzed 

from one-way analysis of variance (ANOVA). Significant 

differences among means (p < 0.05) were analyzed by a 

Duncan’s multiple range test using the SPSS software 

version 15.0 (SPSS Inc., Chicago, IL, USA). 
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3. Results and Dicussion 
3.1 Gamma-ray irradiated starch 

 

Cassava starch was irradiated using gamma ray with 

various doses of 25, 50, 75 and 100 kGy. Figure 1b- e 

shows the appearances of gamma-ray irradiated starch as 

compared with the native one (Figure 1a). Unirradiated 

starch is white and crumbly (Figure 1a), while gamma-ray 

irradiated starch is yellow (Figure 1b- e). The moisture 

content of unirradiated starch was 0.96%, whereas those 

of the gamma-ray irradiated starch were in the range of 

0.98-1.15%. Moisture content of gamma-ray irradiated 

starch increased with increasing gamma-ray dose. This 

might be due to the carboxyl formation at the terminal 

chain of starch [4, 5], which could enhance hydrophilicity. 
 
 
 
 
 
 

(a) (b) (c) (d) (e) 
 
 
 

Figure 1  Appearances of (a) unirradiated starch and (b)- 

(e) gamma-ray irradiated starch prepared using different 

gamma-ray doses: (b) 25 kGy, (c) 50 kGy, (d) 75 kGy 

and (e) 100 kGy. 
 
 

Moreover, gamma-ray irradiated starch showed lower 

molecular weight than unirradiated one and the molecular 

weight of gamma-ray irradiated starch decreased with 

increasing gamma-ray dose (Figure 2). This result 

suggested that gamma-ray could break down the starch 

chain. Previous studies also reported the chain scission 

of starch after gamma-ray irradiation [4, 5]. 

 
1.8×108 

1.6×108 
a 

 

1.4×108 
 

1.2×108 
 

1.0×108 
 

0.8×108 
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0.4×108 
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0.2×108 d 
 

0 
(a) (b) (c) (d) (e) 

 
Figure 2  Molecular weight of (a) unirradiated starch and 

(b)-(e) gamma-ray irradiated starch prepared using 

different gamma-ray doses: (b) 25 kGy, (c) 50 kGy, (d) 75 

kGy and (e) 100 kGy. Results are expressed as mean±SD 

(n=4). The means with different small letters are 

significantly different (P<0.05) by Duncan’s multiple 

range test. 
 
 
3.2 Melt flow ability of thermoplastic starch 
 

Melt flow ability of TPS was assessed from the 

melt flow index (MFI) value measured at a temperature 

of 190 °C under applying a load cell of 2.16 kg. 

MFI of TPS0 was 0.5 g/10 min (Figure 3a), 

whereas MFI values of GTPS were in the range of 2.6-

11.8 g/10 min (Figure 3b-e), which were higher than 

that of TPS0. The result implied that TPS prepared 

from gamma-ray irradiated starch possessed decreased 

viscosity due to the molecular weight reduction of 

starch. Ren et al. [11] reported that MFI is an 

assessment of molecular weight and an inverse 

measurement of the melt viscosity. Moreover, MFI of 

TPS increased with increasing gamma-ray dose used to 

prepare gamma-ray irradiated starch (Figure 3b-e), 

implying that TPS obtained from the starch undergone 

gamma-ray irradiation with higher dose possessed lower 

viscosity. This material might be suitable for injection 

molded products. 
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Figure 3  Melt flow index of different thermoplastic  

 

starch samples: (a) TPS0, (b) GTPS25, (c) GTPS50, (d) 

8.4% 
 
(a) 

 

GTPS75 and (e) GTPS100. Results are expressed as 

mean±SD (n=3). The means with different small letters 

are significantly different (P<0.05) by Duncan’s multiple 

range test. 

 
3.3 Crystal structure and crystallinity of thermoplastic 

starch 

5 10 15 20 25 30 35 40 
 

2θ (°) 
 
 
 
Figure 4  X-ray diffractograms of different thermoplastic 

starch samples: (a) TPS0, (b) GTPS25, (c) GTPS50, (d) 

GTPS75 and (e) GTPS100. 

 

Crystal structure and crystallinity of the materials 

were analyzed by XRD technique. X-ray diffraction 

pattern of TPS is illustrated in Figure 4. TPS and GTPS 

showed the same diffraction peaks at 2θ of 7°, 13°, 18°, 

19° and 21°, corresponding to V-type crystal structure [7, 

8]. V-type crystal structure was formed from the rapid 

crystallization of amylose-lipid and/or amylose-glycerol 

complexes [9, 10]. However, the diffraction peak of 

GTPS was sharper than that of TPS0, reflecting higher 

crystallinity. This might be resulted from the increased 

number of amylose-like molecules (degraded 

amylopectin molecules) in GTPS could form complexes 

with glycerol or/and lipid. Moreover, GTPS100 showed 

the additional diffraction peak at 2θ of 15°, belonging to 

A-type crystal structure, implying the incomplete melting 

of starch granules after extrusion [11] and/or 

retrogradation of starch [9, 12]. Crystallinity of TPS0 

was 8.4%, while those of GTPS increased in the range of 

9.0-10.3%. In addition, crystallinity increased with 

increasing gamma-ray dose, indicating that gamma-ray 

3.4 Thermal stability of thermoplastic starch 
 

Thermal stability of the samples was analyzed by 

TGA and it was assessed from the onset temperature (To). 

The maximum degradation rate temperature (Tmax) was 

referred to the decomposition temperature (Td) of the 

material. 

TG and DTG thermograms of TPS and GTPS 

(Figure 5) showed two-step weight loss at 110.5-202.0 °C, 

belonging to water evaporation and volatilization of 

hydrolyzed glycerol [8, 13, 14] and 235.6-437.0 °C, 

ascribing to TPS degradation [10]. To and Td of TPS0 were 

248.0 °C and 315.2 °C, respectively. GTPS25 possessed 

higher To than that of TPS0 about 8.4 °C, indicating that 

GTPS25 had better thermal stability than TPS0. However, 

To of GTPS50, GTPS75 and GTPS100 were in the range of 

235.6-242.4 °C and decreased with increasing gamma-ray 

dose used in the preparation of gamma-ray irradiated 

starch. This suggested that higher gamma-ray dose (≥ 50 

kGy) led to decreased thermal stability of TPS due to the 

severe degradation of starch 
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molecules by gamma-ray irradiation. Td values of GTPS 

were in the range of 313.5-315.9 °C and they were not 

significantly different from that of TPS (Figure 5B). 
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TPS hardly affected by using gamma-ray irradiated starch 

even the gamma-ray dose up to 100 kGy were applied. 
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Abstract 
The solid particle of carboxymethyl chitosan/β-cyclodextrin (CMCS/β-CD) was prepared by ionic cross-linking 

method using tripolyphosphate (TPP) and calcium chloride (CaCl2). The FT-IR spectrum indicated the interaction 

between the negatively charged TPP with–NH2 group of CMCS and calcium cation with the COO- group of CMCS in 

the solid particles. The differential scanning calorimetry (DSC) curve of the crosslinked CMCS/β-CD possessed an 

endothermic peak at 84 °C and this was different from the parent compounds which could be an indication of an 

interaction between crosslinking agents with the polymer. The CMCS/β-CD solid particles (1-7% w/w) were 

preliminary studied for use as emulsion stabilizer. The opaque, white emulsions were formed except for that of using 

1% solid. 

 
Keywords:  Carboxymethyl chitosan, β-cyclodextrin , solid particle, emulsion stabilizer 
 

 
1. Introduction 

Emulsions are of great practical interest because 
of their extensive use in foods, pharmaceuticals and 
cosmetics (1). Emulsion preparation and stabilization can 
conventionally be achieved by prolonged mechanical 
agitation  and  addition  of  surfactants  or  other  surface 
active polymers (2). However, environmental and safety 
considerations urge formulators to reduce as much as 
possible the amount of surfactants or to replace them with 
a relative safer stabilizer such as natural surfactants in 
emulsion formulation. Early works have shown that 
emulsion stability does not necessarily require 
amphiphilic surfactants to reduce the interfacial tension, 
but can also be efficiently achieved by dispersed solid 
nanoparticles (3,4). The emulsions stabilized by such 
particles are usually referred as Pickering emulsions. 
Various studies in literature have been reported the effect 
of particles on the behavior of emulsion, for example; 
silica particles (5, 6) and clay minerals (7, 8).  It has been 
well documented that interface adsorption is typically 
obtained when the particles are wetted by both liquids; 
thus solid particles with amphiphilic properties are 
appropriate choice for the system. In addition, Pickering 
emulsions stabilized by natural hydrocolloids or 
polysaccharides were also reported (4,9). One example is 
chitin nanocrystal, which possessed surface active 
properties, has been reported as stabilizer in Pickering 
emulsion (10). Chitosan is also one of the most 
extensively studied as nanoparticles because chitosan 
possesses some ideal properties of polymeric carriers for 

nanoparticles such as biocompatible, biodegradable, 
nontoxic, and inexpensive. Nanoparticles of chitosan and 
its derivatives also possessed surface active properties 
which make them able to form micelles and aggregates 
(11). The resulting aggregates may be enormous 
importance in the stabilization of Pickering emulsions. In 
addition, cyclodextrin (CD), a cyclic oligosaccharide 
composed of D-glucose units coupled via α-1,4- 
glucosidic linkages, is also another natural substance with 
attractive properties for applications. The hydroxyl 
groups  of  the  CD  molecule  are  located  at  its  outer 
surface, which renders its inner cavity relatively 
hydrophobic. Cyclodextrins are widely studied as 
delivery system for poorly water-soluble active or 
sensitive substances (12, 13). Additionally, cyclodextrins 
are also found useful in stabilizer of n-alkane/water 
emulsions by formation of a dense film at the interface 
and a three-dimensional structural network precipitated 
complexes derived from CD in the continuous phase (14). 
Nanoparticles based on the chitosan/cyclodextrin have 
been  prepared  and  studied  mainly  for  drug  delivery 
system (15, 16). The biological properties and surface 
activity of both chitosan (and it derivatives) combined 
with that of cyclodextrin (and its derivatives) are not only 
useful in delivery point of view but they are of great 
interest in relevant to stabilizer for Pickering emulsion, 
which has not been extensively studied.  Thus, this work 
reported the synthesis of carboxymethyl chitosan/ 
cyclodextrin  cross-linked  particles  and  evaluate  the  
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particles by FT-IR, and DSC techniques. The use of the 
synthesized particles as emulsion stabilizer was reported. 

 
 
 

2. Experimental methods 
2.1 Materials 

 

Carboxymethyl chitosan was prepared from 
chitosan (Marine Bio Resources Co., Ltd, Thailand)   by 
carboxymethylation reaction (17). β-Cyclodextrin (β-CD) 
was purchased from  Xi’an HongChang Pharmaceuticals, 
China. Tripolyphosphate   (TPP) was of Sigma Aldrich. 
Calcium chloride (CaCl2) was of QREC™, Malaysia. 
Deionized water (Milli-Q/Millipore, USA) was used in 
all preparation. 
2 . 2   P r e p a r a t i o n   o f   C a r b o x y m e t h y l   c h i t o s a n / β - 
cyclodextrin (CMCS/β-CD) solid particles. 

 

The CMCS/β-CD solid particles were prepared by 
using ionotropic gelation method (15). The particle 
suspensions were continuously stirred at ambient 
temperature for 1 h. The resulting   solid particles were 
filtrated and dried at 45 °C for 48 h or until the constant 
mass is obtained. The mass ratios of CMCS to 
tripolyphosphate (TPP) were studied from 1:0.5 to 1:5. 
The mass ratios of CMCS to CaCl2  were studied from 
1:0.5 to 1:5. The mass ratios of CMCS to β-CD were 
studied from 1:0.5 to 1:3. 

 

2.3 Characterization 
The chemical structure and formation of solid 

particles were analyzed between 4000 and 500 cm-1  by 
FT-IR spectrophotometer (Perkin Elmer model Spectrum 
GX, USA). DSC analysis was carried out for samples 
with a differential scanning calorimeter (Mettler-Toledo 
DSC822, Italy). Each sample (3-5 mg) was heated in a 
crimped aluminium pan at a scanning rate of 10 ºC/min 
between  20  and  400  °C  temperature  range  under  a 
nitrogen flow of 50 ml/min. An empty pan sealed in the 
same way was used as reference. Reproducibility was 
checked by running the sample in triplicate. 
2.4 CMCS/β-CD particles as emulsion stabilizer 

CMCS/β-CD solid particles were investigated as a 
p o t e n t i a l   s t a b i l i z e r   i n   e m u l s i o n   a t   d i f f e r e n t 
concentrations, e.g., 1-7% wt. The DI water and mineral 
oil at mass ratio of 60:40 was used for emulsion 
preparation. The solid particles were dispersed in water 
and both water and oil were heated separately to 70 °C, 

and then an oil phase was added into water phase and 
homogenized at 3000 rpm for 5 min. 

 
 
3. Results and Discussion 
3.1 Preparation of solid particles 

 

Effects of mass ratio of CMCS to CaCl2 

The CMCS/β-CD particles were prepared by using 
ionic cross-linking method (15). The mass ratio of 
CMCS:β-CD:TPP at 1:1:1 was used in the preparation. 
The ratios of CMCS to CaCl2 were studied from 1:0.5 to 
1:5 and the results are represented in Table 1. It was 
found that the higher the amount of calcium ion for cross- 
linking caused more rigid solid particles, Figure 1. The 
amount of the produced solid also increased when 
increasing CaCl2. Addition of 3g CaCl2  was selected as 
an optimal concentration as it resulted in pragmatic solid 
powders. 

 
 
Table 1 CMCS/β-CD solid particles prepared at different ratios 
of CMCS and CaCl2. 

 

Sample No. CMCS: CaCl2 mass ratio Product (g) 
CMCS/CD 1 1:0.5 1.07 
CMCS/CD 2 1:1 1.56 
CMCS/CD 3 1:2 1.94 
CMCS/CD 4 1:3 2.56 
CMCS/CD 5 1:5 3.13 

 
 

 
Figure 1 CMCS/β-CD solid particles prepared at different ratios 

of CMCS and CaCl2. 
 

 
Effects of the ratio of CMCS to TPP 

CMCS, β-CD and CaCl2 at mass ratio of 1:1:3 was 
used in the preparation. The ratios of CMCS to TPP were 
studied from 1:0.5 to 1:5 and the results are tabulated in 
Table 2. The negatively charged TPP react with CMCS 
which is an amphiprotic ether derivative resulted in the 
formation of solid particles. The solid particles 
demonstrate superior appearance, fine and soft feeling 
with higher TPP, Figure 2. The amount of solid particles 
also increased when adding TPP up to 3g and decreased 
afterward. 
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Table 2 CMCS/β-CD solid particles prepared at different ratios 

of CMCS and TPP. 
 

Sample No. CMCS: TPP mass ratio    Product (g) 
CMCS/CD 6 1:0.5 1.73 
CMCS/CD 7 1:1 2.56 
CMCS/CD 8 1:2 3.78 
CMCS/CD 9 1:3 4.25 
CMCS/CD 10 1:4 3.77 
CMCS/CD 11 1:5 3.44 

 

 
 

Figure 2 CMCS/β-CD solid particles prepared at different ratios 

of CMCS and TPP. 
 

Effects of mass ratio of CMCS to β-CD 
CMCS, TPP and CaCl2 at mass ratio of 1:3:3 was 

used in the preparation. The mass ratios of CMCS to β- 
CD were studied from1:0.5 to 1:3. The higher amount of 
β-CD resulted in higher amount of the solid particles with 
fine, soft texture which is more suitable for applications 
(Table 3, Figure 3). 

 
Table 3 CMCS/β-CD solid particles prepared at different ratios 

 

of CMCS and β-CD. 
 

Sample No. CMCS: β-CD mass ratio Product (g) 
CMCS/CD 12 1:0.5 4.18 

CMCS/CD 13 1:1 4.25 

CMCS/CD 14 1:2 5.27 

CMCS/CD 15 1:3 5.90 
 

 
 

Figure 3 CMCS/β-CD solid particles prepared at different ratios 

of CMCS and β-CD. 
 

3.2 Characterization 
 

3.2.1 Fourier transform-infrared spectroscopy (FT-IR) 
The chemical structure and formation of solid 

particles were analyzed by FT-IR (Perkin Elmer model 
Spectrum GX, USA). β-CD exhibited its characteristic 
peaks at 3359 cm-1  (broad, O-H group), 2926 cm-1  (C-H 
stretch), 1647 cm-1 ( H-O-H bending), 1155 cm-1(C-O 
stretch) and 1032 cm-1 (C-O-C stretch) (18, 19). FT-IR 
spectrum of CMCS showed the stretching vibrations of 
O–H  and  N–H  groups  at  3455-3420  cm-1   (20).     The 

characteristic absorption bands at 1581 cm-1 (COO- 
asymmetric stretching) and 1411 cm-1 (COO-
symmetric stretching) were also observed (21, 
22).    Peak at1581 cm-1 present in CMCS’s FT-IR 
spectrum may also assign to “free” amine group 
(23).   Peak at 1054 cm-1  indicate the 
carboxymethylation occurred at C6-OH position. 
The FT-IR spectra of CMCS/β-CD showed peak at 
3400-3300 cm-1   become strong, peaks at 1640-
1600 cm-1   broader and higher shifted compared 
with the sharp 1581 cm-1 in CMCS spectrum. Also, 
peaks at 1430-1420 cm-1 become less intense and 
higher shifted from 1411 cm-1 in CMCS spectrum. 

These changes indicate the interaction between the 

negatively charged TPP with the NH2 group of 
CMCS and calcium cation with the COO- group 
in the CMCS (Figure 4). 
 

 
 

 
Figure 4 FT-IR spectrum of β-CD, CMCS and 
CMCS/β- CD 
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3.2.2 Differential scanning calorimetry (DSC) 
The DSC results of β-CD,, CMCS and CMCS/β- 

CD are presented in Figure 5. The DSC curve of β-CD 
showed an endothermic peak at 111.5 °C, which may due 
to the elimination of water (24, 25). There are also 
endothermic peaks of β-CD in the 300-320 °C, possibly 
d u e   t o   t h e r m a l   d e c o m p o s i t i o n   ( 1 3 ) .   T h e   D S C 
thermograms of CMCS illustrated three thermal events: 
two endothermic peaks and one exothermic. The first 
endothermic event showed emerge of peak temperature at 
125-135 °C which corresponding to water evaporation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 DSC thermogram of β-CD, CMCS and CMCS/ 
 

β-CD. 
 
 
 

The second  endothermic event is small peak at 176 °C. 

The exothermic incident appeared at peak temperatures 

of 280-300 °C which corresponding to the decomposition 
of the polymers (26). After crosslinking, CMCS/β-CD 
possessed an endothermic peak at 84 °C. The change 
could be an indication of an interaction between 
crosslinking agents with the polymers. 
 
 
3.3 Emulsion stabilization ability of the CMCS/β-CD 
solid particles 

According to the results, the CMCS/β-CD solid 

particles prepared at CMCS: β-CD: TPP: CaCl2  ratio of 
1:1:3:3  were  preliminary  studied  for  use  as  emulsion 
stabilizer. The CMCS/β-CD solid particles were 
dispersed in water at different concentrations, i.e., 1, 3, 5 
and 7% w/w. The opaque, white emulsions were formed 
except for that of using 1% solid. Emulsions were stored 
at  ambient  temperature  in  a  closed-glass  bottle  with 
plastic cap. The separation was continuously recorded 
over 2 days until no further separation and the resulting 
emulsions are represented in Figure 6.    The separation 
was measured as % creaming index (CI), which was 
calculated from the total height of serum layer (HS) over 
the total height of emulsion (HE) multiply by 100. As can 
be seen that %CI decrease as the concentrations of solid 
in emulsion increase, which indicate that the higher 
amount of solid particles in emulsion resulting in greater 
stabilization ability. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Emulsions prepared using CMCS/β-CD solid 
particles at different concentrations. 
 
 
4. Conclusion 
The carboxymethyl/cyclodextrin particles were prepared 
by using ionic cross-linking method. Effects of different 
ratio of CMCS:β-CD: tripolyphosphate (TPP) and CaCl2 

were studied and the optimal the ratios for preparation of 
CMCS/β-CD solid particles, which produced fine, soft 
and suitable solid particles for applications, is at 
CMCS:β-CD:TPP:CaCl2  ratio of 1:1:3:3. The chemical 
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structure and formation of solid particles were analyzed 
by FT-IR and DSC techniques. The FT-IR results indicate 
the interaction between the TPP with the NH2  of CMCS 
and Ca ion with the COO- group in the CMCS. DSC was 
also used to characterize the solid particles. After 
crosslinking, CMCS/β-CD exhibited different DSC 
results compared with the starting polymers which could 
be  an  indication  of  interaction  between  crosslinking 
agents with the polymers. The CMCS/β-CD were used as 
emulsion stabilizer and at higher %solid, the ability to 
stabilize emulsion is greater.   In conclusion, this work 
provides simple preparation method of new CMCS/β-CD 
particles and it showed potential for use as Pickering 
emulsion stabilizer. 
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Abstract 
 

In this study, Thai silk fibroin/gelatin/hyaluronic acid (SFGHA) hydrogels were prepared by freeze-drying 

technique and crosslinking by 1-ethyl-3 (3-dimethylaminopropyl) carbodiimide (EDC). The effectiveness of EDC 

crosslinking on SFGHA hydrogels preparation was investigated by weight loss (%),  the  free  amino contents of 

hydrogels before and after crosslinking using TNBS method and the repeating N-acetyl-D-glucosamine (NAG) contents 

of HA analyzed by Elson-Morgan method. In addition, the morphology of hydrogles before and after crosslinking were 

analysed by scaning electron microscope (SEM). The results showed that EDC could be successfully used to crosslink 

SFGHA hydrogels. The protein molecules in hydrogels, especially gelatin, was effectively crosslinked as observed from 

the results on free amino content. In addition, HA component, an easily water-soluble polysaccharide in hydrogel, could 

be effectively crosslinked using EDC as seen from the result on NAG content. However, the effect of EDC 

concentration (20-50 mM) could not be clearly noticed in this work. 

 
Keywords: silk fibroin, gelatin, hyaluronic acid, hydrogels, carbodiimide. 

 
 

1. Introduction 
 

Thai silk is domestically produced in the northern 
and north-eastern parts of Thailand mainly for textile 
industry.  It  is  naturally  occurring  protein  fiber, 
systhesized by Bombyx mori silkworm consists of silk 
sericin (about 25 wt%) and silk fibroin (SF) (about 75 
wt%). SF molecule consists of heavy chain (H), light 
chain (L) and P25 glycoprotein (P25) and the ratio of 
H:L:P25 equals 6:6:1. SF has good mechanical property 
and biocompatilibily. Recently, there are many reports 
about the SF materials which have been widely applied in 
controlled drug delivery system [1], bone tissue 
engineering [2]. 

Gelatin (G), a collagen-derived protein, consists of 
large  amounts  of  glycine,  proline  and  hydroxyproline. 
The random coil structure of gelatin make it readily 
soluble in water. Gelatin is biocompatible, biodegradable 
and non-immunogenic, therefore it is suitable for 
biomedical applications, such as tissue-engineered 
scaffolds, and drug delivery system. In addition, it has 

 
 
been commonly used as pharmaceutical, photography and 
cosmetic manufacturing [3]. 

Hyaluronic acid (HA) was widely found in the 
connective tissue, cartilage of verbrate and joint 
lubricating fluid. It is composed of repeating polymeric 
disaccharide of D-glucuronic acid and N-acetyl-D- 
glucosamine linked by a glucuronidic β (1,3) and β (1,4) 
bond. Also, HA has a high capacity for lubrication, water 
absorption and water retention and is also known to 
influence several cellular functions such as migration, 
adhesion and proliferation [4]. In addition, HA has been 
used for medical purposes for instance, as a viscoelastic 
biomaterials in ophthalmologic surgery. It is also applied 
in cosmetics because of its high water retention capacity 
and in drug delivery systems because of its 
biodegradability. 

The combination of silk fibroin and gelatin has been 
shown to provide a good system with desirable 
biodegradation rate and effective enhancement of cellular 
functions   such   as   adhesion  and   proliferation  [5,6]. 
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1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) is 

preferably selected since it can crosslink both protein and 

polysaccharide     through  amide/ester  bond  formation. 

EDC is also biocompatible crosslinking agent since it is 

easy to remove excess reagent by washing with water [7]. 

In this study, we are interested to incorporate hyaluronic 

acid with silk fibroin and gelatin (protein part) and form 

hydrogels using EDC crosslinking. The effects of 

concentration of EDC (20, 30, and 50 mM) on the 

effectiveness of SFGHA hydrogel preparation were 

investigated. The obtained SFGHA hydrogels were 

expected to be applied in tissue engineering application. 

 
2. Experimental 

 
 

2.1 Materials 

were prepared at different weight ratios including 

SF50G50, SF50G25HA25 and SF50HA50. The final 

concentration of  SFGHA-blended solution was 1.5 wt%. 

The blended solution was then frozen overnight prior to 

lyphilization for 72h. For crosslinking,  the freeze-dried 

SFGHA hydrogels were immersed in 20-50 mM of 

EDC/8mM NHS solution in ethanol at the temperature of 

25-27oC.   After   that,   the   hydrogels   were   washed 
 

thoroughly with deionized water for six times. Lastly the 

SFGHA  hydrogels  were  freeze  dried  again  and  kept 

under vacuum until use. To determine the effectiveness of 

EDC  crosslinking  process,  weight  loss  of  hydrogels 

before and after crosslinking was measured. All of the 

dried hydrogels were weighed and the weight loss (%) 

was calculated as follows 

w  − w 
Thai   silk   cocoons,  Nangnoi-Srisaket  1,   were 

 

obtained from Queen Sirikit Sericulture Center (Nakhon 

Weight loss (%) =   1  2  ×100 
w1 

(1) 

 

Ratchasima Province, Thailand). Type A gelatin ( MW= Where w1  and w2    represent the weight of the 
 

100,616 and IEP=9) was kindly supplied by Nitta Gelatin 
 

Inc. (Osaka, Japan). Hyaluronic acid (cosmetic grade, Mv 
 

=72 KDa) were purchased from Namsiang company 

limited. 1-ethyl-3(3-dimethylaminopropyl) carbodiimide 

(EDC), N-hydroxysuccinimide (NHS) were purchased 

from Sigma-Aldrich (St. Louis, MO). 
 
 

2.2 Preparation of Thai silk fibroin solution 
 

Thai   silk   solution   was   prepared   by   method 

reported by Kim et al. [8]. To begin with, cocoons were 

boiled in an aqueous solution of 0.02 M Na2CO3 and then 

rinsed thoroughly with deionized water to remove sericin. 

After that, the degummed Thai silk fibroin was dissolved 

in 9.3 M LiBr solution at the temperature of 60oC. The 

solution was dialyzed with deionized water for 3 days. 

The SF solution obtained was then centrifuged and 

checked for the final concentration by dried weight. The 

concentration was at 6.5%-7.5% (w/w). 
 
 

2.3 Preparation of SFGHA hydrogels 
 

HA and gelatin solutions were prepared by dissolving   each   

substance  in  deionized  water  under continuous 

stirring for 2h. The SFGHA-blended solutions 

dried hydrogels before and after crosslinking, respectively. 
 
 
2.4 Determination of free amino groups of hydrogels 

before and after crosslinking 

The  content  of  free  amino  groups  in  SFGHA 
 

hydrogels after crosslinking process were analyzed using 

2,4,6-trinitrobenzenesulphonic acid (TNBS) method, 

modified from that reported by Bubnis WA. and Ofner 

WA. [9]. In brief, 1 mL of 0.5% (w/v) TNBS solution 

and 1 mL of 4% (w/v) sodium bicarbonate (NaHCO3) 

were added in the known weight SFGHA hydrogels. The 

mixture was heated at 40oC for 2 h to allow TNBS to 

react with free amino groups in hydrogels.  After that, 4 

mL of 37% (v/v) HCl solution was added and heated at 

60oC overnight to completely hydrolyze hydrogels. The  

absorbance of the obtained solution was measured at 415 

nm by a spectrophotometer. The amounts of free amino 

groups were obtained by comparing to the standard curve 

of alanine at different concentrations. 
 
 
2.5  Determination  of  N-acetyl-D-glucosamine  (NAG) 
 

groups of hydrogels before and after crosslinking 
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To determine the success of EDC crosslinking on 

HA, the content of NAG groups in SFGHA hydrogels 

before and after crosslinking process were analyzed using 

the modified method from Elson LA and Morgan WT J. 

[10]. Firstly, hydrogels were hydrolyzed by 5 mL of 2N 

HCl and heated at 96oC for 14h. Then the hydrolyzed 

solution was adjusted to pH =7 using 4N NaOH. After 

that, 2 mL of acetyl acetone were added in  2 mL of 

hydrolyzed solution, then heated at 96oC for 20 min. In 

this step, acetyl acetone reacted with NAG, a repeating 

unit of HA, to form pyrrole intermediate that would react 

later with 2 mL of Ehrlich’s reagent (DMAB). Finally, 

the absorbance of the solution was measured at 528 nm 

by  a  spectrophotometer. The  amount  of  NAG  groups 

were obtained by comparing to  the  standard curve of 

NAG at different concentrations. 
 
 

2.6 The morphology of hydrogels 
 

SFGHA hydrogel were cross-sectionally cut in 

order  to  observe  the  morphology  using  a  scanning 

electron microscope (SEM; JSM-5410LV, JEOL Ltd., 

Japan). 
 
 

3. Results and Discussion 
 
 

3.1 Weight loss (%) of hydrogels 
 

 
 

Fig.1  Weight  loss  (%)  of  SFGHA  hydrogels 

before and after crosslinking using different EDC 

concentration (crosslinking time = 6h). 

a, b represents the significant difference (p < 0.05) 

comparing among the same hydrogel group (same 

alphabet indicates no significant difference). 

Three sets of SFGHA hydrogels having different 

weight blending ratios were fabricated using EDC 

crosslinking. Three different concentration of the EDC 

was used in order to investigate the success of hydrogels 

preparation.  The  effect  of  concentration  of  EDC  on 

weight loss (%) of SFGHA hydrogels before and after 

crosslinking was presented in Figure 1. It was seen that 

the weight loss (%) of hydrogels before crosslinking was 

almost 100%, implying that all non-crosslinked hydrogels 

were soluble. After EDC crosslinking, the weight loss of 

all hydrogels was in the range of 4-7 % regardless of the 

concentration of EDC. This suggested that  EDC/NHS at 

all concentrations (20, 30 and 50 mM) could effectively 

crosslinked all SFGHA hydrogels. In general, EDC has 

been found to modify carboxyl groups of protein or 

polysaccharide to make them reacted with amino groups 

or hydroxyl groups  to form amide and ester, respectively 

[11]. 
 
 
3.2 The content of free amine groups and N-acetyl-D- 

glucosamine of hydrogels before and after crosslinking 

 
 

Fig. 2 Content of free amine groups of SFGHA 

hydrogels before and after crosslinking using different 

EDC concentration (crosslinking time = 6h). 

a, b, c, d, e  represent the significant difference (p 
 

< 0.05) comparing among the same hydrogel group (same 

alphabet indicates no significant difference). 
 
 

The effect of concentration of EDC on the free 

amino content of SFGHA hydrogels before and after 

crosslinking was presented in Figure 2. The highest free 

amino  content  of  hydrogel  before  crosslinking  was 
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observed in SF50G50 hydrogel, followed by 

SF50G25HA25 and SF50HA50. After EDC crosslinking, 

free amino contents in SF50G50 and SF50G25HA25 

hydrogels were decreased by 55 and 61%, respectively, 

while that of SF50HA50 hydrogel was slightly decreased 

by 12%. This could imply that free amino groups in 

gelatin molecules were crosslinked by EDC. 

Figure 3 showed the NAG contents of SFGHA 

hydrogels before and after crosslinking. It was seen that, 

the  NAG  contents  in  both  SF50G25HA25  and 

SF50HA50 hydrogels before crosslinking were rather 

similar to those after EDC crosslinking. This suggested 

that HA molecules in both hydrogels were crosslinked by 

EDC, resulting in water-insolubility. For SF50G50 

hydrogels, no NAG content was found as expected. 

In EDC crosslinking process, the carboxyl groups 

could be activated with EDC to form an O-acylisourea, 

an intermediate, that further  reacted either with amino 

groups to form amide bond (Eq.2)   or with hydroxyl 

groups,  from  polysaccharide or  protein,  to  form  ester 

bond (Eq. 3) [12]. From the results on free amino groups 

and NAG contents of hydrogels before and after 

crosslinking with EDC, it could imply that protein 

hydrogels, especially those containing gelatin molecules, 

could be effectively crosslinked by EDC to form amide 

(Eq.2) and possibly ester (Eq.3). For blend protein and 

HA hydrogels, it was obvious that EDC could effectively 

crosslinked HA via Eq.3, resulting in insoluble HA. 

However, from the results, EDC concentration (20-50 

mM)  had  no  significant  effects  on  the  crosslinking 

process of all SFGHA hydrogels. 

 
 

Fig.3 NAG contents of SFGHA hydrogels before 

and after crosslinking using different  EDC concentration 

(crosslinking time = 6h). 

a,   b,   c      represent  the   significant  difference 

(p < 0.05) comparing among among the same hydrogel 

group (same alphabet indicates no significant difference). 
 
 
3.3 Morphology of hydrogels 
 

Non-crosslinked Crosslinked 
 

A a 
 
 
 
 
 
 

B b 
 
 
 
 
 
 

C c 

 
 
 
 

R-COO- +  EDC 

NH2-R1 
R-CONH-R1    (2) 
(amide bond) 

 
O-acylisourea 
 

OH-R1 R-COO-R1 (3) 
(ester bond) 

 
 
 

Fig. 4   SEM micrographs of   SFGHA 

hydrogels; non-crosslinked hydrogels (A) 

SF50G50, (B) SF50G25HA25, (C) SF50HA50, 

and crosslinked hydrogels with 20 mMEDC/NHS 

for 6h (a) SF50G50, (b) SF50G25HA25, (c) 

SF50HA50. The scale bar shown in all images is 

100 µm. 
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Figure 4 showed the cross-sectional 

morphology of non-crosslinked (Figure 4A-4C) and 

crosslinked (Figure 4a-4c) of the SFGHA hydrogels. For 

non- crosslinked hydrogels, the pore sizes of SF50G50, 

SF50G25HA25, and SF50HA50 were approximately 

167±15, 223±21, and 227±18 µm, respectively. For 

the crosslinked hydrogels,  the  pore  sizes were similar 

to those of non-crosslinked ones. The results suggested 

that increasing HA content would result in larger pore 

sizes of blended hydrogels, possibly because of high 

hydrophylicity of HA molecules. 
 
4. Conclusions 
 

SFGHA hydrogels was successfully by freeze- 

drying and crosslinking by EDC. The weight loss (%) 

of SFGHA hydrogels after crosslinking was in the 

range of 4-7%. The free amino content of all  gelatin-

crosslinking hydrogels was significantly decreased after 

EDC crosslinking, indicating the effectiveness of 

crosslinking on gelatin. For HA-containing hydrogels, 

the results on NAG contents of hydrogels after 

crosslinking suggested that HA was successfully 

crosslinked using EDC. Also, the HA content was 

increased the pore sizes. However, the effects of EDC 

concentration on the preparation of crosslinked 

hydrogel was not noticed. So 20 mM of EDC was 

selected for the preparation of SFGHA hydrogels. For 

further application in tissue engineering. 
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Abstract 
Dialdehyde cassava starch was prepared by periodate oxidation of cassava starch with sodium periodate 

(NaIO4). The dialdehyde cassava starch was, then, plasticized by glycerol and blended with different contents of 

native cassava starch and casted into films. It was found that IR spectra of the blended starch films showed the new 

peak position approximately at 1730 cm-1, assigned for the characteristic absorption peak of carbonyl groups. The 

blended films with the increasing content of dialdehyde cassava starch showed the improved mechanical properties. 

In addition,   thermal properties and water absorption were also investigated. 
 
Keywords:  blended film; dialdehyde starch; modified starch 
 

 
1. Introduction 

 
Starch from a great variety of crops is one of 

promising raw materials for the production of 

biodegradable materials. Starch contains vast 

intramolecular and intermolecular hydrogen bonds and 

high crystallinity. At high temperature, starch crystallinity 

and hydrogen bonds can be destroyed and be processed 

as starch films. However, starch films showed poor 

thermal and mechanical properties including high water 

absorption. As a consequence, the chemical modification 

of starch is a good choice to improve weak properties of 

starch films. 

Dialdehyde starch is another interesting choice 

and it forms the periodate oxidative cleavage of the C-2 

and C-3 bond of the anhydroglucose units of starch 

polysaccharide chains. Industrial applications of 

dialdehyde  starch  are  use  as  crosslinking  agents,  e.g., 

with cellulose in paper, cotton in textiles and are modified 

to improve wet strength of paper [1]. It was reported that 

the  increasing  aldehyde  content  of  dialdehyde  potato 

 
 
starch decreased water absorption and showed good 

mechanical   properties   [2].   The   purpose   of   this 

research was to study the preparation and properties 

of dialdehyde cassava starch films modified using 

sodium periodate and blended with different contents 

of the native cassava starch. Mechanical, thermal and 

water absorption properties were studied. In addition, 

functional   group   analysis   was   characterized   by 

Fourier Transform Infrared (FTIR) technique. 

 
2. Experimental Methods 
 
2.1 Materials 

Cassava starch was obtained from 

Chaopraya  Phuchrai  2999  Co.,Ltd. 

(Kamphaengphet, Thailand). Glycerol (plasticizer) 

and   sodium   periodate   was   purchased   (by   Lab 

System Co.,Ltd. Bangkok, Thailand)   and Chemical 

Innovation, Co., Ltd. (Bangkok, Thailand), 

respectively 

mailto:jutarat.si@kmitl.ac.th
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2.2 Preparation of dialdehyde starch 
 

Dialdehyde cassava starch was prepared as the 

previous report [2]. Sodium periodate (0.7 mol/l) was 

adjusted  to  pH  4  with  sulfuric  acid.  Cassava  starch, 

dried at 105 °C for 1 h, was added under vigorous 

mechanical stirring. The molar ratio of sodium periodate 

to starch was maintained at 1:1 and the reaction was 

kept at the temperature of 37 °C for 4 h with constant 

stirring. The slurry was filtered and the product was 

washed with distilled water. Anhydrous ethanol was, 

then, used to remove water and the modified starch was, 

finally, dried at the temperature of 70 °C for 24 h. 

 
2.3. Preparation of blended starch films 

 

Different  solution-casted  starch  films 

consisted of different content of dialdehyde starch, i.e. 

0%, 15%, 30% and 50% by the starch weight, were 

prepared.   The   starch   solution   was   plasticized   by 

glycerol and distilled water. The mixture was heated at 

the temperature of 90 °C for 30 min. with constant 

stirring and was, latterly, casted in plastic tray dried at 

the temperature of 70 °C for 4 h. 
 
 

2.4 IR spectroscopic study 
 

A sample was characterized by FTIR analysis 

on a Spectrum 2000 GX spectrometer (Perkin Elmer, 

USA) using KBr disk technique with a resolution of 4 

cm-1 using 20 scans per sample. 
 
 

2.5 Mechanical properties 
 

Tensile testing was carried out using Universal 

Testing  Machine  (LLOYD  Instrument,  LR  5K,  UK) 

with 100 N load cell, gauge length 50 mm. and at a 

crosshead  speed  of  50  mm/min  according  to  ASTM 

882. The sample was conditioned at the temperature of 

23±1 °C and relative humidity of 60±5% before testing. 

 
2.6 Water absorption 

 

A sample was saturated in a closed container at 50% RH 

using sodium nitrate (NaNO3). The amount of water 

absorbed by the sample was measured for 12 days 

and was recorded every day. The percentage water 

absorption was calculated as followed ( Eq.1). 
 
 
Water absorption (%) = (W2 – W1)/ W1 × 100     (1) 
 
 
where W1 and W2 were the initial and wet weights of 

the sample, respectively. 

 
2.7 Thermogravimatric analysis (TGA) 
 

A sample approximately 10-12 mg was 

heated from the temperature of 50 to 600 °C at the 

heating rate of 10 °C/min. The thermogravimatric 

analyser  (Pyris  I  TGA  HT,   Perkin  Elmer,  USA) 

was operated under nitrogen atmosphere. 

 
3. Results and Discussion 
 
3.1 IR spectroscopic study 
 

FTIR  spectra  of  various  cassava  starch 

films with different contents of dialdehyde starch are 

shown  in  Figure  1.  The  spectra  mainly  showed 

typical  polysaccharide  structures.     The  blended 

starch films showed main peaks at 3600-3200 cm-1 

(O-H stretching of  starch), 3000-2800 cm-1 (C–H 

asymmetric  stretching  of  –CH2–,–CH3–of  starch), 

1640 cm-1(H-O-H bending of bounded water), 1460 

cm-1 (O-H bending of starch), 1300-1000 cm-1 (C-O- 

C stretching of starch) and 1200-1000 cm-1    (C-O-H 

bending of starch). The additional peak at 1730 cm-1 

was observed as the characteristic absorption peak of 

carbonyl groups. The result confirmed the formation 

of the aldehyde groups of the blended starch films 

[3]. 
 
 
3.2 Mechanical properties 
 

The effect of dialdehyde starch contents on 

mechanical properties of different blended films is 

shown in Figure 2. When the content of the 

dialdehyde starch increased, the stress at maximum 

load and Young’s modulus  significantly increased. 

On the contrary, the strain at maximum load of the 

blended   starch films decreased as the dialdehyde 
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(b) 

starch content increased. This was because the C-2 and 

C-3 aldehyde groups of anhydroglucose units in 

dialdehyde cassava starch could form inter and 

intramolecular hemiacetal and acetal crosslinking that 

contributed to the improvement of the film stiffness [2]. 

3.3 Water absorption 
 
 

 
 
 
Figure 3 The relationship between water absorption 

and time of differ(ean)t blended starch films at 50% 

RH 
 
 
 

Figure 1 IR spectra of the cassava starch films modified 

by different contents of dialdehyde starch (a) 0% (b) 

15% (c) 30% and (d) 50% 
 
 

 
 
 

Figure  2  Mechanical  properties  of  different  blended 

starch films. 

 

The result of water absorption of different 

blended starch films performed at the temperature of 

30 ± 2 °C and 50% RH is shown in Figure 3. It was 

found that water absorption of the blended cassava 

starch films clearly decreased with increasing 

dialdehyde starch contents because the hydrophilic 

hydroxyl groups in anhydroglucose units of 

dialdehyde starch was decreased because some 

hydroxyl groups were changed into aldehyde groups. 

 
3.4 Thermogravimatric analysis 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
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(b) 

 
 

Figure 4 Thermograms of different blended starch films 
 

(a) TGA and (b) DTG 
 
 

Table  1  Thermal  decomposition  temperature  of 
different blended films. 

 

Dialdehyde starch 
 

content (%) 

Decomposition 
 

temperature (°c) 

0 293.7 
 

15 
 

292.4 
 

30 
 

288.8 
 

50 
 

284.9 
 
 
 

Thermal decomposition temperatures of 

different blened films were characterized using TGA 

technique. TGA thermograms (Figure 4) showed an 

initial drop between the temperature of 50 °C and 150 

°C, which resulted from the evaporation of water. The 

second step from 150 to 200 °C and the third step from 

280 to 350 °C was ascribed to the decomposition of 

glycerol and starch, respectively [4]. The increasing of 

dialdehyde starch content in the blended films showed 

decrease of thermal decomposition temperature (Table 

1) that maybe due to the cleavage of the starch chain 

arisen from the oxidation. 

4. Conclusions 
 

Various dialdehyde cassava starch and 

cassava starch blended films were successfully 

prepared using casting technique. The IR absorption 

bands at 1730 cm-1, assigned for C=O stretching of 

the carbonyl group stretching was observed for all 

dialdehyde starch films, resulting from the formation 

of dialdehyde groups. Moreover, the stress at 

maximum load and Young’s modulus of the blended 

starch films increased significantly with increasing 

dialdehyde cassava starch contents. The  water 

absorption  of  the  blended  cassava  starch  films 

clearly decreased with increasing dialdehyde starch 

contents. Moreover, the blended starch films with 

high content of the dialdehyde starch showed the 

decrease of the thermal decomposition temperatures. 
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Abstract 
 

In order to decrease high water absorption of thermoplastic starch (TPS), crosslinking reaction between 

glutaraldehyde and arrowroot starch molecules was introduced during gelatinization process. This research focused on 

preparation and properties of thermoplastic arrowroot starch (TPCAS) polymers modified using different contents of 

glutaraldehyde, i.e. 0, 1, 2, and 4 phr. The results showed that swelling and water absorption clearly decreased with 

increasing glutaraldehyde contents. In addition, mechanical properties and thermal decomposition temperatures of 

different TPCAS polymers were also observed. 
 

Keywords: Biodegradable Polymer; Glutaraldehyde; Starch 
 
 

1. Introduction 
 
 

Thermoplastic starch (TPS) products already have 

applications in the plastic market to replace of non- 

degradable petrochemical based products because of their 

renewability, low price, fully biodegradability and a wide 

range of applications in almost all branches of industry 

e.g., food, paper, packaging or pharmaceutical industries 

[1]. However, the resistance of TPS polymers to moisture 

is still relatively poor in comparison with many other 

commodity plastics. The hydrophilic nature of starch 

causes rapid rise in moisture contents of TPS polymers 

and; hence, leads to significant reduction of their 

mechanical properties. There has been an increasing 

research interest in modified thermoplastic starch in order 

to improve their water absorption properties as well as to 

obtain the characteristic needed for actual application. One 

approach to modify native starch is to modify starch 

chemically through crosslinking with crosslinking agents 

eg. citric acid, formic acids and glutaraldehyde. The 

crosslinking caused the decrease of retrogradation rate and 

the increase of gelatinization temperature [2]. It was 

reported that the addition of glutaraldehyde improved 

water proof and strength retention properties of bacterial 

cellulose reinforced Tapioca starch and poly(lactic acid) 
 

blends [3]. 
 

The purpose of this research was to study the 

preparation and properties of thermoplastic crosslinked 

arrowroot starch (TPCAS) using different contents of 

glutaraldehyde, i.e. 0, 1, 2, and 4 phr (parts per hundred of 

starch). Swelling behavior, mechanical properties, water 

absorption and thermal decomposition temperatures were 

also performed in this investigation. 
 
 
2. Experimental methods 
 
 
2.1 Materials 
 

Arrowroot starch powders used in this study was 

purchased from E.T.C. EAIB TONG CHAN Co.,Ltd. 

(Bangkok, Thailand). Glycerol (plasticizer) was provided 

by Lab System Co.,Ltd. (Bangkok, Thailand) and 25 wt% 

glutaraldehyde solution was purchased from Sigma- 

Aldrich (Thailand) Co., Ltd. 
 
 
2.2 Sample preparation 
 

Modified starch was prepared by mixing 50 g 

arrowroot starch, 50 ml water and 20 g glycerol at room 

temperature under stirring condition for 1 h. The 25 wt% 
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glutaraldehyde solutions at various contents (i.e. 0–4 phr 

based on the starch dry weight) were added and mixed. The 

above prepared mixtures were gelatinized at the 

temperature of 80°C under stirring condition for 15 min. 

After that, the modified starch was dried in an oven at the 

temperature of 80°C for 24 h. The modified starch and 2% 

magnesium stearate (based on the starch dry weight) 

lubricant were, then, compounded by an internal mixer for 

at the temperature of 150°C for 5 min and shaped by 

compressing molding at the temperature of 150°C for 10 

min. 
 
 

2.3 Water absorption 
 

A sample with 25 mm x 25 mm x 2 mm (width x 

length x thickness) were saturated in a closed container at 

100% RH using distilled water. The amount of water 

absorbed by the sample was measured for 15 days and was 

recorded every day. The percentage water absorption was 

calculated as followed (Eq.1). 

 
Water absorption (%) = (W2 – W1)/ W1 × 100        (1) 

 
 

where W1 and W2 were the initial and wet weights of the 

sample, respectively. 
 
 

2.4 Swelling Measurement 
 

A sample with 25 mm x 25 mm x 2 mm (width x 

length x thickness) was placed in 100 mesh wire bag and 

immersed in distilled water at room temperature. The wire 

bag was hung up for 5 min in order to remove the excess 

solution and, then, it was weighed until its weight was 

stabilized. The weight of the sample was measured for 6 h 

and recorded. The swelling was calculated as followed 

(Eq.2). 

 
Swelling (%) = (We – W0)/ W0 × 100                    (2) 

 
 

where We and W0 were the swollen and dried weights of 

the sample, respectively. 
 
 

2.5 Tensile properties 
 

Tensile properties were determined by Universal 
 

Testing Machine (LLOYD Instrument, LR 5K, UK) with 

load cell of 1 kN, a crosshead speed of 40 mm/min and 

gauge length of 25 mm was used during each tensile 

experiment according to ASTM D638 type IV. A sample 

was conditioned at the temperature of 23±1°C and relative 

humidity of 60±5% for 24 h before testing. 

 
2.6 Thermogravimetric analysis (TGA) 
 

Thermal degradation temperature of a sample was 

assessed by thermogravimetric analysis operation, 

performed from the temperature of 50 to 600°C at a heating 

rate of 10°C/min under nitrogen atmosphere. The weight 

loss versus the temperature was recorded and analysed. 

 
3. Results and Discussion 
 
 
3.1 Water absorption 
 

 
 

Figure 1. The relationship between water absorption and time 

of different TPCAS polymers modified by different contents of 

glutaraldehyde at 100% RH 

 
The result of water absorption of different TPCAS 

polymers with different glutaraldehyde contents, 

performed at the temperature 30±2°C, 100% RH for 15 

days, is shown in Figure 1. It was found that water 

absorption of all samples clearly increased as the time 

increased but the water absorption of the all modified 

starch samples was lower than the native starch. Moreover, 

at the same time, the water absorption of different TPCAS 

polymers decreased with increasing glutaraldehyde 

contents. This was due to the lower hydrophilicity of 

hydroxyl groups of the modified starch as a consequence 

of the crosslinked reaction with glutaraldehyde [3] as 

shown in Figure 2. 
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Figure 2. Chemical structure of starch crosslinked by 

glutaraldehyde [4] 

 
At the 15th  day of testing, the percentage of water 

absorption were 54.7% and 45.8% for the TPCAS 

polymers modified by 0 and 4 phr, respectively. The 

lowest water absorption was obtained with the TPCAS 

polymer modified by 4 phr of glutaraldehyde. 
 
 

3.2 Swelling Measurement 
 
 

 
 

Figure 3. The relationship between %swelling and time of 

TPCAS polymers modified by different contents of 

glutaraldehyde 

 
The effect of glutaraldehyde contents on swelling 

behavior of different TPCAS polymers is shown in Figure 

3. It was found that, the percentage swelling increased as 

the time increased for all TPCAS samples; however, the 

swelling of the modified starch was significantly lower 

than that of the native starch. In addition, the swelling of 

different modified starch decreased with increasing 

glutaraldehyde contents. The result confirms the formation 

of chemical linkages between glutaraldehyde and starch 

molecules. As glutaraldehyde contents increased, more 

crosslinked bonds were created that hindered the 

penetration of water into starch so the swelling of 

crosslinked starch decreased. 
 
 
3.3 Tensile properties 
 

 
Figure 4. Mechanical properties of various TPCAS polymers 

modified by different contents of glutaraldehyde 

 
The influence of different glutaralehyde contents 

on mechanical properties of different TPCAS samples is 

shown in Figure 4. It can be seen that the stress at 

maximum load remained similar. Strain at maximum load 

tended to decrease slightly; as a result, Young’s modulus 

increased with increasing glutaraldehyde contents. This 

should be due to the result of crosslinking reaction, leading 

to the increment of the stiffness of the TPCAS polymers. 
 
 
3.4 Thermogravimetric analysis 
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Figure 5. Thermograms of different TPCAS polymers 

modified by different contents of glutaraldehyde (a) TGA and 

(b) DTG 

 
Table  1.  Thermal  decomposition  temperatures  of  

different TPCAS polymers. 
 
 

Glutaraldehyde 
 

Contents 
 

(phr) 

Decomposition temperatures 
 

of starch 
 

(°C) 

0 309.7 

1 313.2 

2 313.9 

4 312.8 

 
 

The thermogravimetric (TGA) and derivative 

thermogravimetric  (DTG)  thermograms  of  various 

TPCAS samples modified by different glutaraldehyde 

contents are shown in Figure 5. The three steps of 

weight loss were obtained. The initial step at around 

100°C was merely due to evaporation of the absorbed 

moisture. The second step from 150 to 200°C and third 

step from 280 to 350°C  were  due  to  the  

decomposition of  the  glycerol plasticizer and the 

starch, respectively. The thermal decomposition 

temperatures of starch with different glutaraldehyde 

contents are shown in Table 1. The result showed the 

improved thermal decomposition temperature of 

different TPCAS polymers. This was due to the linkages 

between starch molecules provide higher thermal 

stability [5]. 

4. Conclusion 
 
 

Different modified starch and the TPCAS 

polymers were successfully prepared. It was found that 

the swelling behavior of the modified starch clearly 

decreased with increasing glutaraldehyde contents. It 

was observed that the stress at maximum load of 

different TPCAS polymers were similar and were not 

affected by crosslinking. For the water absorption, the 

modified starch showed the decreased trend with 

increasing glutaraldehyde contents. Moreover, thermal 

decomposition temperature of different crosslinked starch 

was slightly improved. The crosslinked starch could be 

used as biodegradable polymers. 
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Abstract  

The aerobic biodegradation behavior of biodegradable polymers, namely poly (lactic acid) (PLA), poly(butylene 

succinate) (PBS) and poly(butylene adipate-co-terephthalate) (PBAT), under simulated composting conditions for 90 

days according to ISO14855-1: 2012 were examined and compared. It was found that the rate and degree of 

biodegradation of PBAT was higher than PLA and PBS, respectively. The lag phase in the biodegradation curve of PLA 

was observed during first twenty days. Whereas, the lag phase was not observed in PBAT and PBS biodegradation 

curves since the growth of microbial activity started immediately. 30% and 70% PBAT were blended with PLA and 

PBS, in order to study the effect of blending on the biodegradation behavior of the polymers. The results indicated that 

the addition of 70% PBAT in PLA (PLA/PBAT 30:70) showed no lag phase in the biodegradation curve. Whereas 30% 

PBAT in PLA (PLA/PBAT 30:70) showed the same lag phase as found in the biodegradation curve of pure PLA. 

Moreover, the addition of 70% PBAT  improved the biodegradation rate of both PLA and PBS during the first month. 

The reason for these results could be due to the PBAT matrix of the blends preferentially attached by microorganism 

and increasing the rate of the biodegradation. However, the addition of 70% PBAT didn’t show any improvement on 

the degree of biodegradation of both PLA and PBS. Furthermore, it was found that the incorporation of 30% PBAT 

affected on the declination of the degree of biodegradation of both PLA and PBS. 
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1. Introduction  

In recent years, environmental pollution has 

become a great concern due to the high impact of plastic 

waste in daily use. Awareness of the waste problems and 

the impact on the environment has been increasing with 

the interest in the plastics that are biodegradable and 

compostable. The properties of these plastics are similar 

to the conventional plastics but after used they can be 

decomposed back to carbon dioxide, water, biomass and 

useable compost without leaving any toxic residue. The 

compost that is formed from biodegradable plastics 

together with other components can be used in agriculture 

and horticulture as a fertilizer [1].  

Polylactic acid (PLA) is linear aliphatic polyester. 

It is transparent, easy to process. It is used to produce   

packaging for short shelf life applications. The ester 

linkage in PLA are sensitive to both chemical hydrolysis 

and enzymatic chain cleavage. It is fully biodegradable 

when composted in a large-scale operation with 

temperatures of 60°C and above. The first stage of 

degradation of PLA is via hydrolysis to water-soluble 

compounds and lactic acid [2].  

Polybutylene succinate (PBS) is a biodegradable 

synthetic aliphatic polyester. It is easy to process and has 

high thermal, chemical resistance and good mechanical 

properties, in particular excellent impact strength and 

flexibility. However, it is a crystalline polymer with a 

glass transition temperature of about -35°C and a melting 

point around 114°C. Hence. At room temperature it 
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behaves as a ductile polymer [3].  

Poly (butylene adipate-co-terephthalate) (PBAT) 

is a well-known biodegradable plastic. It is a flexible 

material, has a higher elongation at break than most 

biodegradable polyesters and more suitable for packaging 

films. The main limitations toward wider industrial 

applications of PBAT are its poor thermal and 

mechanical properties [4,5]. Kijchavengkul et al. studied 

the biodegradation behavior of PBAT under composting 

conditions. The group found the PBAT biodegradation 

was mainly caused by microbial degradation and 

hydrolysis [6]. 

Polymer blend is a mixture of at least two 

polymers that create a new material with different 

physical properties. Yeh et al. studied the compatibility, 

crystallization and tensile properties of PLA/PBAT 

blends in difference proportions produced by melt-

blending. The results showed that PBAT effectively 

toughened PLA [7].  

Muthuraj et al. studied the blending of PLA/PBAT. The 

results showed that the improvement in tensile strength 

and elongation at break of the blend when PBAT was 

added [8]. Biodegradation behavior of PLA, PBAT and 

their blend under soil conditions was studied by Weng et 

al. [4]. They reported that the degradation rates of 

PLA/PBAT blends were different from the degradation 

rates of the respective single polymers. However, the 

degree of biodegradation of these polymers wasn’t 

reported. The melt blending of PBS with PBAT would 

appear to be an ideal route for improving properties of 

these polymers. However, the properties and the 

biodegradability under composting conditions of this 

polymer blend has not been reported. 

 In this work, the rate and degree of 

biodegradation of PLA, PBS and PBAT under controlled 

composting for 90 days according to ISO 14855-1: 2012 

were studied and compared. The effects of the addition of 

PBAT on the rate and degree of biodegradation of PLA 

and PBS were examined. The results could be used to 

evaluate of the biodegradation trend of the samples. 

 

 

2. Experimental Procedure 

2.1 Materials 

The commercial PLA (Natureworks® PLA Polymer 

2100D) exhibits a density 1.24 g/cm3, Peak Molecular 

weight (MP) 151.90 kDa, Polydispersity Index (PDI) 

1.96, melt–flow index of 4.8 g/10 min at 190°C and 2.16 

kg load. PBAT (Ecoflex® F BX 7011) exhibits a density 

1.25-1.27g/cm3, Peak Molecular weight (MP) 702.14 

kDa, Polydispersity Index (PDI) 1.15, melt–flow index of 

2.7-4.9 g/10 min at 190°C and 2.16 kg load. PBS (GS 

PlaTM AZ91TN) exhibits a density 14.8 g/cm3, melt–flow 

index of 4.8 g/10 min at 190°C and 2.16 kg load. The 

blends were melt compounded using a laboratory twin 

screw extruder with co-rating mixing screw. The details 

composition of all test materials used in this study 

reported in Table 1. The plastic sheets was prepared by 

compression molding in a window mold of 180 x 150 x 

0.3 mm3 with a molding temperature of 180°C and a 

pressure of 15 tons for 10 minutes. Microcrystalline 

cellulose (MCE) which had a particle size of less than 20 

µm was used as a positive reference control for 

biodegradability testing. 

 

Table 1 Percentage composition of material 

     Materials PLA 
(wt%) 

PBS 
(wt%) 

PBAT 
(wt%) 

PLA 100 - - 
PBS - 100 - 
PBAT - - 100 
PLA/PBAT 30 - 70 
PLA/PBAT 70 - 30 
PBS/PBAT - 30 70 
PBS/PBAT - 70 30 

  

2.2 Biodegradation Testing 

 Biodegradation test on all studied polymers were 

carried out in a laboratory scale-composting experiment. 

The samples were cut into size of 2.0 x 2.0 cm3 and 60 g 

of plastic sample was mixed with 360 g of inoculum 

before testing. Mass ratio of the inoculum to the dry mass 

of the test material was about 6:1. The experimental work 

was performed in 2-liter glass reactors. The moisture 

content of compost was adjusted to about 50-55% by the 

addition of deionized water. The reactors were kept in a 

dark at an average temperature of 58±2°C maintain 
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throughout the 90 d of experiment. The concentration of 

oxygen in the reactor was not lower than 6%. The rate 

and degree of biodegradation of the studied polymers 

were determined by measure the amounts of carbon 

dioxide evolution. 

 

3. Results and Discussion 

 Biodegradation of polymers is initiated by the 

active of enzymes, which cause a main chain scission of 

polymer into oligomers or monomers. These enzymatic 

scission molecules are absorbed into the microbial cell 

where they are aerobic metabolized into carbon dioxide 

and water. The amount of carbon dioxide evolved from 

the exhaust air from each bioreactor during testing time 

was measure as dissolved inorganic carbon by absorption 

in sodium hydroxide solution [9]. Fig 1, 2 and 3 showed 

percentage biodegradation as a function of time for 

studied polymers and cellulose (as a reference material). 

The degree of biodegradation at 45 days of 

cellulose was 81.59%. This biodegradation testing was 

valid because the biodegradability of the cellulose 

powder was over 70% after testing for 45 days according 

to ISO 14855-1:2004. The degree of biodegradation for 

90 days of PLA, PBS and PBAT were 85.32%, 79.67% 

and 87.21%, respectively (Fig 1). The degree of 

biodegradation of cellulose was 91.46 % under the same 

conditions.  It was found that the lag phase for 20 days 

was observed during the biodegradation testing of PLA. 

PBAT showed the highest degree of biodegradation. 

Whereas, PBS showed the lowest degree of 

biodegradation. The degree of biodegradation of PLA, 

PBS and PBAT was increased as the incubated time 

increase.  

30% and 70% PBAT were blended with PLA and 

PBS, in order to study the effect of blending on the 

biodegradation behavior of the polymer blends. The 

degree of biodegradation of PLA/PBAT 70:30 and 

PLA/PBAT 30:70 were 83.02%, and 75.30%, 

respectively (Fig 2). The addition of 70% PBAT in PLA 

showed no lag phase in the biodegradation curve and 

improved the biodegradation rate of the polymer blend 

during the first month. It is interesting to note that the 

degree of biodegradation of PLA/PBAT 30:70 was 

decreased by 10% when compare with that of pure PLA 

(85.32%). The reason for the disappearing of the lag 

phase and the decreasing in the degree of biodegradation 

of PLA/PBAT 30:70 blend could be due to the PBAT, 

which was the matrix phase of the polymer blend, was 

first biodegraded and PBAT degradation product could 

inhibit the hydrolysis of PLA. Whereas PLA/PBAT 70:30 

showed the same lag phase as found in the biodegradation 

curve of pure PLA.  This could be due to the PLA, which 

was the matrix phase of the polymer blend, need lag 

phase in order to allow the adaptation required for 

bacterial cells to begin the biodegradation process. 

The degree of biodegradation of PBS/PBAT 70:30 

and PBS/PBAT 30:70 were 61.17% and 79.89% 

respectively (Fig 3). The addition of PBAT improved the 

biodegradation rate of PBS during the first month. The 

biodegradation rate of PBS/PBAT 70:30 was decreased 

by 18.50% when compare with that of pure PBS 

(79.67%). The reason for the decreasing in the degree of 

biodegradation of PBS/PBAT 70:30 blend could be due 

to the PBS, which was the matrix phase of the polymer 

blend, was first biodegraded and gave  low degree of 

biodegradation. 

 

 

 

 

 

 

 

Fig. 1 The degree of biodegradation of tested materials 

under controlled conditions by a method based on ISO 

14855-1. 

During the first 20 days, the biodegradation rates 

of pure PLA, PBS and PBAT were 0.14, 1.04 and 1.68% 
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PLA with 30, 70% PBAT and PBS with 30, 70% PBAT 

(see Table 2 and 3) were 1.79, 0.38, 2.04 and 1.64% 

CO2/day, respectively. A lag phase in the biodegradation 

curve was observed on PLA. Since the growth of 

microbial activity started as well as the ultimate 

biodegradation was obtained within the first 20 days of 

the testing. After 20 days the biodegradation rates were 

slow down. Furthermore, the biodegradation curve of 

PBS, PBAT, PLA/PBAT (30:70) and PBS/PBAT (30:70) 

showed the similar biodegradation behavior. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 The degree of biodegradation of tested materials 

under controlled conditions by a method based on ISO 

14855-1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 The degree of biodegradation of tested materials 

under controlled conditions by a method based on ISO 

 14855-1 

 

 

 

Table 2 Biodegradation rate of the mixture of PLA with 

30 and 70% PBAT 

Materials 
     Biodegradation rate ( CO2/day) 

0-20 
days 

20-40 
days 

40-65 
days 

65-90 
days 

Cellulose 3.26 0.68 0.31 0.17 

PLA 0.14 1.16 1.16 0.89 

PBAT 1.68 1.23 0.74 0.39 

PLA/PBAT 

30:70 

1.79 1.70 0.20 0.07 

PLA/PBAT 

70:30 

0.38 0.80 1.26 0.17 

 

Table 3 Biodegradation rate of the mixture of PBS with 

30 and 70% PBAT 

Materials 
     Biodegradation rate ( CO2/day) 

0-20 
days 

20-40 
days 

40-65 
days 

65-90 
days 

Cellulose 3.26 0.68 0.31 0.17 

PBS 1.04 1.44 0.84 0.34 

PBAT 1.68 1.23 0.74 0.39 

PBS/PBAT 

30:70 

2.04 1.15 0.31 0.07 

PBS/PBAT 

70:30 

1.64 0.80 0.23 -0.01 

 

4. Conclusion 

The aerobic biodegradation behavior of poly 

(lactic acid) (PLA), poly(butylene succinate) (PBS) and 

poly(butylene adipate-co-terephthalate) (PBAT) under 

simulated composting conditions for 90 days according to 

ISO14855-1: 2012 were examined. It was found that the 

aerobic biodegradation for 90 days of pure PLA, PBS and 

PBAT were 85.32%, 79.67%, 87.21%, respectively. The 

degree of biodegradation for the mixture of PLA with 30 

and 70% PBAT were 83.02% and 75.30%, respectively. 

While, the mixture of PBS with 30 and 70% PBAT were 

79.89% and 61.17%, respectively. The lag phase in the 

biodegradation curve of PLA was observed during first 

twenty days. Whereas, the lag phase was not observed in 

PBAT and PBS biodegradation curves since the growth 

of microbial activity started immediately. PLA/PBAT 
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30:70 showed no lag phase in the biodegradation curve. 

Whereas PLA/PBAT 30:70 showed the same lag phase as 

found in the biodegradation curve of pure PLA. The 

biodegradation rate of both PLA and PBS during the first 

month could be improved by the addition of PBAT. The 

reason for these results could be due to the PBAT matrix 

of the blends preferentially attached by microorganism 

and increasing the rate of the biodegradation. However, 

the addition of 70% PBAT didn’t show any improvement 

on the degree of biodegradation of both PLA and PBS. 

Furthermore, it was found that the incorporation of 30% 

PBAT affected on the declination of the degree of 

biodegradation of both PLA and PBS since the polymer 

matrix in the polymer blend affect the rate and degree of 

biodegradation of the polymer blends. 
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Abstract 
Poly(butylene adipate-co-terephthalate) (PBAT) and starch, which are known as biodegradable materials, can 

be melt blended and processed to useful plastic products. The biodegradation behavior of blends of PBAT and starch 
(PBAT/starch) was examined and presented in this paper. In order to study the effects of starch contents on the 
biodegradability of the blends, the samples were investigated under simulated composting conditions according to ISO 
14855-1. The concentrations of the starch in the blends were 30, 50 and 70% by weight. It was found that the ultimate 
aerobic biodegradation after 90 days of PBAT and PBAT/starch blends (30, 50 and 70 %wt) was 87.21%, 97.58%, 
100.00% and 100.00%, respectively. Whereas the biodegradation of cellulose, a  positive reference material, was 
91.46% under the same conditions. The lag phase in the biodegradation curve of all samples was not observed since the 
growth of microbial activity started immediately. The results indicated that the biodegradation of all samples increased 
as increasing the incubated time. Moreover, the addition of the starch content blending into PBAT could increase the 
biodegradation of the blends. The reason for increasing the biodegradation could be due to the starch domains 
preferentially attached by microorganism and increasing the percentage of carbon dioxide produced. The more amount 
of starch contents used, the greater biodegradations of the blend samples yielded. The biodegradation of the tested 
materials before and after biodegradation testing was also assessed by SEM. The SEM micrographs reveal that there 
were no smooth areas on the surface, and cracks expanded across the entire surface. Moreover, a large number of 
bacteria and fungi was observed as an extended biofilm on the surface of materials. It can be concluded that all tested 
materials are biodegraded under simulated composting conditions. 

 
Keywords: PBAT, composting, biodegradation, ISO 14855-1 

 
1. Introduction 

Biodegradable  polymers   have   gained   attention 
from industries to reduce municipal solid waste. One of 
the biodegradable polymers that has potential in 
commercial  use  is  poly(butylene  adipate-co- 
terephthalate) (PBAT), which is an aliphatic-aromatic 
copolyester. It was distributed under the trade name 
Ecoflex®    for  versatile  applications,  such  as  use   in 
compost bags, mulch film, lamination materials, and 
transparent films for wrapping food [1-2]. Starch is well 
known as biodegradable material which derived from 
renewable sources. It is interesting to study the 
biodegradability under composting conditions of the 
materials.  The  results  from  this  study  give  the 
information of the biodegradability nature and time 
required for biodegradation of the tested materials. 
 

Nayak et al. investigated the biodegradation of 
thermoplastic starch PBAT/TPS blends with two different 
organically modified nanoclays. After incubation for 130 
days  under  controlled  composting  conditions,  only  a 
slight increase in the rate of biodegradation was observed 
for the PBAT/TPS/C30B formulation. They reported that 
the rate of degradation of PBAT matrix increased with 
the  incorporation  of  TPS/nanoclay  [3].  Smita  et  al. 
studies the effect of starch modification on mechanical, 
thermal, morphological and biodegradability behavior of 
PBAT. PBAT/TPS blends and PBAT/TPS/C30B were 
prepared at various weight% of clay and TPS. 
Biodegradation   test    also    confirmed    an    increased 

biodegradability in PBAT/TPS system in an aerobic 
compost medium [4].    Paula et al. studied the effect of 
the incorporation of starch nanoparticles in PBAT/TPS 
blends.  The  results  from  biodegradability  testing 
indicated the composite showed faster deterioration than 
the matrix, showing the forst changes in its tonality and 
breakdowns at only 6 days of burial in soil [5]. It can be 
concluded that starch blend facilitate the biodegradation 
of the PBAT. However very little has been reported on 
the effect of the amount of TPS on the biodegradation 
rate and degree of the PBAT. 
 

The aim of this study was to investigate the 
biodegradability of PBAT under simulated composting 
conditions. In order to study the effects of starch contents 
on the biodegradability of the blends, the samples were 
investigated under simulated composting conditions 
according to ISO 14855-1. 
 
2. Experimental 
2.1 Specimens 
 

PBAT (Ecoflex®, BASF) exhibits a density of 1.25-
1.27 g/cm3, and a melt-flow index of 2.7-4.9 g/10 min 
at190oC and 2.16 kg load. The starch used in this study was 
unmodified   cassava   starch.   The   blends   were   melt 
compounded using a laboratory twin screw extruder with 
co-rotating mixing screw. The amount of the starch in the 
blends was varied to 30%, 50% and 70% by weight. 

mailto:thanawl@mtec.or.th
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2.2 Biodegradation testing 
Biodegradation testing in a laboratory-scale compost 

was conducted according to ISO 14855-1 [6]. The 
bioreactors, glass flasks of 2 liters internal volume were 
used. The compost was sieved on a 10 mm screen, and inert 
materials such as glass, stones, and metal were removed. 
The compost had the following characteristics: total solids 
52.47 %wt; volatile solids 40.53 %wt; and pH 7.10. Its 
water content was raised to 50 %wt by adding water. The 
sample pellet was grided into powder with the particle  size  
of  less  than  500  µm..   The  total  organic carbon content 
(TOC) of the PBAT, starch blends (30, 50 and 70 %wt) 
were 64.25, 56.98, 52.98 and 47.66 %wt, which was 
determined by elemental analysis (Leco TruSpec® CHNS 
(micro) Analyzer). Cellulose powder of thin-layer 
chromatography grade with a particle size of less than 20 
µm (Cellulose microcrystalline; Merck, Germany) was used 
as a positive control (TOC = 43.52 %wt). A mixture of 
compost (360 g, dry weight) and tested sample (60 g, dry 
weight) were subsequently introduced in a bioreactor. Each 
blank consisted of the compost only, containing about 360 
g (dry weight). The experimental replicates of the tested 
materials or blank were in triplicate. The set of bioreactors 
was exposed to humidified air free of CO2 gas for a test 
period of 90 days at a constant temperature of 58 + 2oC. 
The amount of CO2 gas evolution was measured using a 
titration method. The evolved CO2 from the bioreactor was 
absorbed in 0  ml  of  0.5  N  NaOH  solution and  
determined by titration with 1.0 N hydrochloric acid. 
 

The  amount  of  evolved  CO2    was  determined  by 
titration (Auto Titrator Model 785 DMP Tritino). The 
percentage biodegradation, Dt was calculated using 
equations as follows: 

 

Dt   = 
(CO2 )T − (CO2 ) B x100 

  T hCO 
 
ThCO2 = MTOT x CTOT x (44/12) 

 

where ThCO2 is the theoretical CO2 evolved, based on total 
carbon in sample, MTOT is the total dry solids in grams of 
test materials introduced into bioreactor at start of the test, 
CTOT is the proportion of total organic carbon in the dry 
solids in the test material in gram per gram, (CO2)T  is  the  
cumulative  amount  of  CO2  evolved  in sample vessels in 
grams per vessel, and (CO2)B is the cumulative amount of 
CO2 evolved in blank vessels in grams per vessel. 
 
2.3 Morphological Study 

In order to investigate the effect of biodegradation on 
the structural properties, the surface structures of the 
samples, before and after biodegradation test, were 
observed by a scanning electron microscope (SEM; SEM- 
JSM 6301F model); the samples were mounted on copper 
stabs and gold-coated with a sputter coater. The tested 
samples were coated with gold in a sputtering device for 3 
min at 15 mA, and they were examined under the scanning 
electron microscope. At the end of the 90th day of the 
testing, the samples were taken out from the reactor and 
submitted to SEM with and without cleaning in distilled 
water. 

2.4 Infrared Spectroscopy 
The tested materials were characterization by a FT-IR 
spectroscopy method. FT-IR spectra were recorded on 
KBr pellet sample, with a PC simulated Perkin Elmer 
series 2000 FT-IR in spectral region between 4000 and 
600 cm-1. 

 
3. Results and discussion 
3.1 Biodegradation testing 

This biodegradation testing was valid because the 
biodegradability of the cellulose powder was over 70% 
after testing for 45 days according to ISO 14855-1. 
Cellulose powder, which was used as the positive control, 
was degraded by 91.46 %wt after testing for 90 days. 
Whereas  PBAT  and  PBAT/starch  with  30,  50  and 70  
%wt  starch  contents  were  degraded  by  87.21%, 
97.58%, 100.00% and 100.00%, respectively. Fig. 1 
showed the degree of biodegradation of the tested 
materials. The results indicated that the biodegradation of 
the PBAT and PBAT/starch blends increased as increasing 
the incubated time. Moreover, the more amount of starch 
contents used, the greater the degree of biodegradation of 
the  blend samples yielded. The highest biodegradation 
rate was PBAT/starch blend 70 %wt, followed by starch 
blend 50 %wt, 30 %wt and pure PBAT. This is probably 
due to the starch domains preferentially attached by 
microorganism and increasing the percentage of carbon 
dioxide produced. 
 

For all tested materials, the biodegradation curve 
showed   two   steepnesses.   The   steeper   slopes   were 
observed during the first 30 days of testing. In addition, 
the  biodegradation  rates  of  PBAT  and  PBAT/starch 
blends (30, 50 and 70 %wt) were 1.74, 2.39, 2.62 and 2.85 
%CO2/day, respectively for the first 30 days (Table 1). A 
lag phase in the biodegradation curve of all samples was 
not observed since the growth of microbial activity starts 
immediately. This means that the biodegradation reaction  
has  been  started  within  the  first  day  of  the testing. 
After 70 days, the biodegradation of all tested materials 
reached  their  plateau  phases.  At  the  plateau phase, the 
CO2 evolution of PBAT and starch blends (30, 50, 70 
%wt) were 0.37, 0.25, 0.25 and 0.19 %CO2/day, which 
indicated that the slower rate of biodegradations were 
achieved during this period. The biodegradation of 
cellulose also showed the similar trend. The higher 
degradation in the beginning period of testing can be 
attributed by the microbial activity and the hydrolysis 
reaction [7, 8] 
 
3.2 Morphological Study 

The surface morphology of PBAT before and after the 
incubation under simulated composting conditions was 
examined by SEM, as shown in Fig. 2. The PBAT sample 
before the biodegradation testing had a relative smooth 
and continuous uniform surface. After biodegradation 
testing for 90 days, the surface of the sample became 
rougher with some agglomeration and a number of more 
cavities. 
 

The SEM images of the PBAT/starch blends 30 %wt 
after biodegradation testing for 90 days are showed in Fig. 
3. The degradation surface of all PBAT/starch blend after 
the testing presented larger cavities and more cracks 
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than that of the pure PBAT. The biodegradability of 
PBAT/starch blend enhanced due to the higher 
biodegradation rate of starch in the component [9]. This 
occurrence could be caused by microorganisms under 
simulated composting conditions that utilize the carbon 
sources in both PBAT and starch as a food source [10]. 
 

Fig. 2b – 3b show the biodegradation surface of the 
samples after testing for 90 days without cleaning, whereas 
Fig. 2c – 3c show the biodegradation surface of the 
samples with cleaning in distilled water and dried at 40 ºC 
in vacuum oven for 24 h. It was then allowed to equilibrate 
in desiccator at least 24 h. It was noted that the colonies of 
microbe’s filament-like fungi were observed on the sample 
surface. For PBAT/starch blend 50 and 70 %wt, it was 
completely biodegraded and no residuals could be 
observed thought visual inspection.  

 
 

 
 
Fig. 1 Biodegradation of the tested materials 
 
Table 1 Biodegradation rate of the tested materials under 
simulated composting conditions by a method based on 
ISO 14855-1. 

3.3 Infrared Spectroscopy 
Fig. 4 reveals the overlaid FT-IR spectra of PBAT, 

starch and PBAT/starch blends before the biodegradation 
testing. There were no significant differences of the 
absorption band at 1757 cm-1, corresponding to carbonyl 
(>C=O), between the FT-IR spectra of all PBAT/starch 
blends with varying starch contents. 

Fig. 5 and 6 show a comparison of the FT-IR spectra 
of PBAT, PBAT/starch blends (30 %wt) before and after 
biodegradation testing, respectively. Based on the chemical 
structure of PBAT, the functional groups, such as 
hydrogen-bonded hydroxyl (-OH) and carbonyl (>C=O) 
groups can be used as tools to study the degradation. As a 
result of main chain scission from the hydrolysis at ester 
linkages, the increase in H-O groups should be observed in 
the FT-IR absorbance spectra. An increase in H-O groups 
at 3600-3000 cm-1 was observed in the spectrum of PBAT 
after the biodegradation testing. This result indicated that 
ester functional groups of PBAT were hydrolyzed to 
hydroxyl and carboxylic functional groups. On the other 
hand, a decreased in H-O groups was observed in the 
PBAT/starch spectrum, these results indicated that the 
starch content in the blends was biodegradation faster than 
PBAT. 
 
 

 
 
Fig. 2 SEM micrographs of surface of PBAT before (a), 
after (without cleaning) (b) and after (with cleaning) (c) 
biodegradation testing for 90 days. 
 
 

 
 

Fig.  3  SEM  micrographs  of  surface  of  PBAT/starch 
blends before (a), after (without cleaning) (b) and after 
(with cleaning) (c) biodegradation testing for 90 days. 
 

 
 
Fig. 4 FT-IR spectra of PBAT, starch and PBAT/starch 
blends before biodegradation testing. 
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Fig. 5 FT-IR spectra of PBAT before and after 
biodegradation testing. 
 

 
 
Fig. 6 FT-IR spectra of PBAT/starch blend (70:30) before 
and after biodegradation testing. 
 
4. Conclusions 
The  biodegradation tests  of  PBAT  and  starch 
blends were carried out under simulated composting 
conditions. It was found that the ultimate aerobic 
biodegradation after 90 days of PBAT and PBAT/starch 
blends  (30,  50  and  70  wt%)  was  87.21%,  97.58%, 
100.00%  and  100.00%,  respectively.  The  results 
indicated that the rate and degree of the biodegradation of 
the PBAT is increased as the amount of the starch 
increased. Whereas cellulose, a positive reference material, 
biodegraded 91.46% under the same conditions. It can be 
concluded that all tested materials were biodegradable 
under composting conditions within the time-frame of 
biodegradation according to ISO 14855-1:2012. 
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Abstract 
 

Abuscular mycorrhizal is a fungus that can penetrate the cortical cells of the roots of a vascular plant. 

Mycorrhizal fungi help increase the surface area of the plant root system and have been known for the role in supplying 

phosphorus and relieving drought stress in host plants. In this study, novel approaches of entrapment of A. mycorrhizal 

spores in soil (AM) and AM-organic fertilizer (AMF) beads with alginate films for improved efficiency and stability of 

A.mycorrhizal for further fertilization of plants is developed and evaluated. It was demonstrated that the germination rate 

of A.mycorrhizal mycelium from AM and AMF beads depended on concentration of alginate in coating films. For the 

mechanical property, it was shown that the hardness of AM and AMF beads increased with an increasing percentage of 

alginate from 1 to 3%. Sodium alginate of 2% concentration was found to be best for the formulation of coating films 

with respect to mycelial fungus germination rate and mechanical property of the AMF and AM beads. 
 
 

Keywords: Abuscular mycorrhizal, fertilizer, alginate, entrapment 
 

transportation of phosphorus [3,4]. Symbiosis 
 

1. Introduction 
 

Abuscular mycorrhizal is a fungus that can 

penetrate the cortical cells of the roots of a vascular and 

can help increase the surface area of the plant root system. 

A. mycorrhizal fungi have been known for the roles in 

supplying phosphorus and relieving drought stress in host 

plants.  Currently, impact of droughts on the environment 

has been seriously concerned, especially in agricultural 

region. From the information from Hydro and Agro 

informatics institute  (HAII,  Thailand), it  was  reported 

that the quantity of rain water accumulated in 2013 was 

lowest  in  last  10  years  [1].  Drought  stress  showed 

negative effects on  nutrient adsorption of  plants, 

especially  for  plant  nitrogen  and  phosphorus  [2].  In 

natural environment, many kinds of microbial can help 

plants for phosphorus fixation. But A. mycorrhizal fungi is 

more popular and acceptable to be applied to plants, which 

grow under water insufficient condition than other 

microbial. A. mycorrhizal fungi can act as intermediate 

transporter    between    soil    and    plants,    especially, 

 

associations   of   A.   mycorrhizal   on   plants   root   are 

beneficial to host plants, soil, and environment in many 

ways. These associations improve plant nutrient uptake, 

especially P-element which moves 10 times faster in 

mycelium than in roots, help increase stability of soil 

structure and reduce drought effect on host plants because 

its mycelium can enlarge the absorption range of roots 

[5,6,7]. It was reported that mycorrhizal colonization and 

arbuscles also play a major role in improving reactive 

oxygen metabolism of drought-stressed plants, thus 

inducing a lower oxidative damage [8]. However, water 

loss and toxics from soil might negatively affect 

germination of A. mycorrhizal spores. Therefore, 

encapsulation technique has been developed to protect to 

this fungus from improper environments. In addition, 

encapsulation technique can be used to slow release 

nutrients from fertilizer and improve hardness of fertilizer 

granules [9-12]. Many types of materials have been 

applied for the encapsulation of granular fertilizers, such 

as   polylactic   acid,   polyvinyl   alcohol   or   extracted 
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biopolymers from nature, such as agar and sodium 

alginate. The properties of the encapsulated granules 

mainly depend on type and concentration of coating 

materials [10,13]. Alginate is a natural polymer extracted 

from brown seaweed. It is generally regarded as a safe and 

popular substance for many applications because of its 

nontoxic properties to human and environment, cheap, 

suitable for all type of microbial.  Sodium alginate has a 

high ability to absorb water, thus it is used as a gelling 

agent. Calcium chloride (CaCl2) is commonly used as a 

crosslinking agent of sodium alginate. Previously, sodium 

alginate has been used in biomedical applications to 

prevent infection of wounds and transport drug and 

protein. [13,14]. 

In this study, novel approaches of entrapment of A. 

mycorrhizal-organic fertilizer (AMF) beads with alginate 

film for improved efficiency and stability of A. 

mycorrhizal for further fertilization of plants is developed 

and evaluated.  The AMF beads could be further applied to 

increase the rate of plant growth in water deficient regions. 

The film coating technique was  developed in order to 

protect A. mycorrhizal from toxic environments and 

prolong the lifetime of storage. 
 
 

2. Materials and Methods 
 

2.1 Materials 
 

A. mycorrhizal (Glomus sp. and Acaulospora sp.) 

in form of spores in soil were kindly supported by 

Department of Agriculture, Ministry of Agriculture and 

Cooperatives (Bangkok, Thailand). Organic fertilizer was 

purchased from Charoen Pokphand Northeastern Public 

Co., Ltd. (CPNE) (Bangkok, Thailand). 

 
2.2 Preparation of sodium alginate and calcium 

chloride solutions 

Sodium alginate solutions (1%, 2% and 3%) were 

prepared by dissolving sodium alginate powders (Acros 

Organics,USA) in DI water at 60 ℃. The mixtures were 

thoroughly stirred until clear solutions were formed. The 

solution of calcium chloride (Ajax Finechem Pty. Ltd., 

Australia) was prepared at concentration of 0.1 M in DI 

water and was then used as cross-linking agent. 

2.3 Preparation of AM beads 
 

A. mycorrhizal spores in soil were mixed with 

glycerol in the ratio of 3 g of soil to 0.3 ml of glycerol. 

The mixture was filled in a Hand Press Manual Machine 

(Bangkok, Thailand) to form granules of diameter 

approximately 0.6 cm with a thickness of 0.5 cm. The 

compressed AM granules were coated by immersion in the 

prepared alginate solutions. Afterwards, the AM granules 

were crosslinked by soaking in 0.1 M CaCl2 solution for 

30 min before dried at room temperature. 

 
2.4 Preparation of AM-organic fertilizer (AMF) beads 
 

A. mycorrhizal spores in soil were mixed with 

organic  fertilizer  in  ratio  1:1  by  weight.  Then  the 

mixtures were mixed with glycerol in ratio of 3 of AM- 

organic fertilizer (AMF) to 0.3 ml of glycerol. After that 

the AMF beads were fabricated, coated and cross-linked in 

the similar procedures as previously described in 2.3. 

 
2.5 Characterization of the AM and AMF beads 
 

Morphologies of surface and cross section of the 

AM  and   AMF  beads  were  measured  by  Scanning 

Electron Microscope (SEM).   The   beads was   rapidly 

cut by  a   sharp  blade,  sputtered  with  gold  and 

photographed.   The coated specimens were examined 

under SEM using a JOEL JSM-5410LV microscope 

(Tokyo, Japan). 

 
The mechanical property of the beads was 

determined in term of hardness. The hardness of the AM 

and AMF bead were measurement by using universal 

testing machine (model ES-Z, SHIMADZU, Japan). The 

hardness was reported as the average value determined 

from at least five specimens. 

 
2.6 Germination of  fungal mycelium from the AM 
 

and AMF beads 
 

Germination of the fungal mycelium from the AM 

and AMF beads was observed on glass plates containing 

Whatman ® Cellulose Membrane No.1 (11 µm diameter 

pores)    (Sigma-Aldrich.com, US),  which  was  pre-wet 

with DI water and incubated at room temperature (30° C) 

for 8  days using a stereo microscopy (model  SMZ-161, 
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Motic, Japan) for the detection.  Percent germination was 

reported as the average value determined from five beads. 
 
 

3. Result and discussion 
 

3.1 Scanning electron microscopy (SEM) 
 

Fig.1 shows no significant difference in the overall 

appearance of the granules of the AM beads coating with 

alginate films at different alginate concentration. The 

beads are cylindrical in shape with ф ~0.7 cm and 

thickness ~0.5 cm.   SEM was employed to study the 

morphologies of cross-section of AM (Fig. 2A) and AMF 

(Fig. 2B) beads and surface of AM (Fig. 2C) and AMF 

beads  (Fig.  2D),  coated  with  2%  alginate  films.  The 

cross-section images show thin films of Ca2+cross-linked 

alginate of about 100 µM-thickness, coating at outer layer 

of the beads. The surface of AM bead is slightly different 

from that of AMF bead. It was shown that the surface 

roughness of the beads increased from the addition of 

organic fertilizer. 

 
 

Fig.1 AM beads coated with 1% (A), 2 % (B) and 3 % (C) 

sodium alginate, respectively. 

3.2 Mechanical properties of AM and AMF bead 
 

The hardness of AM and AMF beads is shown in 

Fig.3 and 4, respectively. The hardness of the beads could 

be increased by ~ 10 times by increasing concentration of 

alginate in the coating film from 1% to 3%. There was no 

significant difference in hardness between AM and AMF 

beads. The AM and AMF beads with 3% alginate coating 

film exhibited very high hardness (~80 N). Base on 

mechanical  property,  the  alginate  concentration  in  the 

film formation should be ≥ 2% to obtain sufficient 

hardness for practical use. 
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Fig.3 The hardness of A. mycorrhizal (AM) beads coated 

with calcium alginate films at different alginate 

concentrations. 
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Fig.4 The hardness of A. mycorrhizal-organic fertilizer 

(AMF)  beads  coated  with  calcium  alginate  films  at 

different alginate concentrations. 
 
 
 
 
 
 
 
 
 

Fig.2 SEM images: cross-section of AM (A) and AMF 

(B) beads; surface of AM (C) and AMF (D) beads. 

3.3 Germination of fungal mycelium from AM and 
 

AMF beads 
 

Percent germination of fungal mycelium from the 

AM and AMF beads is shown in Fig. 5. Overall, the rate 

of germination of fungal mycelium from of AM beads was 

significantly higher than AMF beads because of a 
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higher number of spores, which was about 2-fold higher in 

AM beads as compared to AMF beads.   Higher 

germination  rate  was  obtained  by  entrapment  of  AM 

beads with 2 and 3% alginate films as compared to that of 

1%, which could be due to greater hydrophilicity of the 

coating film. Increasing soluble alginate concentration in 

the film formulation from 1% to 2 or 3% led to higher 

water loading in films, which could accelerate mycelium 

germination rate. However, the more dense structure of 

coating films formulated with very high alginate 

concentration  (3%)  could  also  limit  oxygen  transfer 

across the film, which could be a reason for the relatively 

low germination rate of 3% AMF beads. Morphology and 

mechanical  properties  of  the  beads  showed  no  direct 

effect on the degree of germination. 
 
 

120 
 

100 
 

80 

formulation of coating films with respect to mycelial 

fungus germination rate and mechanical property of the 

AMF and AM beads. Morphology and mechanical 

properties of the beads showed no direct effect on the 

degree of germination. 
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Abstract 
 

The objective of this work is to develop biodegradable foams from renewable resources for the use as single -use 

foam trays to replace commercial expanded polystyrene (EPS) foams. The biodegradable foams were prepared from 

wheat gluten/gelatinized wheat starch (WG/GWS) blend using compression molding process. Wheat starch (WS) was 

gelatinized in a twin screw extruder using various ratios of water/glycerol (30:30, 30:35 and 30:40) with respect to WS 

weight. Sodium bicarbonate (baking soda) with amount of 0, 4, 8, 12 and 20 was used as blowing agent for foam 

production.  The effect of blowing agent content on morphology, mechanical properties and water resistance of foams 

was evaluated. The scanning electron microscopy (SEM) analysis revealed a presence of open-cell structure in all foams 

containing the blowing agent. The cell size and density of foams increased with increasing blowing agent concentration. 

Flexural modulus and strength of the foams tended to decrease as reducing density. Moreover, the foam with high 

content of blowing agent provided an improvement of water resistance. 

 
Keywords: Foam, Wheat gluten, Wheat starch, Blowing agent 

 
 

1. Introduction 
 

Nowadays, foams for food packaging play an 

important role in the daily lives of human. The foams are 

popular to use as single-use trays and containers for food 

due to a change of human lifestyle as well as a growth of 

the economy and technology. The foams for food 

packaging are mainly made of expanded polystyrene 

(EPS) which is a non-biodegradable materials and difficult 

for recycle resulting in the environmental pollution. Thus, 

there is a strong attention on development of 

biodegradable foams based on renewable resources. Of 

great interest are starch and cereal proteins as 

biodegradable substitutes for petroleum based EPS to 

produce foam packaging. Various starch based foams 

baked were prepared by compression and baking 

processes from corn starch [1,2], cassava starch [3-5], 

potato starch [6] and wheat starch [7]. 

In this research, new biodegradable foam was 

prepared from the blend between wheat gluten (WG) and 

gelatinized  wheat  starch  (GWS)  using  baking  soda 

(sodium bicarbonate, NaHCO3) as a blowing agent. The 

research idea is generated from the way to make food 

foams such as breads or cakes by baking process in which 

wheat flour, water (or milk) and baking soda are main 

ingredient. In this work, wheat starch (WS) was 

gelatinized by water/glycerol before used in order reduce 

temperature and time for foam processing. Moreover, 

what gluten (WG) was blended into gelatinized wheat 

starch because WG possesses unique properties such as 

good viscoelastic and foaming properties [8]. 

Furthermore, the incorporation of WG could reduce water 

absorption in cassava starch foam [5]. 

The aim of the present study was to investigate the 

effect of blowing agent content on morphology and 

mechanical properties of WG/GWG biofoams. 
 
 
2. Materials and methods 
 

2.1 Materials 
 

Wheat starch (WS) was purchased from Manildra 
 

Starches PTY Ltd. Australian Wheat gluten (WG) was 
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obtained from Anhui Ante Food Co., Ltd, China. Sodium 

bicarbonate (NaHCO3) and glycerol were supplied from 

Ajax Finechem PTY Ltd. All chemicals used as received, 

except for WS and WG which were dried in oven at 70°C 

for 12 hr. before used with moisture content of 5%. 

 
2.2 Preparation of gelatinized wheat starch (GWS) 

Gelatinization of  WS  was  performed  in  a  twin  

screw extruder with a temperature profile of 90, 110, 120, 
 

120 and 120°C from feed zone to die section, respectively 

with a screw speed of 60 rpm. The WS was gelatinized by 

a mixture of distilled water (DI) and glycerol with three 

different ratios of 30:30, 30:35 and 30:40 with respect to 

WS weight. Then extruded was dried at 70°C for 6 hr., 

after that ground with a gridding machine to obtain coarse 

powder and then ground with a ball mill machine 5 hr. to 

obtain fine powder. 
 
 

2.3 Preparation of biofoams 
 

A mixture of WG and GWS (200 g) with various 

content of NaHCO3 (0, 4, 8, 12 or 20 phr.) were mixed in 

dry state. Then water and glycerol (a ratio of 1:1 by 

weight of total solid) was added, mixed into the WG/GWS 

mixture. The batter was kept at room temperature 

overnight and then kneaded using a two roll mill machine 

for 10 min to provide homogeneous dough. The mold 

foams was prepared using compression molding machine 

at 120°C for 5 min without applying pressure.   Table 1 

shows all formulation for preparation of the foams. 
 
 

Table1. Foam formulations 
 

 
 

Foam formulations 

Ratio of 

WG:GWS 

(w/w) 

Amount of 

NaHCO3 

(phr) a) 

WG/GWS5050_B0 50:50 0 

WG/GWS5050_B4 50:50 4 

WG/GWS5050_B8 50:50 8 

WG/GWS5050_B12 50:50 12 

WG/GWS5050_B20 50:50 20 
a)phr = part per hundred of WG/GWS weight 

2.4 X-ray diffraction analysis (XRD) 
 

X-ray diffraction analysis was used to investigate 

crystalline characteristic of native WS and gelatinized 

starches by using XRD-6100, SHIMADZU at 30 kV, 20 

mA, scan range 3°-35° and scan speed 5 deg/min. 
 
 
2.5 Scanning electron microscopy 
 

Morphology of biofoams was examined using a 

scanning electron microscope (SEM), Hitachi TM3030, 

with operating voltage of 15 kV was cut by a razorblade 

and the cross-sectional surface of foams was coated with 

gold and palladium under vacuum. 
 
 
2.6 Porous diameter 
 

Porous diameter was investigated by SEM images 

of the cross-sectional surface of foams with magnification 

of 150 x. A hundred pores were used to measure diameter 

using an Image J software. 
 
 
2.7 Density of biofoam 
 

Foam density was determined by weight and volume 

measurement. The foam specimens were weighed. The 

density of foam was calculated as follows: Density = 

W/V, where W and V are weight (g) and volume (cm3) of 

the foam, respectively. At least 10 specimens were 

measured for each foam formulation. 
 
 
2.8 Mechanical properties 
 

The biofoams were conditioned in environmental 

chamber with 50±2% relative humidity (R.H.) at 25°C for 

48 hr. previous to mechanical testing. Flexural testing was 

performed in the three point bending mode using an 

Instron model 5969 Universal Testing Machine. Foam 

specimens with width of 12 mm, length of 62 mm and 

thickness of 3 mm were used for testing. Flexural strength 

and elastic bending modulus at stain of 5% were reported 

according to ASTM D790. The modulus was calculated 

using the equation: 

E= (dF/dL × c3)/ (4 × b × a3) 
 

where dF/dL is the initial slope of the force versus 

deformation curve, c is the support span (49 mm), b is the 

sample   width   (12   mm)   and   the   sample   thickness. 
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Crosshead speed was 1.3 mm/min. The samples were 

conditioned in a closed container under relative humidity 

(RH) of 50 ± 2 % using saturated magnesium nitrate 

hexahydrate solution before testing. 
 
 

2.9 Water absorption 
 

Water absorption test of the foam was performed 

by weighing the sample (12 x 62 x 3 mm) before and after 

immersion in deionized water at 25°C at certain time of 5, 

10, 30, 60, 120, 360, 720 and 1440 min. Three replicate 

samples were tested. The water absorption (WA) of the 

foams was calculated as: 

WA = [W1-W0]/W0 
 

where W0  and W1  are the weight (g) of the foam before 

and after submersion in water. 
 
 

2.10 Statistical analysis 
 

Statistical analysis was conducted using Fisher’s 

comparison (Minitab Statistical software; Release 16.2.0) 

to evaluate the significant difference of data. 
 
 

3. Results and Discussion 
 

3.1 X-ray diffraction analysis 
 

X-ray diffraction analysis was used to study a 

change of crystallinity in granular starch before and after 

gelatinization.  The  WS  was  gelatinized  with 

water/glycerol mixture with three different ratios (30:30, 

30:35 and 30:40). XRD pattern of native WS and all 

gelatinized wheat starch (GWS) are presented in Figure 1. 

The XRD pattern of WS showed that starch is a semi- 

crystalline polymer with strong peaks at 2θ = 15.14, 

17.12, 18.03, 20.01 and 23.08 indicating A-type 

crystalline structure pattern [9]. On the other hand, the A-

type structure disappeared in XRD patterns of all GWSs 

as a result of the loss of crystalline structure during 

gelatinization.  Moreover, it was clearly seen that in the 

XRD patterns of all GWSs observed two new peaks at 2θ 

= 13.58°and 20.78°. These peaks indicated a presence of 

VA (anhydrous)-type crystallinity structure formed by the 

crystallization of amylose complexed with glycerol or 

lipids [10]. Considering an effect of different 

water/glycerol ratios on the XRD pattern, it was found that 

all GWSs gelatinized with various water/glycerol ratios 

provided similar XRD patterns. Thus, in this work the 

water/glycerol ratio of 30:30 was chosen for gelatinization 

of native starch performed in the twin screw extruder. This 

is because the GWS prepared from the higher glycerol 

content (at the ratios of 30:35 and 30:40) showed low 

modulus and tensile strength due to good plasticization 

effect of glycerol, resulting in reduction of mechanical 

properties of WG/GWS foams. 
 
 
 
 

GWS 30:40 
 

 
GWS 30:35 

 
GWS 30:30 

 
WS 

 
 

0 5 10 15 20 25 30 35 40 
Diffraction Angle (2θ) 
 

Figure 1. X-ray diffraction diagrams of WS, GWS 30:30, 
GWS 30:35 and GWS 30:40 

 
3.2 Scanning electron microscopy 
 

SEM analysis was used to investigate morphology 

prepared WS and WG/GWS foams. Figure 2 illustrates 

SEM images of cross-sections of WG/GWG and GWS 

foam specimens. Fig.2a-e presents SEM images of 

WG/GWG foams at a ratio of 50:50 with various NaHCO3 

content of 0, 4, 8, 12 and 20 phr. 
 
 

a) b 
 

 
 
 
 
 

c) d) e) 
 
 
 
 
 
Figure 2. Scanning electron micrographs of a)WG/GWS 

5050_B0, b)WG/GWS5050_B4, c)WG/GWS5050_B8, d) 

WG/GWS5050_B12 and e)WG/GWS5050 _B20 
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From fig. 2, it was observed that all WG/GWS 

foams had open-cell type structure. The cellular structure 

is generated from venting CO2 and H2O which are by- 

products from the decomposition process of NaHCO3 

during hot-compression the dough. The size of cells 

increased with an increase in blowing agent content 

whereas thickness of cell walls was thinner with 

increasing NaHCO3 content. These results indicated that 

the WG/GWS foam with high amount of the blowing 

agent had a more expansion properties. 

30 
25 
20 
15 
10 
5 
0 

40  50  60  70  80  90 100 110 120 
Dimension of cell size (µm) 

 

 
b) 20 

 
15 

Figure 3, 4 and 5 shown distribution of cell size, 

average cell size diameter and density of WG/GWS foams 

with the blowing agent content of 4, 8, 12 and 20 phr, 

respectively. It was obvious in fig.3 that the foams with 4, 

8 and 12 phr of NaHCO3 possessed a normal bell shape 

distribution but in the case of the foam containing 20 phr 

of NaHCO3, the cell size distribution showed an 

asymmetrical right-skewed pattern. As shown in fig 4, the 

average cell size diameter of the foam with 4, 8 12 and 20 

phr of NaHCO3 was around 75, 90, 155 and 157 µm, 

respectively. Incorporation of NaHCO3 into the WG/GWS 

blends increased the size diameter of cell. However, the 

average cell size diameters of WG/GWS foams containing 

12 and 20 phr of blowing agent were not significantly 

different.  Considering densities of all foams in fig. 5, the 

density of foam decreased from 1.079 to 0.545 as 

increasing blowing agent loading from 0 to 20 phr because 

of a presence of a bigger cell size diameter when NaHCO3 

content increased. 
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Figure 4. Average cell size diameter of WG/GWS5050 

foams with NaHCO3 content of 4, 8, 12 and 20 phr. A 

different  letter  means  significantly  different  at  95% 

confidence level (Fisher’s comparison). 
 

5 
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Dimension of cell size (µm) 

 
Figure 3. Distribution of cell size of WG/GWS foams at a 

ratio of 50:50 at different blowing agent content of a) 4, b) 

8, c) 12 and d) 20 phr 
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increase in blowing agent content. Thus, the foam with 

higher level of blowing agent had high water resistance 

ability. This is because the foam containing low NaHCO3 

content possessed thicker cell walls, leading to higher 

water absorption with respect to the foam prepared from 

high blowing agent content with thinner cell wall 

thickness. 

 
 
 
 
 
 
 

Figure 5. Density of WG/GWS5050 foams with NaHCO3 
 

content of 0, 8, 12 and 20 phr 
 

 
3.4 Mechanical properties 

 

Table 2 presents flexural modulus and strength 

values of WG/GWS biofoams at ratio of 50:50 with 

NaHCO3 content of 4, 8, 12 and 20 phr. It was found that 

flexural modulus and strength reduced with increased 

NaHCO3 content.  This was because the foam with higher 

blowing agent content possessed larger opened-cell size 

diameter as shown in fig. 2, resulting in low density and 

thereby providing softer foam. 
 
 

Table 2. Mechanical properties of WG/GWS foams with 

difference blowing agent content 
 
 

Formulations 

Flexural 
 

modulus 
 

(kPa) 

Flexural 
 

strength 
 

(kPa) 

WG/GWS5050_B4 1166.3±91.0a 61.3±3.7a 

WG/GWS5050_B8 1045.1±100.5b 55.1±4.4b 

WG/GWS5050_B12 853.8±91.5c 45.5±4.3c 

WG/GWS5050_B20 555.9±69.8d 28.9±3.2d 

 
 

3.5 Water absorption 
 

The water absorption (WA) result of foams 

illustrates in Figure 6. The WA of foam with NaHCO3 of 8  

phr  showed  a  higher  WA  than  that  of  the  foams 

containing the blowing agent of 12 and 20 phr. Moreover, 

the WA value of the foam with 12 phr was comparable to 

that of  20  phr.  The  WA of  foams  decreased with  an 

 
 
 
 
 
 
Figure 7. Water absorption of WG/GWS5050 foams with 
 

NaHCO3 content of 8, 12 and 20 phr 
 
 
4. Conclusions 
 

The WG/GWS biofoams were fabricated using a 

compression process with various contents of sodium 

bicarbonate as a blowing agent to investigate their 

morphology, mechanical properties as well as water 

absorption. The results of SEM showed that the foam 

without adding the blowing agent provided fewer holes 

with high density compared to that without incorporation 

of the blowing agent, while the open-cell structure 

appeared in all foam containing the blowing agent. As the 

blowing agent concentration increased, the cell size 

diameter of the foams increased leading to a decrease in 

foam density.   Furthermore, the addition of sodium 

bicarbonate could also enhance water resistance of the 

foams. 
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Abstract 

Amphiphilic surface-grafted poly(L-lactide-co-glycidyl methacrylate-graft-acrylamide-co-N,N’-methylene 

bisacrylamide) copolymer, P(LLA-co-GMA-g-AAm-co-MBAm) has been synthesized by a UV photopolymerization 

process. The grafted copolymer particles possess a combination of unique properties of biodegradable PLLA, PGMA, 

and PAAm polymers. The success of the grafting process was verified by FTIR and 1H NMR spectroscopy. FTIR results 

confirm the presence of P(AAm-co-MBAm) chains as grafted chains. Two characteristics 1H NMR signals of 

polyacrylamide appear at 2.0-2.1 and 1.5-1.6 ppm (overlap with PLLA methine proton) in the grafted copolymer, further 

ensuring the existence of polyacrylamide. Along with qualitative data, 1H NMR results also show that 0.8 mole % of 

acrylamide had been grafted, for which 58% of GMA double bonds had reacted. The grafted copolymers have high 

potential for use in various applications, especially in biomedical and environmental fields. 

Keywords:  Poly(L-lactide); glycidyl methacrylate; acrylamide; surface grafting; UV-assisted synthesis 

 

1. Introduction 

Poly(L-lactide) (PLLA) has become one of the 

most pioneer bio-based aliphatic polyesters, owing to its 

favorable properties (renewability, eco-friendliness, 

biocompatibility, biodegradability, good mechanical 

strength, and processability) [1-5]. The material is 

relatively hydrophobic polyester, which can be degraded 

in natural environment into nontoxic end-products [5]. 

PLLA is widely used in biomedical and environmental 

applications; for example, in drug delivery systems [6], 

electrospun nanofibers tissue scaffold [7], implant devices 

for bone fixation [8], industrial packaging materials [9], 

and sustained release systems for pesticides and fertilizers 

[10]. However, few of its serious limitations, such as 

hydrophobic surface nature, lack of functionality and side-

chain groups for further reactions, make its use limited 

towards specific applications.  

To overcome its shortcomings, many techniques 

have been developed; such as stereo-complexation [11-

12], molecular design [13], copolymerization [14], and 

blending with other polymers [15]. Among these 

techniques, copolymerization has been immensely applied, 

as this can introduce new functional groups through 

chemical reactions. To incorporate new functionality in 

polymer’s side-chains, copolymers of PLLA with glycidyl 

methacrylate (GMA) were successfully synthesized in our 

recent work [14], in which methacrylate groups were 

added into the polymer backbone as side-chains. The 

functional groups can undergo further reactions, providing 

various possible uses. In related aspects, copolymerization 

through surface grafting of PLLA with hydrophilic 

materials has also been an attractive method readily used 

to enhance its surface properties, as this allows a variety of 

desirable hydrophilic grafted chains of different types on 

the PLLA main chains [16-18].  

Polyacrylamide (PAAm) is a vinyl polymer that is 

widely used in flocculation, and gel electrophoresis [19]. 

In environmental field, PAAm is considered as 

biodegradable supersorbent materials; as it molecules 

contain amide groups, which are able to form hydrogen 

bonds, and consequently display a highly polar behavior 

(hydrophilic nature). In addition, polyamides are also 
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metabolized into non-toxic products. Although, many 

studies reported various approaches in grafting of 

polyacrylamide onto different polymers [20-21], to the 

best of our knowledge, only a few works was conducted 

on surface grafting of this polymer onto polylactide [22-

23]. However, there is no corresponding work related to 

the more reactive P(LLA-co-GMA) copolymers, whose 

synthesis and characterization was reported in our previous 

work [14]. Instead of neat PLLA, surface grafting of 

P(LLA-co-GMA) with AAm would offer an opportunity to 

combine the advantages of these polymers for use as 

biodegradable polymeric bioabsorbent. 

In this present work, amphiphilic copolymer material, 

P(LLA-co-GMA-g-AAm-co-MBAm), is prepared by 

ultraviolet light-assisted grafting of polyacrylamide chains 

(crosslinked by N,N-methylene bisacrylamide crosslinker) 

onto prior synthesized P(LLA-co-GMA) copolymers, in a 

form of powder, which contained active surface. The 

resulting grafted P(LLA-co-GMA) copolymers, P(LLA-

co-GMA-g-AAm-co-MBAm) are characterized by Fourier 

Transform Infrared (FTIR) and Nuclear magnetic 

resonance (NMR) spectroscopy. 

 

2. Experimental methods 

2.1 Materials 

Poly(L-lactide-co-glycidyl methacrylate), P(LLA-

co-GMA) copolymers, (M̅n= 3761, Gel Permeation 

Chromatography) used in this study was synthesized, 

according to the synthesis route reported earlier [14]. 

Acrylamide (AAm) monomer (98.5%) and N,N´-

methylenebisacrylamide (MBAm) crosslinker (96%) were 

supplied by Acros Thermo Fisher Scientific (USA). 

Benzophenone (BP) photoinitiator (Sigma-Aldrich) was 

used as received. Commercial grade methanol (MeOH) 

and ethanol (EtOH) solvents (Italmar co., Ltd., Thailand) 

and deionized water (DI water) were used throughout the 

work. All chemicals were used without further 

purification. 

 

2.2 Grafting procedures 

A 10 % (w/v) monomer solution for grafting 

experiment was prepared by dissolving AAm and MBAm 

at a weight ratio of 19: 1 in methanol solvent. After that, 

BP was added at a ratio of (AAm + MBAm): BP= 100: 1. 

The solution was sonicated for 1 minute at room 

temperature. The final concentration of acrylamide in the 

stock solution was 1.33 M. Consequently, 20 mL 

monomer solution was transferred to a 100 mL beaker, and 

1 g of P(LLA-co-GMA) copolymer powder was dipped 

into the solution. The mixture was stirred with a magnetic 

bar for 24 hours continuously at room temperature, so that 

monomer molecules can diffuse into the bulk of 

copolymer particles. After 24 hours stirring, grafting of 

P(LLA-co-GMA) copolymers was carried out by 

irradiating with UV-C (254 nm) using a UV lamp (ENF-

260C/FE, Spectronics Corp., USA), for 30 min at room 

temperature. During irradiation, the sample was 

continuously stirred, where the distance from the lamp to 

the surface of the sample was fixed at 7 cm. Finally, the 

copolymer powder was separated and washed with DI 

water and ethanol to remove residual monomer and 

ungrafted polyacrylamide chains. Chemical reaction of the 

overall synthesis process is shown in Figure 1. 

 

2.3 Characterization 

The accomplishment of photografting, chemical 

structures, interaction, and compositions of copolymers  

were investigated by FTIR on a Thermo Scientific Nicolet 

iS5 FTIR spectrometer equipped with an iD5 Attenuated 

Total Reflectance (ATR) (diamond crystal) accessory, and 

NMR spectroscopy using an AVENCE 300MHz digital 

nuclear magnetic resonance spectrometer (NMR, Bruker 

Biospin; DPX-300, Rheinstetten, Germany). ATR-FTIR 

spectra were recorded with 32 scans at 2 cm−1 resolution. 

Deuterated chloroform (CDCl3) was used as a solvent to 

collect 1H NMR spectra. 
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Figure 1: Synthesis route of P(LLA-co-GMA-g-AAm-co-

MBAm). 

 

3. Results and Discussion 

To study surface chemical structures and 

interactions of P(LLA-co-GMA) and P(LLA-co-GMA-g-

AAm-co-MBAm) copolymers, ATR-FTIR spectra are 

examined, as shown in Figure 2. Characteristic band of the 

C=O stretching mode of lactate units is detected at 1750 

cm−1 in all spectra. After the grafting reaction, intensities 

of absorption bands at 1720, 1635 and 815 cm−1, 

corresponding to C=O, C=C stretching and =CH2 bending 

modes of GMA in the copolymer chains decrease [14]. It 

can be ascertained that due to grafting reaction, C=C 

double bonds of P(LLA-co-GMA) are converted to single 

bonds, which affect the spatial conformation of adjacent 

C=O group and this become unrestricted and can move 

freely. As a result, band intensities of the C=O, C=C and 

=CH2 groups of GMA side chains decrease in the grafted 

copolymers. This reflects that AAm is successfully grafted 

on the surface of P(LLA-co-GMA) particles. In addition, 

expected absorption bands from polyacrylamide; amide 

C=O (amide I) and N-H in-plane bending (amide II) 

bands, are found at around 1680 and 1599 cm−1, as broad 

bands due to band overlap of the C=O, C=C stretching 

modes (Inset in Figure 2). These two bands firmly ensure 

the presence of acrylamide as P(AAm-co-MBAm) graft 

chains in the P(LLA-co-GMA-g-AAm-co-MBAm) 

products. 

 

 
Figure 2: ATR-FTIR spectra of (a) P(LLA-co-GMA), (b) 

P(LLA-co-GMA-g-AAm-co-MBAm), and (c) neat PLLA. 

 

 
1H NMR spectra of P(LLA-co-GMA) and P(LLA-

co-GMA-g-AAm-co-MBAm) copolymers are examined. 

Band assignments are summarized in Table I, and the 

spectra are shown in Figure 3. A 1H NMR spectrum of 

ungrafted P(LLA-co-GMA) copolymers are dominated by 

bands of comonomer lactate and glycidyl units. In the 

grafted copolymer spectrum, the peaks intensities of 

methyl protons (Hg) and protons (Hh) next to methacrylic 

double-bonds (–C(CH3)=CH2) and (O=C–C(CH3)=CH2) 

in GMA side chains located at 1.9, 5.6 and 6.1 ppm show a 

remarkable decrease, compared to those of its original 

counterpart. This can be accounted for the reduction of 

C=C bonds, due to the grafting reaction which 

consequently increases the free movement of –CH3 group 

next to double bonds. A new peak appears at 2.0-2.1 ppm 

in the grafted copolymer, corresponding to methine (–CH–

CH2) proton of polyacrylamide, whereas a peak related to 

methylene protons (–CH–CH2) overlaps with that of the 

methylene protons of PLLA at 1.5-1.6 ppm [24-25]. 
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Table I: 1H NMR band assignments of P(LLA-co-GMA), 

and P(LLA-co-GMA-g-AAm-co-MBAm) copolymers. 

 
 

 A peak integration ratio of lactate methine 

protons (O=C–CH–(CH3)–O) and protons located next to 

methacrylic double-bonds (O=C–C(CH3)=CH2) is 

employed to determine the GMA mole percentage in the 

copolymer, as these peaks are clearly separated from other 

peaks. The calculated results state that 5.7% GMA is 

incorporated in the original P(LLA-co-GMA) copolymer. 

Similarly, from the surface-grafted copolymer spectra in 

Figure 3(b), a peak integration ratio of methine protons (–

CH–CH2) of polyacrylamide chains and lactate methine 

protons (O=C–CH–(CH3)–O) indicates that 0.8 mole % of 

polyacrylamide present in the grafted copolymer. At the 

same time, 2.4 mole % of GMA is unreated or 2.4% 

double bond of GMA is remaining (out of 5.7%) after the 

grafting reaction. This reflects that 58% of GMA double 

bonds (considering 5.7 mole % GMA as 100) have been 

reacted during the grafting reaction. 

 

 
Figure 3: 1H NMR spectra of (a) P(LLA-co-GMA), and 

(b) P(LLA-co-GMA-g-AAm-co-MBAm) copolymers. 

 

4. Conclusions 

Polyacrylamide grafted P(LLA-co-GMA) 

copolymers are successfully synthesized, which is 

confirmed by ATR-FTIR and 1H NMR results. 

Quantitative analysis from 1H NMR data shows that, 0.8 

mole % of acrylamide has been grafted onto P(LLA-co-

GMA) copolymer with the reduction of 3.3 mole % of 

GMA double bonds. 
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Abstract 

A combination of two single-site-type metallocene catalysts can be used to produce polymers with broad and well-

controlled microstructural distributions. Polyolefin with unimodal and bimodal microstructural distributions have 

differences in mechanical and rheological properties. Therefore, the bimodality criteria to identify the characteristics of their 

microstructural distributions (i.e., unimodal or bimodal distributions) are very useful for tailor-making the polyolefin 

microstructures. In this work, the previously proposed SLD bimodality criterion is revisited and generalized to provide the 

comprehensive three-dimensional map. The effect of mass fraction of copolymers on SLD bimodality was investigated. The 

proposed criterion was validated using simulation data of hypothetical ethylene/1-olefin copolymers.  

Keywords: bimodality criterion, ethylene/1-olefin copolymers, metallocenes, sequence length distribution (SLD) 

 

1. Introduction 

Metallocene catalysts can produce polymers with 

narrow microstructural distributions (i.e., molecular weight 

distributions (MWDs), chemical composition distributions 

(CCDs), and sequence length distributions (SLDs)) because 

of their single-site-type natures.[1-4] However, many 

polyolefin applications required broad and well-controlled 

microstructures, that cannot be made by a metallocene 

catalyst. One way that can be used to produce such 

polyolefin with metallocene catalysts is by combining two 

or more metallocene catalysts during polymerization using 

the mixed or hybrid catalytic system.[5-8] In these systems, 

the microstructural distributions could exhibit broad 

unimodal distributions or bimodal distributions. 

The differences in microstructural distributions of 

ethylene/1-olefin copolymers can lead to significant 

differences in mechanical and rheological properties.[9-13] 

Therefore, the bimodality criterion for ethylene/1-olefin 

copolymers was developed to predict the characteristics of 

microstructural distributions.  

MWD and CCD bimodality criteria were investigated 

using a simulation data and experimental techniques.[14-18]  

In the recent work by Anantawaraskul, a bimodality 

criterion for ethylene sequence length distribution (SLD) of 

ethylene/1-olefin copolymers produced with dual 

metallocene catalysts was also developed.[19] The proposed 

criterion was validated with simulation data of four different 

hypothetical ethylene/1-olefin copolymers. However, the 

effects of mass fraction of polymers produced from each site 

type on the SLD bimodality criterion was not explicitly 

included in the model. This parameter is important as it can 

significantly affect microstructural distributions. 

In this work, the previously proposed SLD 

bimodality criterion of ethylene/1-olefin copolymers made 

with two single-site-type metallocene catalysts was revisited 

to obtain the generalized SLD bimodality criterion. The 

three-dimensional representation maps of generalized 



  157 
bimodality criterion were developed. The proposed criterion 

will be validated using simulation data of ethylene/1-olefin 

copolymer blends. The effect of the mass fraction of 

copolymer blends was also investigated. 

 

2. Model Development 

 

2.1 Formal Definition of SLD Bimodality 

The expression that described the weight distribution 

function of ethylene sequence length i of ethylene/1-olefin 

copolymers produced with single-site-type metallocene 

catalysts is shown below,[19] 

𝑤(𝑖) =  𝑖(𝑝𝑝 ∙ 𝑝𝑚)𝑖−1(1 − 𝑝𝑝 ∙ 𝑝𝑚)2           (1) 
 

𝑝𝑝 =  (𝑟𝑛−1)
𝑟𝑛

                                   (2) 

where pp is the chain propagation probability calculated 

from Equation (2), rn is a number average chain length and 

pm is the probability of monomer incorporation (i.e., 

average ethylene content in copolymers). 

The SLD of copolymers produced with combined 

two metallocene catalysts can be given as, 

𝑊(𝑖) = 𝑚𝑤1(𝑖) + (1 −𝑚)𝑤2(𝑖)                 (3) 

where m is the mass fraction of copolymers made on 

catalyst-1, 𝑤1 and 𝑤2 are weight fractions of polymers made 

by catalyst-1 and catalyst-2, respectively. 

 

2.2 The First and Second Derivatives of SLD 

To define the criterion of bimodality, the SLDs are 

suggested to become bimodal when both first (𝑊′(𝑖)) and 

second (𝑊′′(𝑖)) derivatives of SLD become zero (i.e., 

inflexion points),  

𝑊′ (log 𝑟) = 𝑑𝑊(log 𝑟)
𝑑(log 𝑟)

= 0                         (4) 

𝑊′′ (log 𝑟) = 𝑑2𝑊(log 𝑟)
𝑑(log 𝑟)2

= 0                         (5) 

Hence, the first and second derivatives of the SLD 

for polymer produced from a single-site-type catalyst are 

represented in Equation (6) and (7), which can be calculated 

through the differentiation of Equation (1),  

 

𝑤′(𝑖) =
𝑑𝑤
𝑑𝑖

= (1 − 𝑝𝑝 ∙ 𝑝𝑚)2(𝑝𝑝 ∙ 𝑝𝑚)𝑖−1 

(𝑖 ∙ ln(𝑝𝑝 ∙ 𝑝𝑚) + 1)                   (6) 

𝑤′′(𝑖) =
𝑑2𝑤
𝑑𝑖2

= (1 − 𝑝𝑝 ∙ 𝑝𝑚)2(𝑝𝑝 ∙ 𝑝𝑚)𝑖−1 

ln(𝑝𝑝 ∙ 𝑝𝑚)(𝑖 ∙ ln(𝑝𝑝 ∙ 𝑝𝑚) + 2)   (7) 

For a two-site-type catalyst, the first derivative 

(Equation (8)) and the second derivative (Equation (9)) of 

the SLD can be calculated by combining Equations (3), (4), 

(6) and Equations (3), (5), (7), respectively. 

𝑊′(𝑖) = 𝑚 ∙ (1 − 𝑝𝑝1 ∙ 𝑝𝑚1)2(𝑝𝑝1 ∙ 𝑝𝑚1)𝑖−1 ∙ 

              (𝑖 ∙ ln(𝑝𝑝1 ∙ 𝑝𝑚1) + 1) + (1 −𝑚) ∙  

          (1 − 𝑝𝑝2 ∙ 𝑝𝑚2)2(𝑝𝑝2 ∙ 𝑝𝑚2)𝑖−1 ∙ 

(𝑖 ∙ ln(𝑝𝑝2 ∙ 𝑝𝑚2) + 1)                             (8) 

              𝑊′′(𝑖) = 𝑚 ∙ (1 − 𝑝𝑝1 ∙ 𝑝𝑚1)2 ∙ (𝑝𝑝1 ∙ 𝑝𝑚1)𝑖−1 ∙ 

                           ln(𝑝𝑝1 ∙ 𝑝𝑚1) ∙ (𝑖 ∙ ln(𝑝𝑝1 ∙ 𝑝𝑚1) + 2) 

             +(1 −𝑚) ∙ (1 − 𝑝𝑝2 ∙ 𝑝𝑚2)2 ∙ 

                (𝑝𝑝2 ∙ 𝑝𝑚2)𝑖−1 ∙ ln(𝑝𝑝2 ∙ 𝑝𝑚2) ∙ 

       (𝑖 ∙ ln(𝑝𝑝2 ∙ 𝑝𝑚2) + 2)                         (9) 

 

2.3 Bimodality Criterion of SLD 

At the onset of SLD bimodality, when 𝑊′(𝑖) and 

𝑊′′(𝑖) are zero, Equations (8) and (9) can be rearranged as 

Equations (10) and (11), 
−𝑚∙(1−𝑝𝑝1∙𝑝𝑚1)2(𝑝𝑝1∙𝑝𝑚1)𝑖−1

(1−𝑚)∙(1−𝑝𝑝2∙𝑝𝑚2)2(𝑝𝑝2∙𝑝𝑚2)𝑖−1
= (𝑖∙ln(𝑝𝑝2∙𝑝𝑚2)+1)

(𝑖∙ln(𝑝𝑝1∙𝑝𝑚1)+1)
       (10) 

 
−𝑚∙(1−𝑝𝑝1∙𝑝𝑚1)2(𝑝𝑝1∙𝑝𝑚1)𝑖−1

(1−𝑚)∙(1−𝑝𝑝2∙𝑝𝑚2)2(𝑝𝑝2∙𝑝𝑚2)𝑖−1
= ln(𝑝𝑝2∙𝑝𝑚2)(𝑖∙ln(𝑝𝑝2∙𝑝𝑚2)+2)

ln(𝑝𝑝1∙𝑝𝑚1)(𝑖∙ln(𝑝𝑝1∙𝑝𝑚1)+2)
                 

(11) 

It can be noticed that the left-hand sides of Equations (10) 

and (11) are equal. Therefore, 
(𝑖∙ln(𝑝𝑝2∙𝑝𝑚2)+1)
(𝑖∙ln(𝑝𝑝1∙𝑝𝑚1)+1)

 = ln(𝑝𝑝2∙𝑝𝑚2)(𝑖∙ln(𝑝𝑝2∙𝑝𝑚2)+2)
ln(𝑝𝑝1∙𝑝𝑚1)(𝑖∙ln(𝑝𝑝1∙𝑝𝑚1)+2)

       (12) 

The definition of number average ethylene sequence 

length, in, for copolymers made from each catalyst is shown 

below,[19] 

− 1
𝑖𝑛1

=  𝑝𝑝1 ∙ 𝑝𝑚1 − 1 ≅ ln(𝑝𝑝1 ∙ 𝑝𝑚1)        (13) 

− 1
𝑖𝑛2

=  𝑝𝑝2 ∙ 𝑝𝑚2 − 1 ≅ ln(𝑝𝑝2 ∙ 𝑝𝑚2)        (14) 
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By using this approximation, Equation (12) can be arranged 

as, 

𝑖2 − (𝑖𝑛1 + 𝑖𝑛2)𝑖 + 2𝑖𝑛1𝑖𝑛2 = 0                (15) 

By solving this quadratic equation, the values of i can be 

written, 

    𝑖 = (𝑖𝑛1+𝑖𝑛2)±�(𝑖𝑛1+𝑖𝑛2)2−8𝑖𝑛1𝑖𝑛2
2

                 (16) 

The term inside the square root must be greater than 

or equal to zero to ensure that 𝑖 is a real number. Hence, one 

of the criteria for SLD bimodality is 

(𝑖𝑛1 + 𝑖𝑛2)2 ≥ 8𝑖𝑛1𝑖𝑛2                    (17) 

As a result, if (𝑖𝑛1 + 𝑖𝑛2)2 = 8𝑖𝑛1𝑖𝑛2, the SLD is at 

the onset of bimodality. When (𝑖𝑛1 + 𝑖𝑛2)2 < 8𝑖𝑛1𝑖𝑛2, the 

SLD is a unimodal. The SLD can be bimodal at a proper 

compositional ratio when (𝑖𝑛1 + 𝑖𝑛2)2 > 8𝑖𝑛1𝑖𝑛2. 

In the case that the SLD can be bimodal, there are 

two solutions from Equation (16), separated as Equations 

(18) and (19), 

𝑖+ = (𝑖𝑛1+𝑖𝑛2)+�(𝑖𝑛1+𝑖𝑛2)2−8𝑖𝑛1𝑖𝑛2
2

                 (18) 

𝑖− = (𝑖𝑛1+𝑖𝑛2)−�(𝑖𝑛1+𝑖𝑛2)2−8𝑖𝑛1𝑖𝑛2
2

                 (19) 

Both solutions are related to the mass fractions (m) 

that can be solved from Equation (8), 

𝑚+(𝑖𝑛1, 𝑖𝑛2) = 1
1+Ω+

                          (20) 

𝑚−(𝑖𝑛1, 𝑖𝑛2) = 1
1+Ω−

                          (21) 

where 

Ω+(𝑖𝑛1, 𝑖𝑛2) =  (1−𝑝𝑝1∙𝑝𝑚1)2(𝑝𝑝1∙𝑝𝑚1)𝑖+−1(𝑖+∙ln(𝑝𝑝1∙𝑝𝑚1)+1)
(1−𝑝𝑝2∙𝑝𝑚2)2(𝑝𝑝2∙𝑝𝑚2)𝑖+−1(𝑖+∙ln(𝑝𝑝2∙𝑝𝑚2)+1)

           

(22) 

Ω−(𝑖𝑛1, 𝑖𝑛2) =  (1−𝑝𝑝1∙𝑝𝑚1)2(𝑝𝑝1∙𝑝𝑚1)𝑖−−1(𝑖−∙ln(𝑝𝑝1∙𝑝𝑚1)+1)
(1−𝑝𝑝2∙𝑝𝑚2)2(𝑝𝑝2∙𝑝𝑚2)𝑖−−1(𝑖−∙ln(𝑝𝑝2∙𝑝𝑚2)+1)

                   

(23) 

Hence, SLD is bimodal when the mass fraction (m) is within 

the range between both solutions (𝑚 ∈ [𝑚−,𝑚+]).[19] 

 

3. Results and Discussion 

 

3.1 Three-dimensional Graphical Depiction of the SLD 

Bimodality Criterion  

The three-dimensional graphical depiction of the 

SLD bimodality criterion is represented in Figure 1a. This 

indicates that if the number average ethylene sequence 

length (in1, in2) and the copolymer mass fraction (m) are 

located outside the two close surfaces, polymers will have a 

unimodal SLD. If located between these two close surfaces, 

polymers will have a bimodal SLD.  

From Figure 1a, it can be created the two-

dimensional map, which expicitly shows relationship of two 

parameters. For example, Figure 1b shows the relationship 

between number average ethylene sequence length of 

copolymer made with catalyst-1 (𝑖𝑛1) and catalyst-2 (𝑖𝑛2) 

when m is equal to 0.5. It was found that if the compositions 

(in1, in2) are located between the solid lines, it will only 

produce polymers with unimodal SLD. If the compositions  

are above the upper solid line or below the lower solid line, 

polymers with bimodal SLD will be produced.  

Figure 1c shows another relationship of two-

dimensional map between mass fraction of copolymer (m) 

and number average ethylene sequence length of copolymer 

made with catalyst-2 (in2) where in1 is fixed at 1,000. 

Similarly, if the location of compositions (in2, m) are 

between the two solid lines, the polymers will have 

unimodal SLD. On the other hand, compositions outside this 

region will exhibit bimodal SLD. 
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Figure 1. SLD Bimodality criterion for ethylene/1-olefin 

copolymers: (a) Three-dimensional graphical depiction, (b) 

Two-dimensional graphical depiction when m = 0.5, (c) 

Two-dimensional graphical depiction when in1 =1,000. 

 

3.2 Validation of Graphical Depiction 

To validate the graphical depiction, Table 1 

summarizes three hypothetical case studies with their 

components (in1, in2, m) of ethylene/1-olefin copolymers 

produced from two metallocene catalysts. All the cases can 

be illustrated in the graphical representation as shown in 

Figure 2. It can be indicated that case A and case B are in 

the unimodal region, so that they will have unimodal SLDs. 

On the other hand, case C locates in the bimodal region; 

hence, it will have bimodal SLD. 

 

Table 1. Summary of hypothetical ethylene/1-olefin 

copolymers produced from two metallocene catalysts 

 

Case 

Study 

Copolymers 

from 

catalyst-1 

Copolymers 

from 

catalyst-2 

m Model 

prediction 

in1 in2 

A 700 700 0.5 Bimodal 

B 700 200 0.5 Unimodal 

C 700 50 0.5 Unimodal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SLD Bimodality Criterion for case studies in 

Table 1: (a) m = 0.5, (b) in1 = 700. 

 

Figure 3 shows the simulated SLDs as those 

calculated from Equation (3). Note that the solid lines 

indicate SLDs of copolymer blends, while the dash lines 

show SLDs of each component. From the results, this 

indicates that the characteristics of simulated SLDs are in a 

good agreement with the predictions from Figure 2. 

 

3.3 Effect of Copolymer Mass Fraction Produced on 

Catalyst-1 (m) 

Table 2 shows a summary of hypothetical 

ethylene/1-olefin copolymers produced from two 

metallocene catalysts for studying the effect of copolymers 

mass fraction made with catalyst-1 (m). 

 

 

 

 

(a) (b) 

(c) 

Bimodal 

Unimodal 

Bimodal 
Bimodal 

Unimodal 

Bimodal 

Bimodal 

Unimodal 

Bimodal 

(a) 

(b) 

Bimodal 

Bimodal 

Bimodal 

Bimodal 

Unimodal 

Unimodal 

Case A 

Case B 

Case C 

Case A 

Case B 

Case C 
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Figure 3. Simulated SLDs from case studies in Table 1: (a) 

Case A, (b) Case B, (c) Case C. 

 
Figure 4 shows the effect of the mass fraction (m) on 

the plot of the SLD bimodality criterion and the simulated 

SLDs calculated form Equation (3) of all case studies in 

Table 2. The results showed that the region of unimodal 

SLD is shifted as the mass fraction is changed.  When the 

mass fraction is equal to 0.1 and 0.9, the unimodality zone 

are narrower than other cases. Hence, it can be concluded 

that the copolymers mass fraction can affect the broadness 

of SLD unimodality region. The simulated SLDs for all 

study cases are in a good agreement with the predictions 

from the SLD bimodality criterion. 

 

Table 2. Summary of hypothetical ethylene/1-olefin 

copolymers produced from two metallocene catalysts 

 

Case 

Study 

Copolymers 

from 

catalyst-1 

Copolymers 

from 

catalyst-2 

m Model 

prediction 

in1 in2 

I 600 50 0.1 Unimodal 

II 600 50 0.3 Unimodal 

III 600 50 0.5 
On set of 

Bimodal 

IV 600 50 0.7 Bimodal 

V 600 50 0.9 Bimodal 

 

4. Conclusion 

A generalized SLD bimodality criterion of 

ethylene/1-olefin copolymers made with two metallocene 

catalysts was developed to provide the comprehensive 

three-dimensional map. This criterion is theoretically 

validated using simulation data of hypothetical ethylene/1-

olefin copolymer blends. The results are in a good 

agreement with the predictions from the proposed criterion. 

It was found that the mass fraction of copolymer blends can 

significantly affect the shape of the SLD bimodality region. 

This generalized SLD bimodality criterion can be 

used as an efficient tool to predict the characteristics of 

microstructural distributions of ethylene/1-olefin 

copolymers produced with a combination of two 

metallocene catalysts. Moreover, this criterion can be 

further used for material design and development. 

 

 

 

 

(a) Case A  

m = 0.5 

   

(b) Case B  

m = 0.5 

   

(c) Case C  

m = 0.5 
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Figure 4. Effect of mass fraction of copolymer (m) on the 

SLD bimodality criterion and the simulated SLDs from 

case studies in Table 2: (a) Case I, (b) Case II, (c) Case III, 

(d) Case IV, (e) Case V. 
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Abstract 

Ziegler-Natta catalytic system is widely used in commercial to produce polyethylene. The resulting 

polymer chain microstructures are often broad and difficult to control due to multiple site type nature of catalyst. 

Therefore, it is of interest to quantitatively understand the nature of this catalytic system (e.g., a number of active 

site type, kinetic parameters for each site type, polymers produced from each site type) in order to further control 

them. Polymerization rate contains important information that can be used to numerically extract such information. 

In this research, a new method based on genetic algorithm (GA) to estimate a number of active site type 

and kinetic parameters of each active site type from polymerization rate is developed. Different polymerization runs 

were performed experimentally to measure polymerization rates.  Genetic algorithm was used to minimize the 

difference between the calculated and measured polymerization rates or objective function. The proposed technique 

can be further used to understand how polymerization conditions could influence the behavior of each active site 

type. 

 

Keywords; Genetic Algorithm, Kinetic parameters, Polyethylene, Ziegler-Natta catalyst 

 

Introduction  

 One of the most important routes to produce 

polyolefin (i.e., polyethylene, polypropylene and their 

copolymers with α-olefins) is accomplished by 

heterogeneous Ziegler-Natta catalyst, in which polymer 

grows at the active sites on the catalyst until chain transfer 

reactions occur, thus forming dead polymer chain (kinetic 

rate constants for initiation, propagation and termination 

reactions are usually estimated from polymerization rate 

data) [1, 4, 9]. Most polyolefin produced by Ziegler-Natta 

catalysts generally have broad molecular weight 

distribution (MWD) and high polydispersity index (PDI). 

This phenomenon is occurred due to the different active 

centers in the catalyst that can produce polymer chains 

from different kinetic parameters. Ziegler-Natta catalysts 

can produce products with high molecular weight, high 

melting point and controllable morphology. However, the 

disadvantages of the catalysts are: (i) less control for 

growing branching of polymer due to multiple active 

sites, (ii) encapsulation effect of polymer chains, and (iii) 

difficulty for catalyst removal from the final products. [2]  

 The kinetic analysis of the polymerization over 

Ziegler-Natta catalyst system is very complicated because 

all the Ti-based contain several types of active centers, 

which are generated and decayed at the different kinetic 

rates. The chain transfer reactions (i.e., monomer, 

hydrogen, cocatalyst) to control molecular weight 

distributions (MWD) are also different in each active site 

[9]. This variety of active sites leads to complexity of 

kinetics and difficulty in controlling the properties of final 

product [3]. Thus, estimation of the kinetic parameters is 

necessary to achieve quantitative predictions. 

 In 1999, Qi Wang et al. simulated the multiple 

active sites kinetic model (MS model) which describes the 
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kinetic of ethylene polymerization catalyzed by 

metallocene with different cocatalysts. The good 

agreements of polymerization rates and polydispersity 

were achieve to fit the kinetic profiles. In 2006, Ramon A. 

et al. studied kinetic modeling of propylene 

polymerization using metallocene catalyst. A kinetic 

model based on a coordination-insertion mechanism was 

developed to predict instantaneous reaction rate, 

molecular weight, and polymer chain ends. But the kinetic 

model yields comparatively poor estimates of molecule 

weights due to the ambiguous experimental trend of Mw 

respect to monomer.   

                  From recently works, mathematical modeling is a 

powerful tool for the development of process 

understanding and advanced reactor technology in the 

polymer industry. Kinetic parameters estimation plays a 

central role in the systematic model development.  

In this work, the polymerization rates of ethylene 

polymerizations using Ziegler-Natta catalyst were 

measured. The kinetic parameters were then estimated 

from polymerization rate data by using genetic algorithm 

method to determine the number of site-types and kinetic 

parameters of each site-type. 

 

Polymerization kinetic 

 

To describe rate of polymerization over a 

heterogeneous Ziegler-Natta catalyst, a generalized, 

single site and multi-site, kinetic mechanism of ethylene 

polymerization was employed (Table 1). The assumptions 

made in the model are 1) each site type can produce 

different molecular weights of polymers, and 2) transfer 

to hydrogen and cocatalyst reactions are neglected in the 

model [5]. 

 

Table 1 Kinetic mechanism of ethylene polymerization 

over Ziegler-Natta catalyst. [5] 

  

The 𝐶𝑃, A, 𝐶∗,𝑀 ,𝐶𝑑 and k represent potential 

center, cocatalyst, active center, monomer concentration, 

deactivate site, and rate constant, respectively. 𝑃𝑛 is a 

living polymer of chain length n, and 𝐷𝑛 is a dead 

polymer of chain length n. 

The model equations of moment can be written 

accordingly, [5, 6] 
𝑑𝑃1
𝑑𝑡

= −��𝑘𝑝 + 𝑘𝑡𝑀�𝑀 + 𝑘𝑑�𝑃1 + 𝑘𝑡𝑀𝑀�𝑃𝑛       (1) 

𝑑𝑃𝑛
𝑑𝑡

= −𝑘𝑝𝑀𝑃𝑛−1 − ��𝑘𝑝 + 𝑘𝑡𝑀�𝑀 + 𝑘𝑑�𝑃𝑛                (2) 

𝑑𝐷𝑛
𝑑𝑡

= (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑃𝑛                                                                        (3) 

The above equations can be rewritten as,  

 

𝑑 ∑𝑃𝑛
𝑑𝑡

= −𝑘𝑑�𝑃𝑛                                                         (4) 

𝑑 ∑𝐷𝑛
𝑑𝑡

= (𝑘𝑡𝑀𝑀 + 𝑘𝑑)�𝑃𝑛                                       (5) 

The polymerization rate can be given by 

equation (6) when the monomer consumptions in the 

initiation and transfer reactions are neglected,  

𝑅𝑝 ≈ 𝑘𝑝𝑀�𝑃𝑛                                                                   (6) 

The molar balance for monomer concentration in 

semi-batch reactor can be obtained by dividing the 

monomer feed flow rate to the reactor, 𝐹𝑀,𝑖𝑛 (mol/s), with 

the reactor volume,𝑉𝑅 [6] ,  

𝑑𝑀
𝑑𝑡

=
𝐹𝑚,𝑖𝑛

𝑉𝑅
− 𝑅𝑝                                                               (7) 

Description Reactions 
Kinetic 

constant 

Activation 𝐶𝑃 + 𝐴 → 𝐶∗ ka 

Initiation 𝐶∗ + 𝑀 → 𝑃1 ki 

Propagation 𝑃𝑛 + 𝑀 → 𝑃𝑛+1 kp 

Transfer to 

monomer 𝑃𝑛 + 𝑀 → 𝐶∗ + 𝐷𝑛 ktM 

Deactivation 𝑃𝑛 → 𝐶𝑑 + 𝐷𝑛 kd 
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Since monomer concentration is kept constant, it can be 

concluded that,  

𝑅𝑝 =
𝐹𝑚,𝑖𝑛

𝑉𝑅
                                                                            (8) 

For i-th order moments, they are defined as 

follows, 

𝑌𝑖 = �𝑛𝑖𝑌𝑛                                                                          (9)
𝑛=1

 

𝑋𝑖 = �𝑛𝑖𝑋𝑛                                                                      (10)
𝑛=1

 

where 𝑌𝑖 and 𝑋𝑖 are living polymer chain and dead 

polymer chain of i-th moment with chain length n, 

respectively. 

The moment equations can be described as 

follows,  
𝑑𝑌𝑜
𝑑𝑡

= −𝑘𝑑𝑌0                                                                     (11) 

𝑑𝑌1
𝑑𝑡

= �𝑘𝑝 + 𝑘𝑡𝑀�𝑌0 − (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑌1                        (12) 

𝑑𝑌2
𝑑𝑡

= �𝑘𝑝 + 𝑘𝑡𝑀�𝑌0 + 2𝑘𝑝𝑀𝑌1 − (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑌2   (13) 

𝑑𝑋0
𝑑𝑡

= (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑌0                                                      (14) 

𝑑𝑋1
𝑑𝑡

= (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑌1                                                      (15) 

𝑑𝑋2
𝑑𝑡

= (𝑘𝑡𝑀𝑀 + 𝑘𝑑)𝑌2                                                       (16)  

Where the initial conditions (at t=0) are 

summarized as,   

𝑃1 = 𝑌0 = 𝑌1 = 𝑌2 = 𝐶0 

𝑃𝑛 = 0  (𝑛 > 1) 

𝐷𝑛 = 𝑋0 = 𝑋1 = 𝑋2 = 0 

Where 𝐶0 is the initial mass of active species. 

Equations (4) and (6) can be solved to give,  

�𝑃𝑛 = 𝐶0𝑒−𝑘𝑑𝑡                                                                 (17)
𝑛

 

𝑅𝑝 = 𝑘𝑝𝑀𝐶0𝑒−𝑘𝑑𝑡                                                               (18) 

For the case of multiple active sites system, the 

rate of polymerization can be obtained as shown below,  

𝑅𝑝 = �𝑘𝑝,𝑖𝑀𝐶0,𝑖𝑒−𝑘𝑑,𝑖𝑡                                                 (19)  

Then, the kinetic parameters can be estimated 

from polymerization rates using genetic algorithm method 

by minimizing the following objective function, 

objective function =

𝑚𝑖𝑛∑ ∑ �𝑅𝑝,𝑒𝑥𝑝−𝑅𝑝,𝑝𝑟𝑒
𝑅𝑝,𝑒𝑥𝑝

�
2

                                        (20)
𝑁𝑗
𝑗=1

𝑁𝑖
𝑖=1             

where 𝑅𝑝,𝑒𝑥𝑝 is a polymerization rate from experiment, 

𝑅𝑝,𝑝𝑟𝑒 is a polymerization rate calculated from Equation 

(19), Ni is a total number of run, Nj is the total number of 

data point for i-th semi-batch run. [3] 

Experimental Procedure 

Materials  

            The catalyst system used in this work is a 

commercially available Ziegler-Natta catalyst with a 

cocatalyst, triethyl aluminum. Both were donated from 

PTTGC. The ethylene gas 99.99% purity was taken from 

Praxair (Thailand) Co., LTD and the nitrogen gas 

(99.99% purity) were purified by purifier gas column, 

whereas the hexane (Labsystem Co., LTD, HPLC grade) 

was purified by solvent purification (MB SPS compact). 

 

Polymerization 

 
The polymerization was carried out in a 500 mL 

stainless-steel autoclave reactor (Buchi reactor) operated 

in the semi-batch mode. Utility oil in the reactor jacket 

was used for cooling and heating. The polymerization 

temperature was controlled by Julabo F32-ME 

Refrigerated/heating circulator. The reaction mixture was 

stirred continuously with a speed controlled stirrer, Buchi 

Magnetic Drives (bmd 300) was supplied by Bara 

scientific Co., LTD. The ethylene feed line was equipped 

with mass flow meter (Brook0254 Instruments, 

Techtronic Co., LTD), which continuously measures 

ethylene feed rate. All reaction variables were collected in 

a standard process computer.  

Before starting a reaction, the reactor was first 

warmed up to 80 oC, and then purged with nitrogen gas to 

removed oxygen and humidity. Then, the reactor was 

cooled down to 50 oC while kept under nitrogen 

atmosphere for 10 minutes. The reactor was now charged 

with 125 mL hexane, and afterward the cocatalyst and the 

Ziegler-Natta catalyst were transferred to the reactor 

vessel. As soon as the last injection of hexane was carried 
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out, the ethylene valve was opened and the software was 

started to regulate the flow of ethylene monomer with 

stirring speed of 400 rpm. After 40 minutes of 

polymerization, the reaction was stopped by closing 

monomer gas flow as well as decreasing the temperature 

to 20 oC, and the vent valve was also opened. The 

polymer product was then separated by filtration and 

dried in an oven at 50 oC. 

 

Results and discussion 

 

            Two catalyst concentrations (3x10-3 mol L-1 and 

5x10-3 mol L-1) are used in this work, where the 

polymerization temperature is 80 oC and monomer 

pressure is 1 bar. 

 

 
Figure 1 Comparison of polymerization rates obtained 

from experiment between [Ti]=3x10-3 mol L-1and 

[Ti]=5x10-3 mol L-1at temperature=80 oC, monomer 

pressure = 1 bar. 

 

Figure 1 shows the comparison of 

polymerization rates obtained from the experiment with 

different catalyst concentrations. Both maximum rates of 

polymerization are reached within a few minute. As 

operated in the same temperature, the rates of 

polymerization are increased with the higher catalyst 

concentration. 

 

 

Table 2 Kinetic parameters estimated from 

polymerization rate, when [Ti] =3x10-3 mol L-1, 

temperature=80 oC, monomer pressure = 1 bar. 

Centers 
kpx10-5 

(Lmol-1min-1) 

kd 

(min-1) 

Co 

(10-3 mol) 
Wt% 

1 1.6490 0.2265 0.0720 21.44 

2 0.7003 0.4819 0.0410 21.44 

3 0.2794 0.3741 0.2246 14.30 

4 0.4981 0.3074 0.2176 21.44 

5 0.9749 0.7030 0.0079 21.38 

 

 The comparison between polymerization rates 

obtained from experiment and obtained from prediction 

(calculated from Equation (19)) with several site types are 

also illustrated in Figure 2 and Figure 3, respectively.  

They show that each active center is formed and decayed 

at different rates. Both models also make good predictions 

of polymerization behavior when compared with both 

experiments. 

Then, genetic algorithm was used to minimize 

the difference between rates of polymerization obtained 

from the experimental data and those from the prediction 

data (Equation 20). The kinetic model for semi-batch 

ethylene polymerization with Ziegler-Natta catalyst 

system was applied. The kinetic parameters were 

estimated and optimized for both experiments, as shown 

in Table 2 and Table 3, respectively. 

 

Table 3 Kinetic parameters estimated from 

polymerization rate, when [Ti] =5x10-3 mol L-1, 

temperature=80 oC, monomer pressure = 1 bar. 

Centers 
kpx10-5 

(Lmol-1min-1) 

kd 

(min-1) 

Co 

(10-3 mol) 
Wt% 

1 0.0216 0.7999 0.4634 15.15 

2 0.8515 0.3920 0.0771 21.22 

3 0.5472 0.5391 0.0638 21.19 

4 0.5261 0.2396 0.0924 21.22 

5 4.6480 0.1572 0.0033 21.22 
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 Figure 2 Comparison between polymerization rates 

obtained from experiment and obtained from prediction, 

when [Ti] =3x10-3 mol L-1, temperature=80 oC, monomer 

pressure = 1 bar. 

     

     

Figure 3 Comparison between polymerization rates 

obtained from experiment and obtained from prediction, 

when [Ti] =5x10-3 mol L-1, temperature=80 oC, monomer 

pressure = 1 bar. 

 

Conclusion  

In this research, genetic algorithm was used to 

estimate the number of site type and the kinetic 

parameters of each active site type from polymerization 

rates of ethylene polymerization over Ziegler-Natta 

catalyst. The modeling data of polymerization rates agree 

well with the experimental data, which shows the 

efficiency of the proposed method. The proposed method 

could be further extended to more complicated catalytic 

systems (e.g., multiple reactor system) by considering 

corresponding kinetic model. 
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Abstract 

A kinetic Monte Carlo simulation has been applied for modeling chain microstructures of polymers produced 

with various polymerization schemes in batch and semi-batch reactors. In this work, a kinetic Monte Carlo (kMC) 

technique was modified by coupling with residence time distribution (RTD) to simulate microstructural properties of 

polymers made in continuous polymerization process. This modified kMC technique is applied successfully to describe 

the chain length distribution (CLD) of the polymers made with free radical polymerization in continuous stirred-tank 

reactor (CSTR). The results obtained from the modified kMC technique are in a very good agreement with the results 

obtained from literature. The concept proposed herein can be extended to other complex polymerization systems with 

continuous operation, which is of great interest for industrial applications. 

Keyword:   Monte Carlo, Residence Time Distribution, Free Radical Polymerization, CSTR 

1.  Introduction  

Continuous stirred-tank reactor (CSTR) model can 

be used to describe the polymerization processes.[1] These 

reactors, as long as steady state can be maintained, will 

produce a consistent products at a low manufacturing cost. 

Residence time distribution (RTD) can be exhibited stream 

of fluid over the CSTR polymerization.[2] If the lifetime of 

a growing chain is up on the order of the average residence 

time, the molecular weight distribution (MWD) will be 

affected by the RTD.[3] 

Due to the continuous increasing of the 

computational processing in the last decades, modeling 

and numerical tools are currently available in many field 

of polymer reaction engineering. Kinetic Monte Carlo 

(kMC) can describe dynamic behavior of the system 

microstructure directly by determining number of possible 

events. Well-mixed batch operation, closed system can be 

simulated by the kMC method to produce properly 

designed distribution of microstructural properties in the 

period of operation time. However, the large variety of 

molecular and microstructure properties are depended on 

reactor types and operating conditions. The CSTR 

operation, open system cannot be directly described by the 

kMC method. 

The modeling approach to simulate MWD has been 

applied to many polymerization systems. The literature 

about living-radical polymerization in a segregated CSTR 

from the results from an infinite series of batch reactors 

has been reported.[4] Recently, stochastic models used to 

determine the detailed polymer microstructure, is capable 

to analyze polymerization processes in mixed tank and 

tubular reactor.[5]  

In this work, a combination of RTD and kMC 

method, called modified kMC technique, was developed to 

describe chain microstructures of polymers made in 

CSTR. Using this proposed technique, the RTD was 

discretized into a set of N small batch reactors, which 

reactor volume and fraction of chemical species are 

equivalents, and then the kMC method was applied for 

each batch reactor. This model was applied to predict the 

molecular weight and chain length distribution (CLD) of 

polymer made with free radical polymerization in CSTR.  
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2. Methodology 

2.1 Kinetic Monte Carlo (kMC) 

The kMC method, which is based on Gillespie’s 

algorithm, is a suitable simulation technique for dynamic 

situations that concentration of chemical species and 

polymer properties change during the polymerization. 

Following Gillespie’s algorithm, the Monte Carlo 

reaction rates (𝑅𝑐𝑀𝐶) are calculated.[6] 

𝑅𝑐𝑀𝐶 =  𝑘𝑐
𝑀𝐶𝑥𝑖                    (1) 

where 𝑥𝑖 is the number of molecules of each chemical 

species, i represents the chemical species (monomers, 

living chains and dead chains, i=1,2,3,….) , 𝑘𝑐
𝑀𝐶 is the 

Monte Carlo rate constant of each reaction type, and c 

represents the reaction type (initiation, propagation, and 

termination, c = 1,2,3,….).  

The number of molecules of chemical species i is 

defined as: 

𝑥𝑖 =  𝐶𝑖𝑉𝑁𝐴                   (2) 

where 𝑁𝐴 is the Avocadro number and Ci is concentration 

of species i. 

 The Monte Carlo rate constant for each reaction 

are given by 

𝑘𝑐
𝑀𝐶 =  𝑘𝑐

𝑉𝑁𝐴
                  (3) 

where  kc is experimental rate constant. 

Therefore, the overall reaction rate (RMC) is 

𝑅𝑀𝐶  = 𝑅1𝑀𝐶 + 𝑅2𝑀𝐶 + 𝑅3𝑀𝐶 + ⋯       (4) 

Then, the probabilities for each reaction type (Pc) 

are given by 

𝑃𝑐 =  𝑅𝑐
𝑀𝐶

𝑅𝑀𝐶                   (5) 

The reaction type c that will happen at the next 

reaction time was determined using a uniformly 

distributed random number (r2) according to the following 

condition:[6] 

∑ Pcμ−1
c=1 < r1 < ∑ Pcμ

c=1                  (6) 

where μ indicates the μth reaction type that will happen 

at the next reaction time. For example, if (P1 + P2) < r1 ≤ 

(P1 + P2 + P3), then reaction type 3 is the reaction that will 

take place at the next reaction time. However, if (P1 + P2 + 

P3) < r1 ≤ (P1 + P2 + P3 + P4), then reaction type 4 is 

selected.  

The second random number is used to determine 

the time step in the system. 

∆𝑡 =  1
𝑅𝑀𝐶 𝑙𝑛

1
𝑅1

                  (7)  

Finally, the next reaction time t will be updated. 

𝑡𝑘+1 = 𝑡𝑘 + ∆𝑡                  (8) 

The computational algorithm will be repeated until 

the final reaction time is reached. The microstructural 

properties of polymers in the system will be monitored 

during the simulation procedure. 

2.2 Residence time distribution (RTD) 

The RTD used to simulate the CSTR system, the 

mixing tank exponential distribution was given by 

𝐸(𝑡) = 1
𝜏

exp (− 𝑡
𝜏
)    (9) 
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Scheme 1. The general procedure of the proposed modified kinetic Monte Carlo mechanism. 
 

where 𝜏 is the mean residence time of the fluid in the 

reactor.  

In general, the fraction of the exit stream is the 

function of the mixing tank exponential distribution 

between time t1 and t2, therefore 

𝐹(𝑡) = ∫ 𝐸(𝑡)𝑑𝑡𝑡2
𝑡1

                (10) 

where F is called the cumulative RTD or F curve, the 

fraction of the exit stream between time t1 and t2. For 

instance, the integral result of the equation between 0 (the 

time at beginning point) and ∞ (the time at the end of the 

reaction) is equal to 1. 

2.3 General procedure for the modified kMC method 

The flow diagram summarizing the modified kMC 

simulation procedure is shown in Scheme 1. We start by 

considering a control volume (V) containing a 

homogenous mixture of N chemical species. These 

species may interact through the four reaction steps listed 

in Table 1.  

Then, the RTD are characterized and discretized 

into N partitions, where each partition represents a batch 

reactor. The boundary time for each equal fraction 

partition of RTD is limited by minimum and maximum 

times from Equation (13). 

𝐹𝑛(𝑡) = ∫ 𝐸(𝑡)𝑑𝑡𝑡𝑚𝑎𝑥𝑖,𝑛
𝑡𝑚𝑖𝑛,𝑛

             (11) 

The fraction for each partition is given by f = 1/N, and the 

volume for each batch reactor is given by Vn = V/N. 

For the first partition, the lower boundary 

(𝑡𝑚𝑖𝑛,𝑛=1) is always zero, so the reaction time of first 

partition (𝑡𝑛=1 = 𝑡𝑚𝑎𝑥,𝑛=1) can be calculated from: 

𝑓 = ∫ 𝐸(𝑡)𝑑𝑡𝑡𝑚𝑎𝑥,𝑛=1
0                   (12) 

And the reaction time of second partition (𝑡𝑛=2 =

𝑡𝑚𝑎𝑥,𝑛=2) can be calculated from: 

𝑓 = ∫ 𝐸(𝑡)𝑑𝑡𝑡𝑚𝑎𝑥,𝑛=2
𝑡𝑚𝑎𝑥,𝑛=1

                 (13) 

Therefore, the general procedure for calculating 

reaction time of nth batch reactor is that: 

𝑓 = ∫ 𝐸(𝑡)𝑑𝑡𝑡𝑚𝑎𝑥(𝑛=𝑁)
𝑡𝑚𝑎𝑥(𝑛=𝑁−1)             (14) 

where n = 0, 1, 2,…, N.  
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Scheme 1. The general procedure of the proposed 

modified kinetic Monte Carlo mechanism. 

1. Calculate the Monte Carlo reaction rates (𝑘𝑐
𝑀𝐶) 

from eq. (3).  

2. Calculate reaction probabilities (𝑃𝑐) and generate 

random number (r1) to select the next reaction type 

that will be occurred. 

3. Generate random number (r2) to calculate the time 

interval between two consecutive reactions (∆𝑡) 
by eq. (7). Then, the next reaction time (𝑡𝑘+1) will 

be updated by eq. (8). The kMC procedure for the 

nth batch will be repeated until 𝑡𝑘+1 reaches to the 

reaction time of that nth batch reactor (tn). 

After the kMC simulation for the nth batch is 

finished, we will start the kMC simulation for the next 

batch (n=n+1). This procedure will be repeated until all 

of the batch is completely simulated. The results will be 

stored along the simulation and the structural properties 

of the polymer are calculated by integral the results of N 

partitions. 

In order to validate the proposed modified kMC 

simulation, this technique is applied to free radical 

polymerization in CSTR as shown Table 1. Table 2 lists 

the kinetic parameters and the simulation conditions used 

in our simulations. We selected these values from the 

literature for free radical polymerization in CSTR.[7] 

Table 1 the sample Free Radical Polymerization kinetic. 

Reaction Scheme 

Initiation 𝑀 
𝑘𝑖→  𝑃1 

Propagation 𝑃1 + 𝑀 
𝑘𝑝��  𝑃𝑖+1 

Termination by 
monomer 𝑃1 + 𝑀 

𝑘𝑡𝑚�⎯�  𝐷𝑖+1 

Termination by 
recombination  𝑃1 + 𝑃𝑗  

𝑘𝑡𝑐��  𝐷𝑖+𝑗 

𝑀 is monomer, 𝑃𝑖  is a living chain of length i monomer 
units, 𝐷𝑖  is a dead chain of length i units. 𝑘𝑖 , 𝑘𝑝, 𝑘𝑡𝑚 and 
𝑘𝑡𝑐 are the rate constant for initiation, propagation, 
monomer termination and combination termination, 
respectively. 

Table 2 Kinetic parameters used for the simulation. 

Kinetic parameters Value Units 

[M0] 1 mol/h 

ki 0.03 h-1 

kp 1,000 L/mol h 

ktc 1,000 L/mol h 

ktm 0, 6 and 12 L/mol h 

𝜏 1 h 

 

3. Results and Discussion 

The first set of simulations was performed to 

validate the chain length distribution (CLD) of polymer 

obtained from our simulations with chain length 

distribution (CLD) of polymers reported in the 

literature.[7] 

 

Figure 1. The comparison between chain length 

distribution (CLD) obtained from our simulations and 

literature. Model parameter: ktm = 0, 6 and 12 L/mol hr, 

V= 1.0×10-16 L and N = 200. 

Figure 1 shows the comparisons between chain 

length distribution (CLD) obtained from our simulations 

and literature. There is a small different between the 

results obtained from our simulations and literature. 

However, it is evident that they are in a very good 

agreement. 

In order to choose the best number of partitions 

(N) for our simulations, the effect of number of partitions 

on the mean squared error (MSE) of polymer conversion 

(X) is study in this section. The number of partition was 
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varied from 1 to 1000. The mean squared error (MSE) 

can be calculated as follow: 

𝑀𝑆𝐸 = (𝑋𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑋�)                     (15) 

 

Figure 2. Effect of the interval partitions on the MSE 

with   V= 1.0×10-16 L. 

Figure 2 shows that the MSE decreases with 

increase in number of partitions due to decrease in batch 

behavior. The number of partitions at around 80-100 

provides very small MSE (10-6 - 10-7). 

4. Conclusion 

The modified kMC model was developed to 

predict the microstructures of polymers made in 

continuous polymerization system. This model was 

applied to free radical polymerization in CSTR. The 

results demonstrate how this model can be employed for 

the open segregated system. Leading to the accuracy for 

the simulation, it is important to observe a varying the 

number of interval partitions behavior to find the 

optimum point for the simulation. The modified kMC 

proposed herein can be extended to describe more 

complex polymerization systems (e.g., multiple site type 

catalytic system, chain shuttling polymerization). 
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Abstract 

Copper-pentaethylenehexamine [ Cu(OAc(2)pentaen( ] complex was synthesized in ethylene glycol in order to 

obtain solution form  of the complex. This complex solution was used as a catalyst for rigid polyurethane (RPUR) foam 

preparation. Ethylene glycol plays an important role as compatible solvent that permits the complex to blend 

homogeneously with the other ingredients in foam formulation. The synthesized catalyst was characterized by UV-

visible spectroscopy and mass spectrometry. Catalytic activity of Cu(OAc(2)pentaen(  complex was determined by 

investigation of reaction time of RPUR foam, namely, cream time, gel time, rise time and tack free time. Physical 

properties and morphology of RPUR foam prepared from complex catalyst were investigated. Functional groups and 

isocyanate (NCO) conversion of RPUR foam were determined using ATR-IR spectroscopy. It was found that 

polymerization time of RPUR foam, gel time and tack free time, decreased with increasing catalyst content. This result 

indicated that Cu(OAc(2)pentaen( was gelling catalyst. ATR-IR spectroscopy of RPUR foam catalyzed with 

Cu(OAc(2)pentaen(  showed quantitative NCO conversion. The morphology of RPUR foam revealed that foam had a 

closed cell structure. The cell morphology was spherical and elongated in shape in the perpendicular and parallel 

directions, respectively, of foam rising.  

Keywords: polyurethane foam; complex; synthesized catalyst; polymerization  

 

1. Introduction 

Rigid Polyurethane (RPUR) foams are cellular 

polymers which are defined as unique insulation 

materials. They have many desirable properties such as 

low thermal conductivity, low density, excellent 

dimensional stability, high strength-to-weight ratio, low 

moisture permeability and low water absorption [1,2]. 

Therefore, they are suitable for the application in 

household refrigerator, construction and industrial 

insulation [3]. The two important reactions that take place 

in RPUR foams preparation are gelling and blowing 

reaction. Gelling reaction, shown in Scheme 1, is the 

polymerization reaction between isocyanate (NCO) 

groups of polymeric methylene diphenyl diisocyanate 

(PMDI) and hydroxyl (OH) groups of polyol to give 

urethane linkages. Blowing reaction, shown in Scheme 2, 

is the reaction between NCO groups and blowing agent 

(water) to release carbon dioxide [4]. Both of those 

reactions need suitable catalysts to accelerate their 

reaction rates. The effective catalysts for increasing 

polymerization and blowing reaction rate are referred as 

“gelling catalysts” and “blowing catalysts”, respectively 

[5]. 

R NCO R' OH
catalyst

R N C

O

O R'

H

(urethane)
Scheme 1 Gelling reaction (polymerization) of RPUR 

foam 

 

R NCO H2O R NH2 CO2
catalyst

Scheme 2 Blowing reaction of RPUR foam 

 

In RPUR foam industry, organotin and tertiary 

amine are used as commercial catalysts for RPUR foams 

production [6]. Examples are N,N-dimethylcyclohexyl- 
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amine (DMCHA), dibutyltin dilaurate and dibutyltin 

mercaptide. The disadvantages of organotin and tertiary 

amine catalysts are their toxicity and strong odor, 

respectively. The strong odor of tertiary amine catalysts 

will be emitted to working environment during foam 

preparation. Hence, the development of alternative 

catalyst systems for RPUR foams is an area of interest 

[5,7]. For example, M(acac)n-TEDA catalysts, [where M 

= Cu, Mn, Fe, Co or Ni and TEDA = triethylenediamine] 

were synthesized and used to catalyze the reaction 

between diethylene glycol and hexamethylene 

diisocyanate [8]. Because of metal-amine complexes can 

be used as catalysts for RPUR foam, this work 

synthesized the alternative catalyst for RPUR foam 

preparation. This catalyst was metal-amine complex, 

Cu(OAc)2(pentaen) (where pentaen = pentaethylenehexa- 

mine). Synthesized complex is odorless and can be 

synthesized from inexpensive starting materials. The 

catalytic activity of complex catalyst and RPUR foam 

properties were investigated. 

 

2. Experimental methods 

2.1 Materials 

Copper (II) acetate monohydrate [Cu(OAc)2
.H2O], 

pentaethylenehexamine (pentaen) and ethylene glycol 

were obtained from Aldrich (USA). PMDI (PAPI 135,  

% NCO = 31 wt%, average functionality = 2.7) were 

obtained from Dow Chemical Thailand Ltd. (Thailand). 

Polyol (Raypol 4221, sucrose-base polyether polyol,  

OH value = 440 mg of KOH/g, functionality = 4.3) and 

polysiloxane surfactant (TEGOSTAB B8460) were 

supplied by Huntsman (Thailand) Co., Ltd. (Thailand). 

Distilled water was used as a chemical blowing agent. 

 

2.2 Measurements 

 Attenuated total reflectance-infrared (ATR-IR) 

spectra were recorded on Perkin-Elmer Spectrum II FTIR 

spectrometer over the range 500 - 4000 cm-1 at a 

resolution of 4 cm-1. Ultraviolet-visible (UV-Vis) spectra 

were recorded on Perkin-Elmer lambda 25 UV-Vis 

spectrophotometer over the range 200 - 800 nm. MALDI-

TOF mass spectrum was recorded using a Bruker 

Daltonics mass spectrometer. The density of RPUR 

foams was measured according to ASTM D1622-09; the 

size of specimen was 3.0 x 3.0 x 3.0 cm3, and the average 

values of three samples were reported. The morphology 

of the foams was investigated by optical microscope in 

two directions, the parallel and perpendicular direction of 

foam rising. The NCO conversion of RPUR foam 

catalyzed by Cu(OAc)2(pentaen) was studied with  ATR 

– IR spectroscopy. NCO conversion was determined from 

the absorption band of isocyanate group at 2277 cm-1 and 

calculated by the following equation [9]: 
 

NCO conversion (%) = [1-(NCOt / NCOi]100 (1) 
 

Where NCOt is an area of isocyanate peak at time t, that 

is the time after RPUR foams were kept at room 

temperature for 48 h to complete the polymerization 

reaction. NCOi is an area of isocyanate peak at the initial 

time. The isocyanate peak area was normalized by 

aromatic ring peak area at 1595 cm-1. 
 

2.3 Synthesis of copper-pentaethylenehexamine 

[ Cu(OAc(2)pentaen( ] complex in ethylene glycol 

A solution of 30 wt% of Cu(OAc)2(pentaen) in 

ethylene glycol was prepared. Pentaethylenehexamine 

(0.57 ml, 2.32 mmol) was dissolved in ethylene glycol 

(2.10 ml) at room temperature for 10 min. Then, 

copper(II) acetate monohydrate (0.462 g, 2.32 mmol) was 

added and the mixture was stirred continuously at room 

temperature for 2 h to ensure that coordination reaction 

was carried out. When the complex formation occurred, 

the solution colour changed from cyan to blue. 

Cu(OAc)2(pentaen) solution was obtained as odorless 

blue solution. The coordination reaction between copper 

and pentaethylenehexamine was showed in Scheme 3. 
 

Cu(OAc)2

NH2

H
N

N
H

H
N

N
H

NH2
H2N

H
N

NH

NH

N
H

H2N

Cu (OAc)2pentaethylenehexamine
ethylene glycol, RT, 2 hrs.

Cu(OAc)2(pentaen)

Scheme 3 Synthesis of Cu(OAc(2)pentaen(  complex in 

ethylene glycol 
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2.4 Preparation of RPUR foam catalyzed by 

Cu(OAc)2(pentaen) 

The foam formulation is shown in Table 1 and 

RPUR foam was prepared using two shots method as 

follows; the polyol, surfactant, blowing agent (water) and 

catalysts [Cu(OAc)2(pentaen)] were mixed in a paper 

cup, then, PMDI was added and the mixture was stirred 

by mechanical stirrer at 2000 rpm for 20 s. The foam was 

allowed to rise freely. The reaction time of foam, namely, 

cream time (the time when the blowing reaction started), 

gel time (the time when the foam mixture started to gel), 

tack free time (the time when the polymerization 

finished) and rise time (the time when the foam stopped 

rising) were investigated.  
 

Table 1 RPUR foam formulation 

Formulation pbwa 

Polyol (Raypol 4221) 100 

Catalysts [Cu(OAc)2(pentaen)] 2.5 

Surfactant (TEGOSTAB B8460) 2.5 

Blowing agent (H2O) 3.0 

PMDI (PAPI 135) 176.8 
a Parts by weight or 1 g in 100 g of polyol 

 

3. Results and Discussion 

3.1 Characterization of Cu(OAc)2(pentaen)  

The synthesized complex was characterized by 

UV-Vis spectroscopy and MALDI-TOF mass spectro- 

metry to confirm the complex formation between 

Cu(OAc)2 and pentaen in ethylene glycol. It was found 

that maximum wavelength (
maxλ ) of UV-Vis spectrum 

of Cu(OAc)2(pentaen) appeared at 263 nm and shifted 

from 
maxλ of Cu(OAc)2, which appeared at 242 nm, as 

shown in Figure 1. Moreover, a molecular ion peak of 

mass spectrum of Cu(OAc)2(pentaen) appeared at m/z 

475.33 as illustrared in Figure 2. The peak corresponded 

to the molecular weight of Cu(OAc)2(pentaen). 

Therefore, the results of UV-Vis spectroscopy and mass 

spectro-metry could confirm that Cu(OAc)2 coordinated 

with pentaen to obtain Cu(OAc)2(pentaen) complex in 

ethylene glycol. 

 

Figure 1 UV-Vis spectra of Cu(OAc)2(pentaen) complex 

compared with Cu(OAC)2 

 

 
 

Figure 2 Mass spectrum of Cu(OAc)2(pentaen) complex 
 

3.2 ATR-IR analysis and NCO conversion of RPUR 

foam catalyzed by Cu(OAc)2(pentaen) 

Figure 3 illustrated IR spectra of RPUR foam 

compared with the starting material, PMDI. IR spectrum 

of RPUR foam catalyzed by Cu(OAc)2(pentaen) verified 

the existing of urethane linkages. The peaks related 

urethane linkages were detected at 3302 cm-1  

(N-H stretching of urethane), 1705 cm-1 (C=O stretching 

of urethane), 1511 cm-1 (N-H bending of urethane), 1221 

cm-1 (C-N stretching of urethane) and 1070 cm-1 (C-O 

stretching of urethane). NCO conversion was determined 

from the absorption band at 2277 cm-1 and calculated by 

using the equation (1). It was found that the NCO 

conversion of RPUR foam catalyzed by 

Cu(OAc)2(pentaen) was 96.9%. This result revealed that 

urethane linkages almost successfully formed using 

Cu(OAc)2(pentaen) as a catalyst.   

475.33=[Cu(OAc)2 (pentaen)+EG]+ 

m/z 

In
te

ns
ity
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Figure 3 ATR-IR spectra of RPUR foam and PMDI 

. 

3.3 Effect of Cu(OAc)2(pentaen) content on RPUR foam 

properties 

Effect of Cu(OAc)2(pentaen) content on reaction 

time, density and height of the foam was reported in 

Table 2. The results indicated that the time related with 

polymerization reaction of RRUR foam, gel time and tack 

free time, obviously decreased with increasing content of 

catalyst in foam formulation. For cream time, only slight 

decrease was observed. The large decrease of 

polymerization time revealed that Cu(OAc)2(pentaen) is 

the good gelling catalyst for accelerating reaction 

between isocyanate and hydroxyl groups to form urethane 

linkages. As the previous data, the reaction scheme for 

the urethane formation catalyzed by Cu(OAc)2(pentaen) 

was purposed in Scheme 4. Cu(OAc)2(pentaen) could 

catalyzed the polymerization reaction of RPUR foam 

because copper, which is the central atom of the complex, 

could act as a Lewis acid and coordinate to the oxygen 

atom of  isocyanate group. This action caused isocyanate 

carbon to be more electrophilic. In addition, the nitrogen 

atom of ligand in Cu(OAc)2(pentaen) structure interacted 

with the proton of the hydroxyl group and caused the 

hydroxyl oxygen to be more nucleophilic, which then 

reacted with isocyanate group to give the urethane 

linkage. As foam density investigation, The result 

showed that the foam density decreased with increasing 

content of Cu(OAc)2(pentaen) from 0.5 to 1.5 pbw. This 

result could explain from catalytic behavior of 

Cu(OAc)2(pentaen). Because Cu(OAc)2(pentaen) is 

referred to the gelling catalyst which effectively 

accelerated polymerization rate. Polymerization is 

exothermic reaction. Thus, increasing catalyst content, 

temperature of foam system was risen due to increase of 

heat released from exothermic reaction. The kinetic rate 

of blowing reaction (CO2 generation) was promoted by a 

catalyst or by raising temperature [10]. Therefore, upon 

increasing catalyst content, more blowing reaction could 

occur and the foam density was decreased. 

H2N

H
N

NH
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N
H

H2N

Cu (OAc)2

Cu(OAc)2(pentaen)

R N C O + +

isocyanate alcohol
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N
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H2N
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H
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Scheme 4 Catalytic mechanism of Cu(OAc)2(pentaen) 

 

Table 2 Reaction time, density and foam height of RPUR foam catalyzed by Cu(OAc)2(pentaen)

Catalyst 
contents 
(pbw) 

Cream time 
(min:s) 

Gel time 
(min:s) 

Tack free time 
(min:s) 

Rise time 
(min:s) 

Free rise 
density (kg/m3) 

Foam 
Height (cm) 

0.5 0:26 ± 0.01 1:59 ± 0.08 3.20 ± 0.21 4:00 ± 0.07 40.77 ± 2.46 13.0 ± 0.07 
1.0 0:26 ± 0.01 1:20 ± 0.09 1:50 ± 0.04 2:30 ± 0.02 38.55 ± 2.48 14.3 ± 0.30 
1.5 0:26 ± 0.01 0:58 ± 0.14 1:27 ± 0.02 1:53 ± 0.01 37.62 ± 2.34 16.2 ±0.00 

2.0 0:24 ± 0.01 0:46 ± 0.01 1:05 ± 0.03 1:21 ± 0.05 37.07 ± 1.84 16.6 ± 0.62 
2.5 0:23 ± 0.00 0:37 ± 0.01 0:51 ± 0.01 1:05 ± 0.01 37.74 ± 2.58 17.4 ± 0.53 

RPUR foam 

PMDI 

3302 cm-1 2277 cm-1 

(f  NCO) 

1705 cm-1 

1511 cm-1 

(N H b di ) 

1070 cm-1 

(C O t t hi ) 

1221 cm-1 

(C N t t hi ) 
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3.4 Morphology of RPUR foam catalyzed by 

Cu(OAc)2(pentaen) 

Figure 4 showed cell morphology of  RPUR foam 

catalyzed by Cu(OAc)2(pentaen). It was found that the 

foam had a closed cell structure (Figure 4a), which could 

trap CO2 gas and provide insulation property to RPUR 

foam [6]. According to Figure 4b and 4c, the cell 

morphology was elongated and spherical in shape in the 

parallel and perpendicular directions, respectively, of foam 

rising. 
 

 

 

 

 

 

 

 
 

Figure 4 Morphology of RPUR foam catalyzed by 

Cu(OAc)2(pentaen); (a) closed cell structure of the foam; 

(b) cell morphology in parallel direction; (c) cell 

morphology in perpendicular direction  

 

4. Conclusion 

 Copper-pentaethylenehexamine complex solution 

was synthesized in ethylene glycol. This complex could be 

used as catalyst for RPUR foam preparation. As 

Cu(OAc)2(pentaen) characterization, the results from UV-

Vis spectroscopy and MALDI-TOF mass spectro- metry 

confirmed the complex formation. Catalytic activity of 

Cu(OAc)2(pentaen) revealed that this complex was good 

gelling catalyst for polymerization reaction of the foam. 

ATR-IR spectroscopy indicated that the polymerization 

catalyzed by Cu(OAc)2(pentaen) resulted in quantitative 

NCO conversion. According to the proposed catalytic 

mechanism of Cu(OAc)2(pentaen), there is synergistic 

effect between copper and pentaen during polymerization 

acceleration. RPUR foam catalyzed by Cu(OAc)2(pentaen) 

had closed cell and the morphology of  cell was observed 

different in two directions of foam rising. 
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Abstract 

Poly(methyl methacrylate-co-2-hydroxyethyl methacrylate) was synthesized from methyl methacrylate (MMA) 

monomer and 2-hydroxyethyl methacrylate (HEMA) monomer using photopolymerization. Benzophenone (BP) was used as 

initiator and triethylamine (NEt3) was used as coinitiator. The polymerization was done by bulk polymerization under UV 

radiation for 5 hrs and then precipitated in hexane. The effect of coinitiator was studied and showed that the increasing of 

coinitiator can increase %yield of polymerization. The obtained copolymers were characterized using fourier transform 

infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) spectroscopy. 
 

Keywords: Methyl methacrylate, 2-hydroxyethyl methacrylate, copolymer, photopolymerization, coinitiator 
 

1. Introduction 
 

 
Poly(methyl     methacrylate)     (PMMA)     is     a 

well-known      transparent      thermoplastic     

synthesized from   vinyl-type   monomer    and   has   

been    used   in various   drug   delivery.[1,2]   PMMA   

has   good   tensile strength, high rigidity and good 

insulation properties, however,  the  downside  of  PMMA  

is  its  brittleness.[3] This  made  PMMA  unsuitable  for  

thin  film.  Thus,  we intend to modify PMMA to be less 

brittle by copolymerization.     2-Hydroxyethyl     

methacrylate (HEMA) was selected as a comonomer to 

synthesize poly(MMA-co-HEMA)   since   PHEMA   has   

lower   Tg than  PMMA  hence,  addition  of  HEMA  

into  PMMA will  reduce  the  brittlness  of  PMMA.[4] 

Photopolymerization  was  used  as  the  method  for 

initiating  the  polymerization  in  this  study  due  to  

its easy control and operating. 
 

Benzophenone (BP) is a commonly known type II 

photoinitiator for UV curing. However, BP which gives 

a ketyl radical after excitation cannot initiate the 

polymerization. This is due to steric hindrance and 

delocalization of an unpaired electron.[5] Thus, 

coinitiators such as ether, amine and alcohol were used 

and acted as 

reactive center that can initiate the radical polymerization.[6] 

However, there are no reports of using photopolymerization via 

bulk polymerization with BP and coinitiator system to 

polymerize poly(MMA-co-HEMA). 
 

Therefore, in this study, triethylamine (NEt3) was selected  

and  used  as  the  coinitiator  for photopolymerization. We 

intend to find the suitable condition for photopolymerization of 

poly(MMA-co- HEMA) using BP as initiator and NEt3 as 

coinitiator in bulk polymerization. 
 
2. Materials 
 

Methyl methacrylate (MMA), hydroxyethyl methacrylate 

(HEMA) and benzophenone (BP) were purchased from Sigma 

Aldrich (Darmstadt, Germany). Triethylamine (NEt3) was 

purchased from Fluka (Belgium). Hexane was purchased from 

Merck (Darmstadt, Germany). Deuterated acetone (for NMR 

characterization) was purchased from Wilmad LabGlass (New 

Jersey, USA). UV lamp (Germicidal lamp, λmax=254 nm) was 

purchased from narwar   City's Spark   Group   Company   

Limited   (CSG) (Bangkok,  Thailand)  All  of  the  chemicals  

were  used without further purification. 

mailto:wanpen.ta@chula.ac.th
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Run 
 

No. 
BP(mg) NEt3(mmol) 

1  
 
 
 

90 
(0.5mmol) 

0 

2 0.25 

3 0.5 

4 0.75 

5 1.0 

6  
 

360 
(2mmol) 

0 

7 2.0 

8 4.0 

 

Run 
 

No. 
MMA:HEMA BP(mg) 

 

NEt  

(mmol) 
%yield 

1  
 
 
 
 
 
 

1:1 
(10mmol:10mmol) 

 
 
 
 

90 
(0.5mmol) 

0 N/A 

2 0.25 N/A 

3 0.5 N/A 

4 0.75 1.4 

5 1.0 3.1 

6  
 

360 
(2mmol) 

0 N/A 

7 2.0 49.5 

8 4.0 63.9 

 

3. Experiments 
 

3.1 Effect of co-initiator on polymerization of MMA 
and HEMA by bulk polymerization 

 

MMA and HEMA monomer were used at 1:1 

ratio total of 20 mmol. 90 mg (0.5 mmol, 2.5 

%mole/mole) and 360 mg (2 mmol, 10% mole/mole) of 

benzophenone were added and followed by addition of 

triethylamine at 0, 0.5, 1, 1.5, 2 equivalent mole of 

benzophenone respectively.(Table1) The mixtures were 

purged with nitrogen gas for 1 min and then 

polymerized under UV light for 5 hrs and precipitated in 

hexane. 
 

Table1. Amounts of initiator and coinitiator used in 

polymerization 

 
Table2. Amounts of monomers used in polymerization 
 

Run 
 

No. 

 

BP(mg):NEt3(ul) MMA 
(mmol) 

HEMA 
(mmol) 

9  
 
 
 
 

90:140 
(0.5:1 mmol) 

20.0 0 

10 19.0 1.0 

11 18.0 2.0 

12 17.0 3.0 

13 16.0 4.0 

14 0 20.0 

 
 
4. Results and Discussions 
 

Poly(MMA-co-HEMA)  was  successfully 

polymerized using BP as initiator and NEt3  as coinitiator. 

The %yields of the obtained copolymer were calculated (1) 

and shown in Table 3. 

%yield                  (1) 
 
 

Table3. %yield of copolymer with various mole ratios of 

initiator and coinitiator 
 
 
 
 
 
 
 
 
 
 

3.2 Synthesis of poly(MMA-co-HEMA) 
 

The amounts of BP and NEt3  were chosen from 

the previous experiment at mole ratio of 1:2 and added 

into monomer mixtures. Mole ratios between MMA and 

HEMA were varied as follows 100:0, 95:5, 90:10, 85:15, 

80:20 and 0:100 with total amount of monomer at 20 

mmol as shown in the Table2. The mixtures were purged 

with nitrogen gas for 1 minute and then polymerized 

under UV light for 5 hrs and precipitated in hexane. 

 
 
 
 
 
 
 
 
 
 
 
 

From the results, the polymerizations occurred with 

the presence of NEt3 while the increasing in the amount of 

NEt3 increased %yield of the obtained copolymer. The 

comparative studies of excess amount of BP were also 

studied (run 6, 7 and 8). It was clearly shown that the 

absence of NEt3  was resulted in no polymerization even 
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Run 
 

No. 
BP(mg):NEt3(ul) MMA 

 

(mmol 

HEMA 
 

(mmol) 
%yield 

9  
 
 
 
 

90:140 
(0.5:1 mmol) 

20.0 0 5.4 

10 19.0 1.0 9.1 

11 18.0 2.0 9.2 

12 17.0 3.0 13.4 

13 16.0 4.0 19.69 

14 0 20.0 41.3 

 

with the excess amount of benzophenone in run 6 the 

polymerization did not occurred. With low NEt3 

composition, run 2 and 3, the polymerizations did not take 

place. This may be due to insufficient time for the 

polymerization to yield copolymer with molecular weight 

high enough to be precipitated out by hexane. Moreover, 

these results indicate that the presence of benzophenone 

alone cannot initiate the polymerization. This is due to the 

bulky structure of benzene ring in benzophenone structure 

that causes the steric hindrance and prevents the initiation 

of polymerization.[5,6] 

BP and NEt3  at 1:2 mole ratio was selected for the 

polymerizations. The polymerizations were carried out with 

various ratios of monomer (MMA) and comonomer 

(HEMA). 
 

Table4. %yield of copolymer from various mole ratios of 

monomer and comonomer 

both in HEMA and poly(MMA-co-HEMA) and –C=O 

stretching was found at 1710 cm-1 in MMA, HEMA and 

poly(MMA-co-HEMA) (Fig1). However, the FTIR results 

cannot distinguish the differences between HEMA and 

poly(MMA-co-HEMA) this is due to the similarity of 

chemical structures between MMA and HEMA that cause 

the peak to overlap each other. 
 
 

a) 
 
 
 

b) 
 

c) 
 
 
 
 
 
 
 
 
Fig1.  FTIR  spectra  of  a)  HEMA,   b)  MMA  and  c) 
 

poly(MMA-co-HEMA) 
 
 
 
 
 
 
 
 
 

c b a
 

 
 
 
 
 

From    the    results,    Pure    HEMA    gives    the 

highest  %yield  at  41.3%  while  pure  MMA  gives  the 

lowest %yield at 5.4%. Also, it is clearly shown that the 

increasing of HEMA monomer resulted in an increasing 

of %yield as can be seen in Table4. This is due to higher 

reactivity of HEMA than MMA since the reactivity of 

HEMA is 1.5 while MMA has lower activity at 0.75.[7] 

The copolymer  of  MMA and  HEMA was  characterized 

with fourier transform infrared spectroscopy (FTIR) and 

nuclear magnetic resonance (NMR) spectroscopy. From 

FTIR results, -OH stretching appeared at 3350-3550 cm-1
 

6.6   6.4   6.2   6.0   5.8   5.6   5.4   5.2   5.0   4.8   4.6   4.4   4.2   4.0   3.8   3.6   3.4   3.2   3.0   2.8   2.6   2.4   2.2   2.0   1.8   1.6   1.4   1.2   1.0   0.8   0.6   0.4   0.2 

 

Fig2. 1H NMR of poly(MMA-co-HEMA) from run  no.4 

(1:1 mole ratio between MMA and HEMA) 

Percentage of HEMA             (2) 
 
 

The 1H NMR spectrum of poly(MMA-co-HEMA) is 

shown in Fig2. The signal of methyl proton from –OCH3 in 

MMA is occurred at 3.63 ppm while the signal of – 

CH2CH2OH and –CH2CH2OH in HEMA can be found at 

3.82  ppm  and  4.07  ppm  respectively.  Composition  of 

HEMA in copolymer from 1H NMR data is 55.4% which 

was calculated from integral area of the –OCH3 and – 

CH2CH2OH signal using the equation (2) 
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5. Conclusion 
 

Poly(MMA-co-HEMA)   was   successfully 

synthesized using photopolymerization with BP as 

initiator and  NEt3    as   coinitiator.   The   presence   

of  NEt3    has significant  effect  on  the  

polymerization  yield  while  BP alone cannot initiate 

the polymerization. Also, HEMA composition has an 

effect on the polymerization yield due to reactivity of 

the monomer. The obtained copolymer has almost 1:1 

composition between MMA and HEMA. 
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Abstract 

Poly(butylene succinate) (PBS) with varying number-average molecular weights (Mn)  from 7,003-14,455 was 

synthesized by a two step process of  esterification and polycondensation using succinic acid and 1,4-butanediol as a 

monomer with  a mole ratio of 1:1 and tin (II) bis-2-ethylhexanoated as a catalyst with a mole ratio of catalyst over 

succinic acid : 1, 2 and 3 mmol/mol succinic acid at 150°C, 170°C or 200°C for 12 h. The Mn of PBS increased 

significantly with a decreased in the mole ration of catalyst over succinic acid. The highest Mn of PBS (14,455) was 

obtained at 170°C with the ratio of catalyst over succinic acid of 3 mmol/mol succinic acid. Moreover, PBS obtained was 

characterized by a Fourier transform infrared spectroscopy (FTIR), 1H-NMR spectrometry. 

 

Keywords:  Poly(butylene succinate) (PBS), Stannous 2-ethyl-hexanoate (SnOct)2, Succinic acid.  

 

1. Introduction 

  In recent decades, plastic petroleum (PET, PE, and 

PP, etc) has been more frequently because its lightweight, 

strong and durable. However, plastic petroleum products 

are discarded and accumulated into soil and the marine 

environment. It becomes toxic plastic waste that 

negatively impacts our ecological systems and 

environment.[1] Biodegradable polymers are one 

alternative to reduce the impact on the environment. Due 

to their polymer structure, aliphatic polyesters as are one 

of the most promising classes of environmentally- 

friendly polymers.[2] Biodegradable polymer is 

poly(lactic acid), poly(carpolactone),  poly(hydroxy 

alkanoate) and poly(butylene sucinate).   

 Poly(butylene succinate) {PBS: [–O–(CH2)4–O– 

CO–(CH2)2–CO–]n} is one of the biodegradable [3] 

synthetic polymers, and the crystal structure of 

Renewable PBS can be synthesized through   

polycondensation, using 1,4-butanediol and succinic acid 

as bio-monomers in presence of catalyst. Succinic acid 

can be produced from Anaerobiospirillum 

succiniciproducens. During the fermentation process, CO2 

is consumed, contributing to carbon sequestration. 1,4-

butanediol can be obtained through hydrogenation and 

reduction of succinic acid.[4]   

 

Stannous 2-ethyl-hexanoate (SnOct)2 is preferred catalyst 

because of the high reactivity of polymerization, the low 

racemisation at high temperature and acceptance by the 

FDA. Moreover, (SnOct)2  is commercially available, 

soluble in common organic solvent and cyclic ester 

monomer.[5] 

PBS is a commercially available, aliphatic 

thermoplastic polyester with many interesting properties, 

including biodegradability, melt processability, and 

thermal and chemical resistance. Since PBS has excellent 

process ability, so it can be processed in the field of 

textiles into melt blow, multifilament, monofilament, 

nonwoven, flat, and split yarn and also in the field of 

plastics into injection-molded products, thus being a 

promising polymer for various potential applications. 

However, other properties of PBS, such as softness, gas 

barrier properties, and melt viscosity require further 

processing etc.[6] PBS is a novel biodegradable aliphatic 

polyester with good biocompatibility and its end-

degradation products (CO2 and H2O) are harmless, so it is 

biological safety. PBS also has high flexibility and 

excellent impact strength , similar to polypropylene and 

polyethylene.[7] PBS has found commercial applications 

in agriculture, fishery, forestry, civil engineering and also 
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is actually used as packaging materials, vegetation nets, 

mulching film, compost bags, etc.[8] 

 The objective of this study was to the synthesis 

PBS from petrochemical- based succinic acid and 1,4-

butanediol by a two step process containing esterification 

and polycondensation to optimize the process condition to 

obtain a high molecular weight of PBS.  

 

2. EXPERIMENTAL 

 
2.1 Materials 

Petrochemical- based succinic acid (99%) was 

purchased from Aj Fincechem Pty Ltd (Australia, 

Auckland Nwa Zealand). 1,4-butanediol (99+%,) was 

purchased from Acros Organic (USA). Chloroform 

(Analytical grade) was purchased from BDH prolabo 

(France).  Methanol (99%) was purchased from Merck 

(Germany). Stannous 2-ethyl-hexanoate (SnOct)2 as a 

catalyst was purchased from Sigma- Aldrich (USA).  All 

these chemicals were used without further purification. 

 

2.2 Procedure for PBS synthesis 

 Synthesis of aliphatic polyester of poly(butylene 

succinate) was performed following two stages of  melt 

polycondensation (esterification and polycondensation). 

1, 4 – butanediol (20.07 g, 229.6 mmol), succinic acid 

(20.71 g, 229.6 mmol) and catalyst were transferred into a 

batch reactor. The batch reactor was heated to 120๐C by 

alternating between vacuum-nitrogen cycles to remove 

oxygen. The reaction was kept at 120๐C for 3 h under 

nitrogen and stirring at constant speed. This first step was 

esterification by condensation of the monomer. In the 

second step of polycondensation, the temperature was 

increased to 150, 170 or 200๐C for 12 h alternating 

between vacuum-nitrogen cycles. The crude PBS 

obtained was dissolved in chloroform to remove the 

catalyst by filtration and subsequently precipitated into 

methanol. The PBS powder was filtered and dried  under 

vacuum for 24 h.  

2.3 Characterization 

      2.3.1 The number-average molecular weights 

The intrinsic viscosity was measured by a 

Ubbelohde viscometer at a concentration of 0.4 g/dL in 

chloroform at 25°C. Intrinsic viscosity was calculated 

using the Solomon-Ciuta equation [9] 

[ ]

1
2

0 0

t t2 ln 1
t t

  =   
C

  
− −  

   η                 (1) 

where c is the concentration of the solution, t is the flow 

time of solution and t0 is the flow time of pure solvent. 

The number-average molecular weights (Mn) of the 

products were calculated by using the Berkowitz 

equation:       

 [ ]1.544
nM   =  3.29  10× η                    (2) 

 2.3.2 FTIR spectra were recorded using the Cary 

630 FTIR with Diamond ATR from Agilent. All PBS 

were collected with a resolution of 4 cm-1 and 32 scan in 

the spectra region of 4000 and 400 cm-1 in the mode of 

Attenuated Total Reflectance.  

2.3.3. Nuclear Magnetic Resonance (1H-NMR)     

The chemical structure was determined by proton nuclear 

magnetic resonance (1H-NMR) spectra using a Bruker 

Avance DPX – 300 apparatus at a frequency of 300 MHz. 

 

3. RESULTS AND DISCUSSION 

PBS were synthesized by direct melt 

polycondensation using a molar ratio of succinic acid and 

1,4 butanediol equal to 1 : 1 and three different mole 

ratios of catalyst over succinic acid (1, 2 and 3 mmol/mol 

succinic acid denoted C1, C2 and C3, respectively) at 

150°C, 170°C or 200°C for 12 h  as show in Figure 1 

C CH2 CH2 C O CH2 CH2 CH2

O

O

CH2 O

HO C

O

CH2 CH2 C OH

O
HO CH2 CH2 CH2 CH2 OH+

Succinic acid 1,4 butanidiol

 
Figure 1.General scheme of PBS synthesis from succinic 

acid and  1,4 butanediol 

Theoretically, polycodensation reaction an 

equilibrium reaction. These can produce small molecules 
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of water or low molecular weight. An equilibrium is 

achieved with a higher degree of dehydration. It is 

difficult to remove water in direct melt polycondensation. 

So, under high reaction temperature and high vacuum Mn  

of PBS may to a achieve high number-average molecular 

weight (Mn) due to the dehydrative polycondensation. 

This study was carried out in an attempt to optimize the 

condition for high Mn of PBS   

  

3.1 Characterization of PBS 

The chemical structure of all of the synthesized 

PBS was studied by FTIR and 1H NMR, which is 

presented in Figure 2 and 3, respectively. The absorption 

band at 2,947 cm-1 is assigned to the -C–H bond 

stretching. The band intense appeared at 1,713 cm-1 to 

correspond to carbonyl -C=O stretching vibration 

characterizing the formation of the ester group. 

Furthermore, the peak present at 1,329 cm-1 is assigned to 

-COO- bond stretching vibration. The signal at 1,153cm-1 

is a characteristic of -C-O-C- stretching vibration in the 

repeated -OCH2CH2 unit. [10] 

 

 
 

 

 

 

 

Figure 2. FTIR spectrum of PBS 

 

The 1H-NMR spectrum of all of the synthesized 

PBS is shown in Figure 3. The peak present at 2.62 ppm 

is attributed to the methylene protons of the succinic acid 

unit (b). The peak at 4.12 ppm is attributed to methylene 

protons of -CH2-OCO- group (a). Furthermore, the 

centered methylene protons of 1, 4- butanediol (c) give a 

multiply at 1.7 ppm. The little peak at 3.4 ppm is 

attributed to methylene proton of CH2-O- at the chain 

extremity. The triply appearing at 4.3 ppm clearly shows 

that the reaction takes place between the diol and the 

diacid. [10] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 1H-NMR spectrum of all synthesized PBS 

(CDCl3) 

 

3.2 The number-average molecular weights of PBS 

The intrinsic viscosities[η] of all the synthesized 

PBS ranged from 0.366 dL/g to 0.586 dL/g, and their 

corresponding Mn can be calculated via the the equation: 

Mn = 3.29 × 104[η]1.54. The Mn of PBS are in the range of 

7,000 and 14,500, as show in figure 4. Moreover, the Mn 

of synthesized PBS are nearly with PBS synthesis using 

tetrabutyl titanium and triphenyl phosphate (TPP) as 

catalyst [9].   

 
Figure 4.  Comparison of Mn of PBS with the difference 

of reaction temperature and ratio of catalyst over succinic 

acid  

The Mn versus reaction temperature graph showed 

that the temperature reactions of 150°C and 170°C can 

produce the highest Mn of PBS at the C3 (Mn = 11,999 

and 14,455), while 200°C showed the highest Mn of PBS 

at the C1(Mn = 14,307). When the polycondensation were 
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conducted using catalyst ratio of C2 and C3 at 200°C for 

12 h, the PBS product became dark brown color and 

lower Mn than 150 and 170°C because automatic thermal 

decomposition or depolymerization of product[11].  

Although the temperature increasing, the mobility and 

activity of the chain ends are also increased, resulting in 

an increased overall forward reaction rate and eventually 

an increase in the polymer average molecular weight. 

[12]. Some researches achieved PBS synthesis at high 

reaction temperature than 200°C such 220°C[8], 230 °C 

[13].  

Generally, the  polycondensation rate increases 

and the molecular weight of polymer obtained decreases 

when the amount of catalyst used for obtaining a high 

molecular weight of PBS has a monomer to catalyst in 

ratio the range of 1000:1 to 10,000:1. A high level of 

Sn(Oct)2 was used in order to obtain an acceptable 

reaction rate. Thus, a high molecular weight of PBS could 

not be achieved in this study, especially at a high 

temperature reaction.  The catalyst can cause many side 

reactions such as unwanted degradation and hydrolysis 

rates as shown in Figure 5.  

CH2 C
O

OC O-

C +

O

CH2 CH2 CH2 CH2 OCH2C

O

O- CH2 CH2 CH2 CH2 O
O

O C

O

CH2 CH2 C

O

 
Figure 5 Chain cleavage side reaction due to Sn(Oct)2 

excess. 

Moreover, the highest yield of each PBS 

temperature reaction was performed at a low of ratio of 

succinic acid over catalyst as shown in Figure 6. 

 

 
Figure 6.  Percent yield of synthesized PBS 

However, distillate was collected from the vacuum 

trap for one synthesis was determined by FTIR. FTIR 

spectra showed that broad peak at 3,600 cm-1 assigned –

COOH and shape peak at 2,989-2,870 cm-1 assigned 

methylene group. Thus, we estimated a mixture of water 

THF and BDO [14].  

 

4. CONCLUSIONS 

The PBS synthesis was achieved using 2 stage 

reactions as esterification of succinic acid, 1,4-butanediol 

in the ratio of 1:1 and three different molar ratio of 

catalyst over succinic acid (C1, C2 and C3) previous, 

polycondensation. Polycondensation was carried out at 

different temperatures of 150°C, 160°C, and 170°C. As a 

result, high Mn of PBS can be synthesized at a ratio of 

succinic acid: 1,4-butanediol equal 1:1 and a ratio of 

catalyst over succinic acid of 3:1 (C3) at 170°C  for 12 h.  
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Abstract 

 Polymer electrolyte membrane fuel cell (PEMFC) is a clean power source which bipolar plates act as a key 

component in this fuel cell. The technology of PEMFC thus is substantially dependent on the performance of its bipolar 

plate. In this research, carbon-polymer composite bipolar plate has been developed using benzoxazine resin as the polymer 

matrix and mixtures of synthetic graphite and graphene as conductive reinforcements. Effect of varied graphene contents 

on thermal and mechanical properties of the graphite/graphene filled polybenzoxazine composite were investigated. All 

specimens were fabricated by compression molding technique at temperature of 200°C and pressure of 15 MPa in a 

hydraulic hot-press machine for 3 hours. Mechanical, thermal and physical properties of these composites were studied. 

The results showed that, thermal conductivity of graphite/graphene filled polybenzoxazine composite tended to increase 

with increasing graphene content from 12.6 to 14.5 W/mK. Moreover, flexural modulus of graphite/graphene filled 

polybenzoxazine composite increased with increasing graphene content from 12.4 to 16.8 GPa. As a result, 

graphite/graphene filled polybenzoxazine composite is a potential candidate as bipolar plates to replace a conventional 

brittle graphite bipolar plate.    

 

Keywords: Polybenzoxazine; Graphite; Graphene; Bipolar plate; Fuel cell 

 

1. Introduction 

   
 Bipolar plate is a key component in polymer 

electrolyte membrane fuel cell which accounts for 70% 

of the total weight and 50% of the main cost of the 

product. The main functions of bipolar plate include 

providing a uniform distribution of fuel gas, facilitating 

water management, conducting electrical current from 

one single fuel cell to another, enabling heat transfer, and 

providing adequate mechanical strength. To meet all 

these functions, bipolar plates must exhibit excellent 

electrical and thermal conductivity, adequate mechanical 

strength, good chemical corrosion resistance and low gas 

permeability . Graphite-polymer composite bipolar plates 

are being studied to replace the pristine graphite bipolar 

plate, due to its low cost and rapid production. However, 

thermal and electrical conductivity as well as mechanical 

property of graphite-polymer are below the desired target 

value. Therefore, research is going on to increase those 

properties of the graphite-polymer composite bipolar 

plate using different types of carbon fillers [1].  

 Recently, graphene has attracted both academic 

and industrial interest due to its very good mechanical 

strength (ultimate strength of 130 GPa), large specific 

area (2630 m2/g), good corrosion resistant and low gas 

permeability. Especially, it’s the highest electrical 

conductivity (>6000 S/cm) and high thermal conductivity 

(5000 W/mK). Therefore, graphene was proposed to be 

partly incorporated with graphite to improve properties of 

the graphite filled composite [2]. 

 Benzoxazine resins are a novel kind of 

thermosetting phenolic resin that can be synthesized from 

phenol, formaldehyde and aniline. The curing process of 

benzoxazine resin into polybenzoxazine occurs via a 

ring-opening polymerization by thermal cure without a 

catalyst or curing agent. Benzoxazine resins offer a 
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number of attractive properties such as near-zero 

volumetric shrinkage upon polymerization, no by-product 

release during cure, very low melt viscosity, high glass 

transition temperature, high thermal stability, good 

mechanical strength and modulus, low water absorption 

and good adhesive properties [3]. 

In this research we aim to prepare and characterize 

physical, mechanical and thermal properties of highly 

filled systems of graphite/graphene-polybenzoxazine 

composites for PEMFC bipolar plate application.  

 
2. Materials and Methods 

2.1 Materials 

Materials used in this research are benzoxazine 

resin, graphite and graphene. Benzoxazine resin is based 

on bisphenol-A, aniline and para-formaldehyde. The 

bisphenol-A (polycarbonate grade) was kindly supplied 

by PTT Phenol Co., Ltd. Aniline (AR grade) was 

obtained from Panreac Quimica SA Company whereas 

paraformaldehyde (AR grade) was purchased from 

Merck Company. Graphite (grade IG-70, density: 2 

g/cm3) was supported by Toyo Tanso (Thailand) Co., 

Ltd. XGnP graphene nanoplatelets (GNPs; grade H) was 

purchased from XG Sciences (purity 99.5%, density: 2.2 

g/cm3). A diameter of grade H GNPs is 5 to 25 mm with 

15 nm thick and having surface area of 50–80 m2/g.  

 
2.2 Benzoxazine Resin Preparation 

 Benzoxazine monomer (BA-a) was synthesized 

from bisphenol-A, para-formaldehyde and aniline at a 

1:4:2 molar ratio. The reactant mixture was constantly 

stirred at 110°C for 40 min based on a solventless 

technology [4]. The as-synthesized monomer is light 

yellow solid at room temperature. The powder was 

ground into fine powder and kept in a refrigerator for 

future use. 

 

2.3 Graphite Preparation 

 Graphite was reduced into aggregate size by a 

ball mill. Graphite aggregate size (240 µm) was obtained 

by a screen mesh method. The graphite was firstly dried 

at 110°C for 24 h in an air-circulated oven until a 

constant weight was achieved and then was kept in a 

desiccator at room temperature for further use. 

 
2.4 Composites Preparation 

 Graphite/graphene filled polybenzoxazine 

composites were prepared by varying composition of 

graphene and graphite. The overall carbon filler content 

was fixed at 83wt% and varying composition of graphene 

from 0-10wt% at an expense of the graphite. The filler 

was thoroughly mixed with molten benzoxazine resin at 

about 120°C and mechanically stirred to achieve uniform 

dispersion of the filler in benzoxazine resin under high 

shear force. For thermal cured specimens, the compound 

was compression molded by hot pressing at 200°C for 3 h 

under a hydraulic pressure of 15 MPa. The fully cured 

samples were air-cooled to room temperature in an open 

mold before characterizations. 

 
2.5 Characterizations of Graphite/Graphene Filled 

Polybenzoxazine Composites 

Curing characteristics of the benzoxazine 

composites were examined by a differential scanning 

calorimeter model DSC1 Module from Mettler-Toledo 

(Thailand).  For each test, a small amount of the sample 

ranging from 5 to 10 mg was placed in an aluminum pan 

and sealed hermetically with an aluminum lid. The 

experiments were performed in a temperature range of 

30°C up to 300°C under N2 purging with a flow rate of 

50 ml/min and a heating rate of 10°C /min.  

Density of each specimen was determined by a 

water displacement method according to ASTM D 792 

(Method A). All specimens were prepared in a 

rectangular shape of 50×25×2 mm3. Each specimen was 

weighed in air and in water at 23±2°C. The density of 

each sample was calculated according to Eq. 1. 

  ρc= A
A-B

×ρ0                                    (1) 

where ρc and ρ0 are densities of the specimen and water 

at a given temperature (g/cm3), respectively. A and B are 

weights of the specimen in air and water (g), 

respectively.  

Specific heat capacities of all samples were 

measured using a modulating differential scanning 

calorimeter (MDSC) model DSC1 Module from Mettler-
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Toledo (Thailand). The weight of sample is in the range 

of 15-20 mg. The sample was purged with nitrogen gas at 

a flow rate of 60 ml/min. The test was performed from 15 

up to 200°C at a heating rate of 1°C /min. 

 Thermal diffusivity (α) of the polymer 

composites was measured by laser flash diffusivity 

instrument (Nano-Flash-Apparatus, LFA 447, Netzsch). 

The dimension of the specimens was square of 10 mm by 

10 mm in length, and 1 mm in thickness. All 

measurements were conducted from room temperature to 

180°C. 

 Thermal conductivity (k) of the composite 

samples was calculated using the measured thermal 

diffusivity (α), specific heat capacity at constant pressure 

(Cp), and the measured density (ρ) of the sample 

according to Eq. 2. 
 

          k = α × ρ × Cp   (2) 

Flexural modulus and flexural strength of the 

composite specimens were determined utilizing a 

Universal Testing Machine (Instron Instrument model 

5567). The dimension of the specimens is  50×25×2 

mm3. The test method used is a three-point bending mode 

with a support span of 32 mm, and a crosshead speed of 

0.85 mm/min. The flexural modulus and the flexural 

strength were measured according to the procedure 

described in ASTM D 790. 

  
3. Results and Discussion 

3.1 Curing Behaviors of Graphite/Graphene Filled 

Polybenzoxazine Molding Compounds  

Curing behaviors of benzoxazine resin filled with 

different graphene contents in the range of 0-10wt% and 

graphite contents of 83-73wt% were investigated by 

DSC. Figure 1(a) shows curing exotherms of the neat 

benzoxazine resin (BA-a) and graphite/graphene filled 

benzoxazine molding compounds at different graphene 

contents. A maximum exothermic peak of the neat 

benzoxazine resin was observed at 233°C, which is the 

characteristic of oxazine ring opening reaction. The 

curing peak of graphite filled benzoxazine at 83wt% was 

found to be about 232°C. Interestingly, the curing peak 

maximum of the molding compounds evidently shifted to 

lower temperature with increasing of graphene loading. 

The positions of exothermic peaks of 0, 2.5, 5, 7.5 and 

10wt% of graphene content in graphite/graphene filled 

benzoxazine molding compound (i.e. fixed overall carbon 

filler at 83wt%) were 232, 220, 212, 204 and 202°C, 

respectively. The results indicated that graphene filler can 

act as a catalyst for oxazine-ring opening reaction thus 

alleviated the curing condition in terms of energy 

consumption of the polymerization reaction. This result is 

also consistent with our previous report [2].  

 

 
Figure 1. (a) DSC thermograms of graphite/graphene 
filled benzoxazine molding compound at different 
graphene contents: () neat polybenzoxazine, () 
83/0wt%, () 80.5/2.5wt%, () 78/5wt%, () 
75.5/7.5wt%, () 73/10wt% (b) DSC thermograms of 
graphite/graphene filled polybenzoxazine composite at 
2.5wt% graphene cured at 200oC with various curing 
times: () uncured molding compound, () 1 hr cure 
() 2 hr cure, (∎) 3 hr cure. 
 

Figure 1(b) shows the DSC thermograms of the 

graphite/graphene filled benzoxazine molding compound 

at 2.5wt% of graphene content and 80.5wt% of graphite 

at various curing conditions. The heat of reaction was 

determined from the area under each exothermic peak. 

From the results, the value of the area under the 

exothermic peak decreased from 252 J/g of the uncured 
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graphite/graphene filled benzoxazine molding compound 

to 16, 7, and 4 J/g, after curing at 200°C for 1 hr, 2 hr, 

and 3 hr, respectively. The degree of conversion 

estimated by Eq. 3 was determined to be 98% after 

curing at 200°C for 3 hr. Therefore, the curing condition 

at 200°C for 3 hr was used to cure all graphite/graphene 

filled benzoxazine molding compounds to prepare the 

specimens for further characterization.  
 

%conversion= �1- Hrxn
H0
� ×100    (3) 

where Hrxn is the heat of reaction of the partially cured 

specimens and H0 is the heat of reaction of the uncured 

resin.  

 
3.2 Specific Heat Capacity from DSC of 

Graphite/Graphene Filled Polybenzoxazine Composites 

Specific heat capacity (Cp) is a thermodynamic 

property that describes an ability of a material to store 

thermal energy. In particular, specific heat of a material 

is defined as the amount of energy required to raise a unit 

mass of material by one unit of temperature at constant 

pressure. The specific heat capacity of composites is an 

essential parameter for determination of thermal 

conductivity, which correlation is expressed in Eq. 2.  

The effect of different graphene contents on 

specific heat capacity of graphite/graphene filled 

polybenzoxazine composite is shown in Figure 2. From 

this figure, the specific heat capacities of the composites 

at 25oC were found to systematically increase with 

increasing graphene content. This phenomenon was 

expected from the higher specific heat capacity of the 

graphene compared to the graphite. Furthermore, the 

specific heat capacity of composites is a structure-

insensitive property characteristic, which, in general, 

having a linear relationship with filler loadings [5]. 

Therefore, specific heat capacity values at different filler 

loading are normally predicted by a rule of mixture 

according to Eq. 4. 

 
Cpc = Cp,graphiteWgraphite+ Cp,grapheneWgraphene +Cpp(1-Wf)     (4) 

 

where Cpc and Cpp are the specific heat capacities of the 

composite and polymer, respectively, Wf is the mass 

fraction of the filler. 

The specific heat capacity value of the pure 

graphite, pure graphene and the neat polybenzoxazine 

was reported to be 0.770, 1.075 and 1.756 J K-1 g-1, 

respectively. The values were then substituted in Eq. 4, 

and the corresponding Eq. then became: 

Cpc= 0.770Wgraphite+1.075Wgraphene +1.756(1-Wf) (5) 

 
The specific heat capacity values of our 

composites were compared with the values calculated 

from Eq. 5 as seen in Figure 2. The measured values 

were found to be in good agreement with those predicted 

by the rule of mixture with an error within ±3.0%. 

 
Figure 2. Specific heat capacity of graphite/graphene 
polybenzoxazine composites at 25oC at different 
graphene contents.  
 

3.3 Thermal Diffusivity and Thermal Conductivity of 

Graphite/Graphene Filled Polybenzoxazine Composites. 

Thermal diffusivity is a material specific property 

for characterizing unsteady heat conduction. The thermal 

diffusivity of graphite/graphene filled polybenzoxazine 

as a function of graphene content was measured at room 

temperature as illustrated in Figure 3. From the figure, 

thermal diffusivity of graphite/graphene filled 

polybenzoxazine composites tended to increase with 

increasing graphene content, which could be explained 

by the formation of tremendous amount of conductive 

paths in the filled systems with the graphene nanoparticle 

loading.  

 The thermal conductivity is also an important 

property of a bipolar plate for heat dissipation during the 
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functioning of fuel cell stack, which generally operates 

around 80oC [1]. Thermal conductivities of the 

graphite/graphene filled polybenzoxazine composites as a 

function of graphene loading at 25oC were determined 

according to Eq. 2 with the known parameters of thermal 

diffusivities, heat capacities and densities of the 

composites and the values are summarized in Table 1. 
 

Table 1. Thermal conductivity of graphite/graphene 

filled polybenzoxazine composites with different 

graphene content. 

Graphene 
content 
(wt%) 

α ×106  
(m2/s) 

Cp 
(J/g K) 

ρ 
(g/cm3) 

k 
(W/mK) 

0wt% 7.80 0.901 1.796 12.6 

2.5wt% 8.38 0.912 1.797 13.7 

5wt% 8.40 0.924 1.803 13.9 

7.5wt% 8.60 0.937 1.801 14.5 

10wt% 8.61 0.940 1.789 14.4 

Thermal conductivity of the neat polybenzoxazine is 0.23 W/mK. 
 

Figure 3 shows a plot of the thermal conductivity 

of graphite/graphene filled polybenzoxazine composites 

as a function of graphene weight fractions. As seen in 

this Figure, the thermal conductivity values of the 

composites were found to increase with increasing 

graphene content. The maximum thermal conductivity of 

the resulting composite increased to 14.5 W/mK or more 

than 63 times greater than that of the neat polybenzoxazine 

(0.23 W/mK) with 7.5wt% of graphene. As a consequence, 

an incorporation of graphene in graphite/graphene 

polybenzoxazine composites can provide a greater 

thermal conductivity compared to the composite with 

only graphite filler. In theory, graphite microfillers,  

owing to their relatively large size, should be beneficial 

in producing a small number of interfaces, thus 

contributing to a high thermal conductivity in overall. In 

addition, adding a small amount of graphene nanofillers 

should enhance the interaction between the microfillers 

(by bridging the gaps between them) and increasing in 

contact area between microfillers due to the presence of 

nanofillers between them. This will further increase the 

thermal conductivity of the composite. The increased 

contact area can definitely lead to reduced contact 

resistance at the interface between the fillers and hence 

lead to higher thermal conductivities for the composites. 

However, thermal conductivity values observed in our 

graphite/graphene filled composites were through-plane 

thermal conductivity in which graphite and graphene are 

oriented in the pressure planes during composite 

manufacturing by compression molding. Through-plane 

thermal conductivity is commonly lower than in-plane 

value because of anisotropic structure of the filler [6] . 

 
Figure 3. () Thermal conductivity (through-plane) and 

() Thermal diffusivity at 25oC of graphite/graphene 

filled polybenzoxazine at various graphene content.  
 
3.4 Flexural Properties of Graphite/Graphene Filled 

Polybenzoxazine Composites. 

 One common function of bipolar plate is to 

provide structural support for the fuel cell stack and 

withstand the vibration occurred from the moving vehicle 

[7]. The flexural properties of graphite/graphene filled 

polybenzoxazine composites with different graphene 

loading were systematically investigated. As shown in 

Figure 4, the flexural modulus of the composites was 

found to slightly increase with increasing graphene 

contents, following an additive rule. The highest flexural 

modulus value of 16.8 GPa was obtained at 7.5wt% of 

graphene loading, which was enhanced by almost 35% 

compared to that of the 0wt% of graphene loading or 

83wt% graphite loading, having the value of 12.4 GPa. 

The enhancement in flexural modulus was believed to be 

due to a uniform dispersion and strong interfacial 

bonding between the filler and the polybenzoxazine 

matrix [8]. It is, therefore, evident that an addition of 

smaller and more rigid graphene nanoparticles into the 

polybenzoxazine matrix attributed to significant 
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enhancement in the stiffness of the obtained 

polybenzoxazine composites. More importantly, the 

flexural modulus of the graphite/graphene filled 

polybenzoxazine at 0-10wt% of graphene contents 

exceeded the DOE requirement of 10 GPa for a bipolar 

plate application [9]. 

 

Figure 4. () Flexural modulus and () Flexural 

strength of graphite/graphene filled polybenzoxazine at 

various graphene content.  

 

The flexural strength of the graphite/graphene 

filled polybenzoxazine composites were also investigated 

as depicted in Figure 4. From Figure 4, the flexural 

strength of the composites were found to slightly 

decrease with increasing graphene contents. The merely 

slight decrease in the strength values implied that the 

graphene particles can form continuous network in the 

composites thus leading to better continuous stress 

transferring compared to a rather large decrease in 

strength in various graphite-filled composite [2]. In 

addition, the flexural strength of our composite remained 

as high as 54.3 MPa, which was significantly greater than 

the flexural strength value of the DOE targets for bipolar 

plate (>25 MPa) [10]. 

 

4. Conclusions 

The properties of graphite/graphene filled 

polybenzoxazine composites with 83wt% of filler loading 

by varying composition of graphene from 0-10wt% and 

graphite from 83-73wt% were investigated in this 

research. The presence of graphene filler in 

graphite/graphene filled benzoxazine compound was 

found to substantially accelerate the curing reaction of 

the benzoxazine resin. At a curing temperature of 200oC 

for 3 hours, the fully cured specimens were achieved with 

the conversion up to 98%. The resulting composite’s 

flexural modulus was enhanced to 16.8 GPa at a 

graphene loading of 7.5wt%. Thermal conductivity of the 

composites having 7.5wt % of graphene was determined 

to be as high as 14.5 W/mK.  
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Abstract 

This research was done to study the effect of adding natural rubber (NR) on mechanical properties of Sansevieria 
trifasciata fiber/high density polyethylene (STF/HDPE) composites. The effect of different fiber size (1 mm, 500 µm, 
250 µm and 125 µm) also has been studied. Processing of STF/NR/HDPE composites were done by using an internal 
mixer. The processing parameters used were 135°C for temperature and a mixing rotor speed of 55 rpm for 15 minutes. 
The variation of NR compositions with respect to HDPE were 10-60%, while filler loading was fixed at 10%. The 
homogenous composite blends obtained were pressed with a hot press machine to get test samples with 1 mm thickness. 
Samples were evaluated via tensile tests. Results showed that tensile stress and tensile modulus will decrease by adding 
more NR while tensile strain will increase. Overall, it showed that 125 µm of fiber size has given higher values/stable 
results for stress, strain and modulus. Adding NR would produce less rigid and softer surface composites with lower 
values of tensile modulus and stress. 
Keywords: composites, high density polyethylene, natural rubber, natural fiber, mechanical properties 
 
1. Introduction 
 

Incorporating natural filler into polymer matrix has 

gained a lots of attention nowadays. Many types of filler 

have been used in plastic industry either to cut the 

production costs or to tailor the mechanical properties of 

the materials. Environmental awareness research groups 

all over the world have focused their attention on the use of 

natural fibers to reinforce polymer matrixes. The attractive 

features of using natural fibers are including their light 

weight, moderate strength, high specific modulus, 

renewable, biodegradable, lack of health hazards, 

amenability to chemical modification and can be obtained 

at low cost [6]. 

There are many types of natural fiber from plant 

resources. Most of them are agrowaste. Natural fiber like 

flax, hemp, jute, sisal, kenaf, coir, kapok, banana, 

henequen, rice husk, pineapple leaf, oil palm, wood pulp 

and many more are commonly used  as reinforcement in 

polymer matrixes [2] [7] [6]. Thus, new fiber resources 

should be explored. Sansevieria trifsciata (ST) usually 

are used as decoration plants at park or at home. 

Sansevieria plants can also grow in wild environment [6]. 

Common  names  for  ST  are  snake’s  tongue,  devil’s 

tongue, mother in laws’ tongue, bow string hemp or 

snake’s plant. Current research showed that Sansevieria 

trifasciata fiber (STF) has not been utilized as 

reinforcement in composites. Therefore, effect of fiber 

size is important to characterize this fiber. Fiber length 

will play an important role in homogenous distribution of 

mechanical strength in a composite system [4] [5]. It is 

observed that Sansevieria fibers have good mechanical 

and thermal insulation properties [3] 

Adding natural rubber (NR) into the composite blend 

also will modify its characteristic. It was reported that 

better tensile properties will be obtained when NR and 

thermoplastics were combined in the system due to the 

some structure similarity, compatibility and phases 

interaction [1]. 

The objectives of this research are to produce 

STF/HDPE composites with modification of NR 

composition in the matrix and also to study the effect of 

fiber size to the composite’s system. 
 
 
2. Experimental Methods 
 
 
2.1 Material and method 

mailto:azeiss@ukm.edu.my
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High density polyethylene (HDPE) Etilenas 

HD5301AA grade was obtained from Polyethylene (M) 

Sdn.  Bhd.  Natural  rubber  (NR)  SMR-L  grade  were 

bought from Chemolab Supplies. Sansevieria trifasciata 

trees  were  bought  from  Sungai  Buloh  Nursery.  The 

leaves were cut and washed in order to remove dirt and 

adhering soil. The leaves then were chopped by using a 

slicer machine (Emura, Japan). The leaves were dried by 

using a drum dryer at 60°C for 5 hours and ground to fine 

fiber. The fiber then were sieved to size of 1 mm, 500 µm, 

250 µm and 125 µm. 
 

Composite blending was done by using an internal 

other sizes. Tensile properties are strongly influenced by 

the fiber length [6]. Smaller size of fiber will increase 

interfacial interaction between fiber and matrix. It will 

also improve fiber orientation. 
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mixer (Brabender W50EHT, Germany). Processing 

parameters used were 135 °C for temperature and rotor 

speed at 55 rpm for 15 minutes. NR composition of 10- 

60% were used in the system while STF composition was 

fixed at 10%. Composites obtained were pressed in a hot 

press machine (Labtech, Sweeden) at 145 °C to produce 

samples with 1 mm thickness. Total pressing time was 12 

minutes. 
 
 

2.2 Testing 
 

Tensile tests were carried out according to ASTM 

D412 on an Instron Universal Testing Machine (model 

5567). Dumbbell specimens of 1 mm thickness were cut 

from the hot press sheets by using a die cutter. A 

crosshead speed of 50 mm/min was used and the test was 

performed at 25±3 °C. Seven specimens were used and 

the average was calculated respectively. 

0 10 20 30 40 50 60 70 

NR Composition (%) 
1 mm 500 um 250 um 125 um 

 
Fig. 1. Tensile stress at 10-60% NR composition with 

variation of fiber size. 
 
 

Fig.  2  shows  the  strain  value  at  10-60%  NR 
 

composition with variation of fiber size (1 mm, 500 µm, 
 

250 µm and 125 µm). It shows that strain value will 

increase as NR composition increase because of the 

increment of material flexibility. This will contribute to 

the higher reading of strain value. From Fig. 2, we can 

observe that 125 µm of fiber size has give the most stable 

results compared to other sizes. This shows that the good 

interaction between fiber and matrix. 
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3. Results and Discussion 

Fig. 1 shows the value of tensile stress at 10-60% 

of NR composition in the matrix with variation of fiber 

size (1 mm, 500 µm, 250 µm and 125 µm). Adding NR 

150 
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into  the  composites will decrease  the  value of  tensile 
 
1 mm 

NR Composition (%)    
500 um 250 um 125 um 

 

strength for all of fiber sizes. Only at 125 µm, tensile 

strength increase slightly at 10% of NR loading and 

decrease afterwards. Tensile strength decrease as NR 

composition increase due to the elasticity and softer 

properties of NR that will absorb the energy transfer. 

From the results obtained, it shows that STF at 125 µm 

gives the highest value of tensile strength compared to all 

 
Fig. 2. Strain value at 10-60% NR composition with 

variation of fiber size. 
 
 
Fig. 3 shows the value of tensile modulus at 10-60% of 

NR composition in the matrix with variation of fiber size 

(1 mm, 500 µm, 250 µm and 125 µm). Overall, tensile 

modulus decrease as NR composition increase because of 
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material rigidity that will also decrease when more rubber 

were  added  to  the  composite  system.  Modulus  are 

slightly increase at 10% of NR composition due to the 

amout of fiber in the system. At this level, fiber amount is 

more than NR composition. Thus, it can still contribute to 

the rigidity of the material. After 20% onwards, tensile 

modulus keeps decreasing because the energy has been 

absorb by NR phase. From the graph, it shows that 125 

µm has given the highest value of tensile modulus 

compared to other sizes. 
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4. Conclusion 
 

Blending STF/NR/HDPE together has produced 

homogenous composites at all level of sizes. Adding NR 

to  the  composite  system  has  produced  less  rigid  and 

softer surface composites with lower values of tensile 

modulus and stress. Overall, it showed that 125 µm of fiber 

size has given higher values/stable results for stress, strain 

and modulus. 
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Abstract 

This research studied the changes in molecular structure, molecular weight (MW), and linear viscoelastic (LVE) 

properties of the standard Thai NR block after mastication for 20 min at 40, 70, and 100 rpm, respectively. The MWs of 

unmasticated and masticated NRs were quantified by size exclusion chromatography. The “dual constraint” model, 

which is known to provide good predictions of the LVE properties from the MW and molecular weight distribution 

(MWD) of linear polymers, was used to correlate the MWs of NRs to their LVE properties. It was found that the dual 

constraint model could predict the dynamic moduli of NRs masticated at high speeds (70 and 100 rpm), indicating that 

the rheological behavior of the masticated NRs at 70 and 100 rpm conformed to linear polymers. On the other hand, the 

predictions for the unmasticated NR and the NR masticated at a lower speed of 40 rpm (NR40 rpm) deviated from the 

experimental values, especially in the terminal zone. This deviation might be due to the presence of physical gel and 

microgel in NR, which might still exist at mastication temperatures below 100 °C. 

 

Keywords:  natural rubber, mastication, rheological parameter, molecular weight, dual constraint model 

1. Introduction 

   In natural rubber industries, mastication of NR 

before compounding with other chemicals and fillers is a 

common process because the viscosity of NR is usually 

very high. So far, characterization of the actual NR 

molecular weight (MW) has been a difficult task. The 

MW determination by size exclusion chromatography 

(SEC) required filtration of gel in NR by microfiltration 

to prevent blockage of the SEC column, where it was 

thought that this filtration step led to inaccurate 

measurement of NR MW. Tremendous efforts have been 

put into quantifying the MW and MWD of NR. All of 

them found that quantification of NR structure was not 

possible without several cumbersome pretreatments, 

which excluded some parts of or destroyed the original 

NR structure. Therefore, this paper proposes to 

investigate the changes in NR MW and molecular 

structure indirectly by using the rheological method. 

Here, various grades of NR were prepared by mastication 

at different mastication speeds to observe the changes in 

their rheological and molecular properties after 

mastication. The rheological properties of NR after 

mastication are of interest because mastication of NR has 

been commonly used in NR compounding. Knowing the 

changes in NR structure after mastication at different 

conditions could be advantageous in fine tuning its 

desirable final product properties.  

In the past, rheological models have been 

investigated for explaining the flow behavior of 

polymers, elastomers, and polymer blends. It is, however, 

impossible to obtain quantitative predictions for 

commercial randomly branched or gelled polymers since 

their rheological properties depend on several factors 

including the homogeneity of molecular architecture. 

Therefore, the highest potential for quantitative 

predictions is in linear polymers, where several 

theoretical models have been shown to provide good 

predictions by using the least number of fitting 

parameters[1-4]. So far, no work has correlated the 

effects of mastication on the structure of masticated NR 

by using the rheological point of view. Therefore, the 

changes in the rheological behavior of NR after 

mastication were investigated here by using this type of 

theoretical model to investigate the effect of breakdown 
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mechanisms. The model used here was a linear 

viscoelastic (LVE) model, namely, “the dual constraint 

model”[1,5,6], which is known to be quite accurate for 

linear organic polymers. If the model prediction is valid 

for NR, it could be used to predict viscosities and other 

rheological properties of the rubber from their MWs at 

any temperature.  

 

2. Theoretical Description: The Dual Constraint 

Model 

The dual constraint model was originally 

developed by T.J. Van Dyke, R.G. Larson, D.W. Mead 

and M. Doi and refined by Pattamaprom et al. [5-6]. This 

model provides good predictions for monodisperse, 

bidisperse, and polydisperse linear polymers and star-

branched polymers, including polyisoprene, over a broad 

range of molecular weights.  The required parameters for 

this model are the plateau modulus ( 0
NG ) and the 

relaxation time for an entanglement segment (τe), where 

these two parameters are independent of molecular 

architecture, molecular weight or molecular weight 

distribution. The plateau modulus can be obtained from 

the polymer handbooks or obtained experimentally, 

whereas τe can be calculated from the friction coefficient 

ζ of Rouse theory or be allowed as the only one fitting 

parameter for a single type of polymer at one 

temperature. The governing equations for this model are 

shown below, where the most-updated full description of 

the model could be found in Pattamaprom et al. [1]. 

The dual constraint model combines two forms of 

constraint release. The first is “double diffusion” which 

augments “double reptation” by inclusion of primitive 

path fluctuations as a mechanism of constraint release. 

The second form of constraint release is “dynamic 

dilution,” which was introduced by Ball and McLeish [7] 

to describe the time-dependent loosening of the effective 

entanglement network, or widening of the tube. The 

upper limit of the combined constraint release rate from 

both mechanisms is controlled by Rouse-like motions of 

the tube containing the test chain; these motions are 

called “constraint-release Rouse” processes [8-9]. 

 The diffusion equation for the tube survival 

probability pi of chain type I including the constraint 

release is rewritten as 

 

(1) 

 

where pi(si,t) is the survival probability of a tube segment 

occupied by a chain of type i as a function of time t and 

contour distance si, where si ranges from 0 at the center of 

a linear polymer chain to ½ at the end. Di, the curvilinear 

diffusion coefficient, is given by     , where Li is the 

average contour length of the tube and τd,i is the reptation 

time constant[8]. τξ,i is the time constant for contour-

length fluctuations in the presence of  constraint release 

consisting of the early-time (τearly) and late-time (τlate)  

fluctuations. τξ,i is obtained from τearly and τlate using a 

crossover formula reported in our earlier work. (Note that 

in Pattamaprom et al.[5], due to a typological error, a 

square root is missing from the second line of the 

crossover formula in eq. 4, where τξ ,i
*

 should equal 

τearly ,i ⋅ τ late,i
*

). τearly and τlate are related to the relaxation time 

of one entanglement segment, τe, by the equations 

described in Table 1 of Pattamaprom et al. [1]. 

 The overall survival probability    of a tube 

occupied by chain i can then be calculated from pi(si,t) by 

 

                 (2) 

and the average survival probability φ(t) of all tubes is   

                    φ(t)      = Σwiφi(t)   (3) 

Where wi is the weight fraction of chains of type i. 

The relaxation modulus G(t) from the 

contributions of reptation, contour-length fluctuations, 

and constraint release can be obtained from:  

                    G(t) =                    (4) 

where φ′(t) is the average survival probability modified 

by accounting for the constraint-release Rouse 

mechanism proposed by Viovy et al.[10].  

A full description of i (t)φ , as well as a complete 

explanation of the model, can be found in Pattamaprom et 

al. [1]. 

2
i,d

2
iL
πτ

1

i i i i
0

(t) p (s , t)dsφ = ∫

i (t)φ

0
NG (t) (t)′φ φ

2
i i i i i i i

2 2
i i ,i i

p (s , t) D p (s , t) p (s , t)
t L s (s )ξ

∂ ∂
= −

∂ ∂ τ



  199 
For this model, the model parameters are the 

plateau modulus 
0
NG  and the Rouse relaxation time of a 

single tube segment τe, which are both independent of the 

polymer molecular weight. The input parameters, which 

reflect the effects of molecular-weight, are the average 

MW (Mw or Mn) and the MWD. These data are used to 

generate the weight fraction wi of the polymer chains 

with the molecular weight Mi. The Mi is then used to 

calculate the number of tube segment (Zi), the reptation 

time (τd,i), the contour-length fluctuation time (τξ,i), and 

the Rouse relaxation time (τR,i), respectively. The 

prediction of the model is the linear viscoelastic 

relaxation modulus G(t), which can be converted by the 

Fourier transform method into the linear viscoelastic 

storage modulus G′(ω), loss modulus G″(ω), and the 

complex viscosity η*(ω). The latter of which can be 

linked with the shear viscosity of natural rubber through 

the Cox-Merz rule.  

3. Sample Preparation 

NR (STR5L) was masticated in the Brabender 

Plasti-corder Lab-station internal mixer, which comprises 

two Banbury-type counter-rotors in a 55 cm3 chamber. 

The rubber was fed into the internal mixer at the chamber 

temperature of 50 °C. The mastication was carried out at 

constant speeds (40, 70, and 100 rpm) for a fixed time of 

20 min. Simultaneously, the torque and temperature 

profiles were recorded (results not shown). Subsequently, 

the rubber was kneaded in the two-roll mill to make a thin 

sheet and cut into disks of 25 mm in diameter for the 

rheological test. 

4. Results and Discussion 

This research investigated the changes in the linear 

viscoelastic rheological properties of NR after 

mastication at different speeds. These properties were 

then compared to those predicted by the so called “dual 

constraint model.” 

The MW and MWD of NR determined by SEC 

shown in Figure 1 indicated that the MW of NR 

decreased with mastication speed. However, the SEC 

result indicated that the decrease in the MW when 

increasing the mastication speed from 40 to 70 rpm was 

minimal. This might be because at 70 rpm, the 

mastication temperature fell into the transition zone from 

mechanical to thermo-oxidative breakdown, where neither 

mechanism was at their dominant stage. 

 
 

Figure 1: The molecular weight distribution given by 

SEC of NR before and after being masticated at 40, 70, 
and 100 rpm. 
 

The rheological properties of four NR samples 

(UNR, NR40rpm, NR70rpm, and NR100rpm) were 

determined by the dynamic frequency sweep over the 

temperature range of 5– 125 °C. The G’ and G” curves were 

shifted experimentally to the master curves at the 

reference temperature of 25 °C by the time–temperature 

superposition method, as shown in Figure 2, and the 

complex viscosities of these samples are shown in Figure 

3. As can be seen, the moduli and viscosity of the 

masticated NRs decreased with mastication speed. 

Interestingly, the rheological properties of NR40rpm and 

NR70rpm were very different, while their SEC traces in 

Figure 1 were almost identical. This again indicated the 

problem in the SEC method, which could not account for 

the effect of gel. The solid lines in Figure 3 are the best fit 

to the zero-shear regime by using the well-known 

Carreau–Yasuda model[11]. Since the Carreau–Yasuda 

model is an entirely empirical model with five fitting 
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parameters, the values of their parameters are trivial and 

could not be used to link with the molecular properties. 

 
(a) 

 
(b) 

Figure 2: Master curves of the (a) storage moduli (G’) and 
(b) loss moduli (G”) of the unmasticated and masticated 
natural rubber samples. 
 

 
 

Figure 3: Master curves of the complex viscosities (η*) 
of the UNR and masticated NR samples fitted with the 
Carreau–Yasuda model [11]. 
 
 

The plateau modulus (GN°) was estimated from the 

plateau regime of Figure 2(a) to be 2.75 × 105 Pa. For this 

model, there are only two model parameters, namely, the 

plateau modulus (GN°) and the relaxation time of one 

entanglement segment (τe). Here, GN° of NR was obtained 

from the previous section to be 2.75 × 105 Pa. The only 

fitting parameter for these predictions is τe, which is 

independent of MW and is therefore kept constant for all 

samples. In this study, the best fit value of τe for NR at 

25 °C was 10 s. From figure 4, it was found that the dual 

constraint model could predict the rheological properties 

of NR100rpm and NR70rpm well, while the predictions 

of NR40rpm and UNR deviated substantially, especially 

in the terminal regime. This result indicated that 

mastication at high speeds (high temperature), where the 

temperature during mastication was above 100 ºC, could 

make NR behave more like linear polymers and implied 

the disappearance of macrogel and branches.  

 

 
Figure 4: Comparison between the experimental complex 
viscosities (symbols) and the complex viscosities 
predicted by the dual constraint model (lines) of the UNR 
and NR masticated at 40 rpm, 70 rpm, and 100 rpm, 
respectively.  
 

 
Figure 5: Plot of weight average molecular weight vs. 

zero-shear viscosity. The solid line is the prediction of the 
dual constraint model, while the broken line indicates the 
slope of the 3.4 power law. 
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In Figure 5, the deviations of UNR and NR40rpm also 

manifested themselves in their deviation of the zero-shear 

viscosity(η0)–MW relationship from the 3.4 power law 

index reported by Berry and Fox[12], who experimentally 

observed the dependence of η0 on Mw
3.4 for linear 

polymers. As can be seen, the prediction of η0 from the 

dual constraint model is also in close agreement with this 

power law. 

 

5. Conclusion 

This research investigated the changes in the 

molecular and rheological properties of NR (STR 5L) 

when it was masticated at different speeds. The friction 

from higher mastication speed generated higher 

mastication temperature, where the mastication 

temperatures for NR70rpm and NR100rpm were higher 

than 100 °C. It was found that the dual constraint model, 

which is considered one of the effective LVE models for 

linear organic polymers, could predict the LVE properties 

of NR70rpm and NR100rpm from their MW and MWD. 

On the other hand, the LVE properties of NR masticated 

at a lower temperature (NR40rpm) and UNR deviated 

from the dual-constraint prediction, especially in the 

terminal regime, indicating that the structures of these 

NRs were not linear. This was confirmed by the deviation 

of their zero-shear viscosity–MW relationship from the 

3.4 power law.  
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Abstract 

The aim of this study was to prepare poly (lactic acid)-block-natural rubber-block-poly (lactic-acid) (PLA-block-NR-

block-PLA) for applying as a toughening agent for PLA in the future work. Low molecular weight hydroxyl terminated 

natural rubber (HTNR) was firstly prepared by means of photochemical degradation of natural rubber. Number-average 

molecular weight (M�n) of HTNR was 23,000 g/mol and hydroxyl number of HTNR estimated according to ASTM 

D4274-11 was 5.12 mg KOH/g of sample which gave functionality 2.10. Low molecular weight poly(lactic acid) 

prepolymer (pre-PLA) was prepared by direct condensation polymerization and the M�n of pre-PLA was 3,000 g/mol. 

The reaction between HTNR and pre-PLA was carried out via solution polymerization using Tin(II) 2-ethylhexanoate 

(Sn(Oct)2) as a catalyst. The M�n and polydispersity index of block copolymer from GPC analysis were 28,769 g/mol 

and 1.74, respectively. New ester linkage between pre-PLA and NR resulted from the reaction of carboxyl end group of 

pre-PLA and hydroxyl end groups of HTNR middle block was observed by proton nuclear magnetic resonance (1H-

NMR).  

Keywords:  Poly(lactic acid), hydroxyl terminated natural rubber, block copolymer, toughening agent. 

 

 1. Introduction 

Poly(lactic acid) (PLA) is thermoplastic aliphatic 

polyester  derived from renewable resources such as corn 

and starch and it is considered as a biodegradable and 

compostable polymer. In addition, the mechanical 

properties of PLA such as tensile modulus and strength are 

similar to polyethylene terephthalate (PET) and oriented 

polystyrene (PS) [1]. Therefore, PLA is a growing 

alternative as a packaging material for demanding markets. 

However, high brittleness and poor heat distortion 

temperature of PLA are limited its packaging application. 

In the recent year, numerous approaches including 

blending with plasticizer [2], blending with variety of 

elastomers [3-4] and blending with ductile synthetic 

polymers [5-7] have been used to improve the toughness 

of brittle PLA. Natural rubber (NR), one of interesting 

elastomers have been also used as a second phase polymer 

to improve the toughness of PLA. PLA/NR blends 

containing 10%wt. of NR showed the highest impact 

strength whereas the tensile strength of the blend was 

highly decreased [8-9, 11]. To obtain higher toughness 

with retained tensile strength and Young’s modulus of 

PLA, modification of the polymer interface in PLA/NR 

blends should be applied. In order to improve interfacial 

adhesion between PLA and NR, NR was generally grafted 

with more polar polymer such as NR grafted with glycidyl 

methacrylate (NR-g-GMA), NR grafted with vinyl acetate 

(NR-g-PVAc), and NR grafted with butyl acrylate (NR-g-

PBA) [9-12]. In recent years, other researchers have 

explored block thermoplastic elastomers based on PLA as 

an approach to obtain high toughness PLA. 

Copolymerization of PLA can be conducted either through 

polycondensation of lactic acid with other monomers or 

polymer segments and ring-opening copolymerization 

(ROC) of lactic acid (LA) with other cyclic monomers or 

polymer segments [13]. For examples, PLA-block-poly(ε-

caprolactone) (PCL)-block-PLA was synthesized by ring-

opening polymerization of successively added ε-
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caprolactone and DL-lactide in the presence of ethylene 

glycol, using zinc powder as catalyst [14]. Rathi et al. [15] 

synthesized triblock copolymer of PDLA-block-PEG-

block-PDLA by ring-opening polymerization (ROP) and 

used it as a toughening aging for Poly(L-lactic acid) 

(PLLA). Chumeka et al. [16-17] synthesized PLA-block-

NR and PLA-block-NR-block-PLA and used as a 

compatibilizer and as a toughening agent for PLA. They 

generated carbonyl telechelic natural rubber (CTNR) by 

oxidative chain cleavage reaction and further chemical 

modification of the carbonyl end-group to hydroxyl 

telechelic natural rubber (HTNR) and used as precursor.  

HTNR can also be obtained from photochemical 

reaction degradation of natural rubber. The large scale 

production of HTNR with high efficiency of 

functionalization using photochemical reaction 

degradation was reported by Ravindran et al. [18]. 

Therefore, in this work the block copolymer of PLA and 

low molecular weight hydroxyl terminated NR prepared 

from photochemical reaction degradation was investigated. 

Block copolymer of PLA and low molecular weight and 

more polar NR is expected to improve the miscibility of 

PLA and NR leading to smaller NR particles and better 

interfacial adhesion. As a result, impact strength and 

elongation at break of PLA should be significantly 

increased whereas the tensile strength and Young’s 

modulus should not be considerably changed. 

 

2. Experimental 

 

2.1 Materials 

Natural rubber crumb (STR 5L) was purchased from 

Pee Jae rubber Co., Ltd. Hydrogen peroxide, methanol, 

hydroquinone, and toluene were purchased from Carlo 

erba reagents. L-(+)-Lactic acid as a 80% solution in 

water, Tin(II) 2-ethylhexanoate (Sn(Oct)2) were purchased 

from Sigma-aldrich, USA. Toluene, dichloromethane and 

methanol were purchased from Acros organics, USA.  

 

 

2.2 Hydroxyl terminated natural rubber (HTNR) 

preparation method  

Natural rubber crumb was cut in small piece and 

masticated for 30 min at 50˚C using two roll mill mixer. 

Next, masticated natural rubber was dissolved in toluene 

with a ratio of 1 g:10 ml in the photochemical reactor. 

Hydrogen peroxide solution with a ratio of 0.5 ml :1g of 

masticated natural rubber was added and thoroughly 

mixed with rubber solution. The solution mixture was 

homogenized by the addition of 1.5 ml methanol per 1 

gram of masticated natural rubber. The 500W high 

pressure mercury vapor lamp was placed in the reaction 

box. After 54 h of irradiation time, hydroquinone (0.02 

wt%/v of reaction mixture) was added to the reaction 

mixture and was allowed to stand for 30 min. HTNR 

product was separated and washed with methanol and 

dried at 60˚C in a vacuum oven [18].  

 

2.3 Synthesis of low molecular weight poly(lactic acid) 

(pre-PLA) 

Low molecular weight PLA was synthesized using 

condensation polymerization of the lactic acid. A 80% 

aqueous solution of lactic acid was added into a round 

bottom flask equipped with a mechanical stirrer, 

condenser, and connected to a vacuum line with a pressure 

sensor. Lactic acid was dehydrated for 2 hours at 130˚C. 

Next, the reaction temperature was heated to 170˚C. After 

that, 0.2 v/v% of Sn(Oct)2 was added into the reactor. The 

obtained PLA was precipitated in methanol and dried at 

40˚C until the weight was constant. 

 

2.4 Synthesis of PLA-block-NR-block-PLA  

HTNR was firstly dissolved in toluene with a ratio of 

0.0025mol: 1 litter of toluene, followed by the addition of 

low molecular weight PLA. The molar ratio of PLA 

prepolymer and HTNR was 2:1. After the reaction 

temperature was raised to 170˚ C, 0.5 wt% of Sn(Oct)2 

was added into the solution mixture.  The reaction was 

carried out for 24 h and then toluene was removed. The 

obtained product was dissolved in dichloromethane and 

precipitated in an excess of distilled ethanol. Finally, the 

obtained products was dried in a vacuum oven at 40˚C 

until the weight was constant.  
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2.4 Materials Characterization. 

Hydroxyl number of HTNR was estimated according 

to ASTM D4274-11. Molecular weight of the HTNR, PLA 

and PLA-block-NR-block-PLA were characterized by gel 

permeable chromatography (GPC, Agilent1200) using 

chloroform as a solvent with a flow rate of 0.5ml/min. 

Calibration curve was generated from polystyrene standard 

(polyscience). Chemical structure of all synthesized 

materials were measured using proton nuclear magnetic 

resonance (1H-NMR) (Varian model Inova 300 NMR 

spectrometer) at 25˚C, 500 MHz. CDCl3 and 

tetramethylsilane (TMS) were used as a solvent and 

internal standard, respectively. Fourier transform infrared 

microspectrometer (FTIR) at resolution of 4 cm-1 in 

wavenumber from 4000 to 400 cm-1 was also employed 

 

3. Results and discussion 

 

3.1 Characterization of hydroxyl number of HTNR 

The hydroxyl group is esterified with a solution of 

phthalic anhydride in pyridine under reflux condition at 

115 ± 2°C. The excess reagent is titrated with standard 

sodium hydroxide solution. The hydroxyl number, mg 

KOH/g, of sample was calculated as follows: 

Hydroxyl number = [(B – A)N x 56.1]/W 

where:  

A = NaOH required for titration of the sample, mL, 

B = NaOH required for titration of the blank, mL, 

N = normality of the NaOH, and 

W = sample used, g. 

The functionality of HTNR was calculated from hydroxyl 

number using the following formula [19]:  

F = 
M�n x Hydroxyl number

56100
   

Where: 

M�n = number average molecular weight (g/mol) of sample 

F    = functionality, the number of OH group/mol and  

56100 was equivalent weight of KOH, in milligrams. 

 

From the calculation, hydroxyl values estimated for HTNR 

was 5.12 mg KOH/g of sample which gave functionality 

2.10. This indicated that two hydroxyl group per 

molecules of HTNR was generated. The attachment of OH 

group onto HTNR molecules was also confirmed by FTIR 

and NMR analysis. 

 

3.2 Characterization of molecular weight and molecular 

weight distribution of the HTNR, pre-PLA and PLA-

block-NR-block-PLA 

The molecular weights of the HTNR, pre-PLA and 

PLA-block-NR-block-PLA are listed in Table 1. It was 

found that M�n of PLA-block-NR-block-PLA from the 

experiment agreed with the prediction from M�n of pre-

PLA and HTNR with molar ratio of 2:1. The 

polydispersity index (PDI) was 1.74. 

 

Table 1. Molecular weight and molecular weight 

distribution of HTNR, pre-PLA, and PLA-block-NR-

block-PLA. 

Samples 

Molecular 

weight 

(𝐌�𝐧) 

Polydispersity 

index  

(PDI) 

HTNR 22867 2.51 

Pre-PLA 2911 1.45 

PLA-block-NR-

block-PLA 
28769  1.74 

 

3.3 Characterization of chemical structure of the HTNR, 

pre-PLA and PLA-block-NR-block-PLA 

The FTIR spectra of pre-PLA, HTNR and block 

copolymer are shown in Figure 1. FTIR spectrum of 

HTNR (Figure 1 (a)) showed the OH stretching band at 

about 2845-3400 cm-1. FTIR spectrum of PLA (Figure 1(c)) 

showed the peak at 1748 cm-1 which was corresponding to 

C=O stretching region. The region between 1500 and 1360 

cm-1 were corresponding to CH3 band. The CH 

deformation was appeared at 1365-1382 cm-1 and 1,300-

1315 cm-1, respectively. The peak at 1225 cm-1 and 1090 

cm-1 were corresponding to C-O and C-O-C, respectively. 

The peak between 800 -1000 cm-1 was attributed to the 

characteristic of the helical backbone with CH3 rocking 

modes [20-21]. FTIR spectrum of PLA-block-NR-block-

PLA shown in Figure 1 (c) illustrated the peak at 1750 cm-1 

which was corresponding to C=O in PLA and the peak at 

2845-3004 cm-1 was corresponding to CH2 of HTNR. 
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Figure 1 FTIR spectra of PLA (a), HTNR (b) and block 

copolymer (c). 

 

The 1H-NMR spectrum of HTNR as shown in Figure 

2 showed the signal of unsaturated methyne proton of 

HTNR at 5.2 ppm. The peak at 3.2–3.4 ppm was 

corresponding to hydroxyl group. Moreover, HTNR 

product also had epoxide group which is confirmed by the 

appearance of the peak signal at 2.68 ppm [22]. The 1H-

NMR spectrum of pre-PLA in Figure 3 showed that, a 

methyne proton (-CH) in the main chain of pre-PLA at 5.2 

ppm, and the signals due to the methyne proton (-CH) 

adjacent to the OH end group appeared at 4.4 ppm. The 

methyl protons (-CH3) in the repeating unit and at the 

chain end were observed at 1.5 ppm and 1.2 ppm, 

respectively. 

 

 

 
Figure 2 1H-NMR spectrum of HTNR  

 
Figure 3 1H-NMR spectrum of pre-PLA. 

 

The 1H NMR spectrum of the PLA-block-NR-block-

PLA is shown in Figure 4. The main characteristic peaks 

of the PLA end-block were indicated at 1.2 ppm (1), 1.5 

ppm (4), 4.4 ppm (2) and 5.2 ppm (3), respectively. The 

confirmation of PLA end-block was indicated by the 

chemical shift at 4.4 ppm. The chemical shift at 1.6 ppm 

(6), 2.0 ppm (8,9) and 5.2 ppm (7) belonged to NR in 

PLA-block-NR-block-PLA. There were two overlapping 

peaks of pre-PLA and HTNR at 1.2 and 1.5 ppm. From 

condensation reaction of OH group in HTNR and COOH 

group in pre-PLA leads to a new ester linkage due to 

disappearance of the peaks at 3.2-3.4 ppm of two hydroxyl 

groups in the HTNR molecules, and the new two ester 

linkages were observed at 4.1 ppm corresponding to a 

methylene proton (-COOCH2-) from COOH group of pre-

PLA and OH group in the HTNR [22]. 

 

 
Figure 4 1H-NMR spectrum of PLA-block-NR-block-PLA  

 

4. Conclusion 

The M�n of PLA-block-NR-block-PLA prepared in this 

work was 28,769 g/mol which is related to M�n of pre-PLA 

and HTNR with molar ratio of 2:1. Evidences for the 
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triblock copolymer formation was shown by the results 

from both FT-IR and 1H-NMR characterization. Therefore, 

the triblock copolymer from HTNR and pre-PLA was 

successfully prepared. 
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Abstract 
Natural rubber (NR) has not only excellent physical and dynamic properties, but also some drawbacks that 

restrict the use of this material. One of the main drawbacks of NR is poor oil resistance. This work chemically modified 
NR by introducing polar functional groups onto NR molecules.  NR was firstly grafted with poly(methyl methacrylate)  
(PMMA) using  a NR/MMA ratio of 80/20 by weight, and subsequently in situ epoxidized in latex state to have 
different levels of epoxide groups. The chemically modified NRs, so called epoxidized NR-g-PMMA or E(NR-g-
PMMA) were characterized by Fourier-transform infrared (FT-IR) and proton nuclear magnetic resonance (1H NMR) 
spectroscopy to confirm the presence of grafted PMMA and epoxide groups on the NR molecules, and by 
thermogravimetric analysis (TGA) to observe their thermal stability. The stress-strain behaviors and oil resistance in 
various types of oils of the vulcanizates were determined. When compared to virgin NR, the E(NR-g-PMMA) exhibited 
markedly improvement in tensile modulus and oil resistance. 
 
Keywords:  Oil resistance, Natural rubber, Chemical Modification, Graft copolymerization, Epoxidation 
 

1. Introduction 
Natural rubber (NR) largely consists of cis-1,4-

polyisoprene that has special characteristics such as 
outstanding fatigue resistance, high tensile strength, low 
heat build-up, high resilience and good low temperature 
flexibility [1]. However, NR is also known to have 
drawbacks from its poor resistance to heat, oxygen and 
ozone as well as poor oil resistance [2].  Due to it 
unsaturated structure, NR can be chemically modified 
through a variety of methods to partly or completely alter 
its structure to tailor the properties and extend the use of 
NR.  To improve the oil resistance, polar functional groups 
can be grafted onto NR molecules to enhance the polarity 
of the material.  Graft copolymer of NR and poly(methyl 
methacrylate) (NR-g-PMMA) has been prepared in latex 
state employing various types of initiator systems such as 
redox initiators, benzoyl peroxide and potassium 
persulfate [3].  Among them, the redox system with 
cumene hydroperoxide (CHP) and tetraethylenepentamine 
(TEPA) was reported to be the most effective one. Another 
type of commonly used modified NRs is epoxidized 
natural rubber (ENR) that can be prepared by epoxidation 
of NR latex with performic acid. The general properties of 
this material have been reported, especially in the aspect of 
the oil resistance [4].  

Based on the work previously reported by 
Saramolee et al. [5], the modified NRs bearing both 
grafted PMMA (6 mol%) and epoxide groups (30 mol%) 
on the molecules exhibited clearly better oil resistance in 
standard oils, i.e. ASTM oil No. 1 and IRM 903, compared 
to the ENR having only epoxide groups at the same level. 
This present work reports the properties of the epoxidized 
graft copolymer that was prepared by using different 
NR/MMA ratio.  Degree of swelling in various types of 
oils was investigated in comparison with that of virgin NR 
and oil resistance nitrile rubber (NBR). Thermal stability 
as well as stress-strain behaviors of the chemically 
modified NRs were also determined. 

 

2. Experimental Section 
2.1 Material  

NR latex was high ammonia type (HA-NR) with 
60% dry rubber content (DRC) produced by Yala Latex 
Industry, Thailand. The chemicals used for the graft 
copolymerization were 99.0% MMA monomer, 85 wt% 
TEPA (both from Sigma–Aldrich Chemie, Germany) and 
80 wt% CHP (Acros Organics, Belgium). Potassium 
laurate (37 wt%), prepared from the reaction of potassium 
hydroxide (Fluka Chemie AG, Switzerland) and 
commercial grade lauric acid, was used to stabilize the 
latex. The chemicals used for the epoxidation reaction 
were non-ionic surfactant Teric N30 (Huntsman Corp., 
Australia), formic acid and hydrogen peroxide (both from 
Acros Organics, Belgium). Commercial grade methanol 
was used for coagulation. ASTM oil No. 1 (Sunoco Inc., 
USA), IRM 903 (Calumet Lubricants, USA), diesel fuel 
(PTT) and Engine oil (Shell™ engine oil, SAE 15W–40) 
were used for swelling measurement. Rubber 
compounding ingredients were zinc oxide, stearic acid, N-
tert-butylbenzothiazole-2-sulfenamide (TBBS) and sulfur. 
All were of commercial grade for rubber industry. 
Acrylonitrile butadiene rubber (NBR) with 33 wt% of 
acrylonitrile content was used as reference for swelling 
test.  
 
2.2. Preparation of epoxidized NR-g-PMMA 

The E(NR-g-PMMA)s having different mol% of 
epoxide groups were prepared using two preparation steps 
following the methods as described by Saramolee et al. 
[5].  The NR-g-PMMA was firstly prepared by using 
CHP/TEPA redox initiating system according to the 
formulation as shown in Table 1. HA-NR latex, potassium 
laurate and TEPA were added into a reactor and mixed 
thoroughly for 30 min under continuous stirring at a speed 
of 120 rpm and a temperature of 50 °C [6]. The MMA 
monomer and CHP were then added drop-wise and the 
reaction was allowed to proceed for 2.5 h under an inert 
atmosphere.  
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Table 1. Formulation used for grafting reaction. 

Ingredients Dry weight 
60% HA-NR 
99% MMA monomer 
37% Potassium laurate 
85% TEPA 
80% CHP 
H2O 

80 g 
20 g 
1.5 phra 
1.0 phr 
1.0 phr 
To adjust TSCb to 50% 

a phr is part per 100 parts by weight of rubber; 
b TSC is total solids content. 
 

After the completion of the grafting reaction, the 
NR-g-PMMA latex was diluted to 20% DRC and 
stabilized with 5 phr of a 10% solution of Teric N30 prior 
to performing the epoxidation reaction using performic 
acid generated in situ by the reaction between formic acid 
and hydrogen peroxide at 50°C under a controlled stirrer 
speed of 60 rpm [5]. The ratios of [HCOOH]/[H2O2] was 1 
mol.mol-1 while of  [H2O2]/[polyisoprene unit] were varied 
at 0.25, 0.38 and 0.50 mol.mol-1. Formic acid was firstly 
added dropwise, followed by a slow addition of H2O2, and 
the reaction continued for 24 h. The latex was then 
neutralized by using saturated aqueous solution of 
NaHCO3, coagulated with methanol, washed several times 
with water, and finally dried at 40°C to a constant weight. 
For analysis, the epoxidized NR-g-PMMA samples were 
subjected to the Soxhlet extraction to remove free NR and 
free PMMA. Free NR was firstly extracted with light 
petroleum ether at 60–80°C for 24 h and the remaining 
product was dried at 40°C for 24 h. Free PMMA was 
subsequently extracted by using acetone at 60°C for 24 h. 

 
 2.3. Structural characterization of the copolymer  

The chemical structures of the purified epoxidized 
graft copolymers were characterized by using FTIR and 1H 
NMR techniques. An ATR-FTIR spectrometer (Spectrum 
One, Perkin Elmer) was operated in a spectral range of 
4000 to 400 cm-1 with a resolution of 4 cm-1. For 1H NMR 
analysis, the polymer samples were dissolved in deuterated 
chloroform (CDCl3) and a 500 MHz NMR spectrometer 
(Varian, Germany) was used.  The mole percents of 
grafted PMMA on NR molecules were calculated using 
the integrated peak areas assigned to methoxy protons 
(−OCH3) of grafted PMMA at 3.6 ppm, and olefinic 
proton (═CH−) of NR at 5.1 ppm, using Eq. (1) as follows. 

 
Mol % of PMMA in the copolymer 100

)()3/(
3/

1.56.3

6.3 x
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I
+

=                                                          

                                                                                       (1) 
 

To calculate the epoxide content in the epoxidized 
NR-g-PMMA, the integral values at the chemical shifts of 
2.7 and 5.1 ppm, assigned to the resonances of protons in 
an oxirane ring and isoprene unit, respectively were 
applied according to Eq. (2)  

 
Mol % of epoxide  100

)( 1.57.2

7.2 x
II

I
+
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2.4 Thermal stability 
A polymer sample of 14-17 mg was placed in a 

ceramic cup and analyzed by thermogravimetric analyzer 
(TA Instruments SDT Q600) under nitrogen atmosphere 
with a gas flow rate of 20 mL/min, at a heating rate of 20 
°C/min from room temperature to 600°C. The data of 
initial temperature of weight loss (Ti), temperature at peak 
of the 1st derivative weight loss (Tp) and final temperature 
of weight loss (Tf) are recorded. 
 
2.5 Rubber compounding and vulcanization 
 The E(NR-g-PMMA)s were mixed with ZnO (5 
phr), stearic acid (1 phr), TBBS (1 phr) and sulfur (2 phr) 
using an internal mixer (Brabender_50EHT, GmbH & Co. 
KG, Germany) at a rotor speed of 60 rpm and a mixer 
temperature setting of 50°C for a total mixing time of 8 
min. The compounds were then press-vulcanized to their 
90% respective cure times (Tc90) at 180°C. NR and NBR 
compounds were also prepared using the same 
formulation, and treated as references.  
 
2.6. Testing of tensile properties and oil resistance 

Tensile testing was operated at a crosshead speed of 
500 mm/min using Hounsfield Tensometer, model H 10 
KS (Hounsfield Test Equipment, UK) according to ISO37 
using at type2 specimen.  

Degrees of swelling in ASTM oil No. 1, IRM 903, 
Diesel fuel and Engine oil were measured for 7 days at 
room temperature (27–30°C). The values were calculated 
following Eq. (3).  

 
Degree of swelling (%) 100x

W
WW

i

is −=                           (3) 

where Wi  and Ws are the weights (g) of the test specimen 
before and after immersion in oil, respectively. 
 
3. Results and discussion 
3.1. Chemical structure of E(NR-g-PMMA) 

The FTIR spectra of E(NR-g-PMMA), as shown in 
Fig. 1 in comparison with that  of NR, show the typical  
absorption bands of NR at the wave numbers of 1663 and 
835 cm-1, assigned to C═C stretching and ═C−H out of 
plane bending, respectively, and of the additional 
functional groups at the wave numbers of 1732, 1140 and 
870 cm-1 assigned to C═O, C−O stretching in the grafted 
PMMA and epoxide asymmetric stretching, respectively.  

The 1H NMR spectra of the epoxidized graft 
copolymers in comparison with that of virgin NR as 
shown in Fig. 2 display the absorption bands at the 
chemical shifts of 2.7, 3.6 and 5.1 ppm, assigned to the 
signals of the proton on the oxirane ring, the −OCH3 
proton of the grafted PMMA and the ═CH proton of the 
polyisoprene, respectively. The epoxidized graft 
copolymers with increasing epoxide contents show 
stronger characteristic peaks of the epoxide ring (2.7 ppm). 
Both FTIR and 1H NMR spectra data confirm the presence 
of both epoxide group and grafted PMMA on the NR 
structure.  
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Fig. 1. FT-IR spectra of epoxidized graft copolymers with 
various epoxide contents compared to virgin NR. 
 

 
Fig. 2. 1H NMR spectra of epoxidized graft copolymers 
with various epoxide contents compared to virgin NR.  
 

The amounts of grafted PMMA and epoxide groups 
as calculated from the 1H NMR integrals are shown in 
Table 2. 

 
Table 2. Grafted PMMA and epoxide contents of the  
modified NRs. 

Sample 
Grafted PMMA Epoxide 

content 
(mol%) (wt%) (mol%) 

E(NR-g-PMMA)5 10.2 14.3 3.9 
E(NR-g-PMMA)15 9.9 13.9 16.7 
E(NR-g-PMMA)30 8.8 12.4 28.6 

 
3.2 Thermal stability 

The TGA and DTG curves under N2 atmosphere of 
NR and the chemically modified NRs are comparatively 
shown in Figs. 3. The initial temperature of weight loss 
(Ti), the temperature at peak of the 1st derivative weight 
loss (Tp) and the final temperature of weight loss (Tf) are 
summarized in Table 3. The 1st derivative peak 
temperatures (Tp) indicate the point where the weight loss 
changes at the greatest rate. 
As seen in Fig. 3, the one-step thermal degradation of NR 
and all of E(NR-g-PMMA)s can be observed.  

 

 

 
Fig. 3. TGA and DTG thermograms under N2 atmosphere 
of NR and the modified graft copolymers with various 
epoxide contents. 
 
Table 3. Degradation temperatures of NR and E(NR-g-
PMMA)s with varying epoxide contents. 

Sample 
Thermal degradation temp. 

(°C) 
Ti Tp Tf 

NR 346 389 448 
E(NR-g-PMMA)5 350 394 453 
E(NR-g-PMMA)15 355 399 454 
E(NR-g-PMMA)30  362 402 454 

Ti: Initial temperature of weight loss. 
Tp: Temperature at peak of the 1st derivative weight loss. 
Tf: Final temperature of weight loss. 
 

By increasing the epoxide contents in the E(NR-g-
PMMA)s, decomposition temperatures of the polymers are 
increased which can be attributed to the increased 
intermolecular interactions and a reduction in reactive 
unsaturation level after the chemical modification.   
 
3.3. Tensile properties 

The stress-strain relationship of vulcanized NR and 
the chemically modified NRs are shown in Fig. 4.  Moduli 
at different strains, tensile strength and elongation at break 
are presented in Figs. 5 and 6 respectively. The modulus of 
E(NR-g-PMMA) is remarkably increased  when compared 
to virgin NR, and the increasing epoxide contents causes a 
further increase of modulus. Tensile strength of the 
modified rubber is also slightly higher than the virgin NR.  
Herein, the E(NR-g-PMMA) with 5 mol% epoxide show 
the highest value.  It should be noted that the reference NR 
used in this work was in-house prepared applying the same 
procedures for coagulation and drying as applied for the 
chemically modified NRs. With increasing the polar 
functional groups, elongation at break of the vulcanizate is 
decreased because of the restriction of chain mobility by 
the intermolecular interactions.   
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Fig. 4. Stress–strain curves of NR and the modified graft 
copolymers with various epoxide contents. 
 

 
Fig. 5. Moduli at various strains of NR and the modified 
graft copolymers with various epoxide contents. 

 
Fig. 6. Tensile strength and elongation at break of NR and 
the modified graft copolymers with various epoxide 
contents.  
 
3.4. Oil resistance in various oil types 

Figs. 7, 8, 9 and 10 show the degree of swelling of 
the E(NR-g-PMMA)s having different levels of epoxide 
groups, in comparison with that of unmodified NR and oil-
resistance NBR, in ASTM oil No.1, IRM 903, diesel fuel 
and engine oil, respectively. Oil resistance is known to 
relate to the polarity of rubber, and the difference in 
solubility parameters between the rubber and oil.  The 
increase of polar functional groups in the chemically 
modified NRs enhances the resistance in oils, as reflected 
by the lower degree of swelling. The E(NR-g-PMMA)s 
show a very much better oil resistance in all types of oils 
used, when compared to the unmodified NR. The higher 
epoxide group leads to the better oil resistance and the 
closer swelling behavior to the NBR. However, the E(NR-
g-PMMA) with 30 mol% epoxide that shows the smallest 
swelling degree in oils among the NR derivatives still 
exhibits somewhat inferior oil resistance compared to 
state-of-the-art oil resistance rubber like NBR.  When 

compared between oil types, degrees of swelling of the NR 
and modified NRs can be ranked as follows: ASTM oil 
No. 1 < engine oil < IRM 903 < diesel fuel. This swelling 
behavior depends on their polarity matching. In general, 
the lower the aniline point, i.e. the higher aromatic 
content, causes the more severe the swelling action by the 
oil [7]. ASTM oil no.1 has the highest aniline point at 
124°C, followed by engine oil at 90°C, IRM 903 at 70 °C 
and diesel fuel at 60°C. So, the degree of swelling or oil 
resistance of the rubbers agrees well with their polarity 
difference.  

 
 

 
 Fig. 7.  Degree of swelling of NR, NBR and E(NR-g-
PMMA)s in diesel fuel. 
 
 

 
 Fig. 8. Degree of swelling of NR, NBR and E(NR-g-
PMMA)s in IRM 903. 
 
 

 
Fig. 9. Degree of swelling of NR, NBR and E(NR-g-
PMMA)s in engine oil.  
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Fig. 10. Degree of swelling of NR, NBR and  E(NR-g-
PMMA)s in ASTM Oil No. 1 
 

Conclusions 
Epoxidized graft copolymer of natural rubber with 

poly(methyl methacrylate) or so called E(NR-g-PMMA) 
having approximate 10 mol% of grafted PMMA and 
different mole% epoxide at ca. 5, 15 and 30 were 
successfully prepared. Thermal degradation temperature of 
the E(NR-g-PMMA)s is shifted toward higher temperature 
with increasing epoxide contents, indicating a better 
thermal stability compared to virgin NR. The E(NR-g-
PMMA)s exhibit superior tensile modulus over the 
unmodified NR. With increasing the polar functional 
groups content, oil resistance is remarkably enhanced to 
almost approach the level of oil resistance synthetic NBR.  
This type of chemically modified NRs provides an 
alternative oil resistance rubber based on renewable NR. 
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Abstract 

Polybenzoxazine nanocomposites filled with relatively high content of three different sizes (i.e. average primary 

particle sizes of 7 nm, 14 nm, and 40 nm) of nanosilica are investigated for their thermomechanical properties. From the 

experimental results, the storage modulus and microhardness of the polybenzoxazine nanocomposite were found to 

systematically increase with decreasing the particle sizes of nanosilica suggesting better reinforcement of the smaller 

particles i.e. greater interfacial area. Both values were expectedly found to increase with increasing contents of 

nanosilica for each particle size. Glass transition temperature of the polybenzoxazine nanocomposites was also found to 

increase with increasing the content of the nanosilica. Finally, degradation temperature at 5% weight loss (Td,5) of the 

polybenzoxazine nanocomposites filled with different particle sizes of the nanosilica was found to systematically 

increase with a decrease of the nanosilica particle sizes as a result of greater barrier effect from larger surface area of 

the smaller particles. 

 
Keywords:  Polybenzoxazine; Nanocomposites; Nanosilica; Thermomechanical property; Highly filled composite. 

 

Introduction 

 Polymer nanocomposites have been a subject of 

extensive study owing to their unique properties and 

much potential applications. This class of composite 

materials usually possesses excellent mechanical 

properties because of the extremely high surface area of 

nanofiller to interact with a polymer matrix. High 

interface leads to a potentially great bonding between 

the two phases thus rendering great strength and/or 

toughness properties in most cases. Specifically in 

friction material applications, when the nanoparticles 

become part of the friction layer, they will increase the 

nominal area of contact, enhance the mechanical 

properties and generally increase the coefficient of 

friction and reduce wear [1]. In nanocomposite research, 

nanosilica [2–4], carbon nanotube [5] and carbon black 

[6] have been widely used as additive to achieve a 

significantly improved polymer performance.  

 Nanosilica is a very useful reinforcement of 

thermoplastic [3] and thermosetting polymers [2,4] and 

finds its major use as component material for adhesives 

and sealants, thickeners of paints and coatings etc. For 

industrial applications, nanosilica particles are often 

used to reduce the price, and also to improve 

mechanical and thermal properties of the product. 

Additionally, nanosilica particles can be used for 

reinforcement of polymer matrices to lower shrinkage 

upon curing, decreasing coefficient of thermal 

expansion [7], increasing fracture toughness, impact 

strength, and modulus [2]. To obtain nanocomposite 

with outstanding mechanical and thermal properties, a 

large volume of nanosilica is sometimes required, which 

is usually up to 10–30 wt% of silica content in the 

composite thus a choice of the polymer matrix that can 

accommodate high nanopaticle loading is important to a 

success of the nanocomposite production [2, 7, 8]. 

 Many researchers have reported on the 

improving composite performance by addition of silica 

nanoparticles into thermosetting polymers such as 

epoxies [4,8], cyanate esters [7] and phenolic resins [9] 

which have been utilized highly filled composite 
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systems to achieve high performance products because 

of their lower viscosity and high processing ability 

compared to those thermoplastics. Polybenzoxazines are 

a novel class of thermosetting phenolic resins which 

present a number of attractive properties such as no by-

product release during cure, very low melt viscosity, 

high glass transition temperature, high thermal stability, 

good mechanical strength and modulus, low water 

absorption, low dielectric constant, good adhesive 

properties. The very low viscosity of this monomer 

gives it excellent processability for production of 

highly-filled composite system such as those reported in 

silica-polybenzoxazine composites [10], graphite-

polybenzoxazine composites [11] and so forth. 

 In this research, we aim to prepare highly filled 

systems of nanosilica filled polybenzoxazine 

composites and investigate the influence of silica 

contents and particle sizes on physical, thermal, and 

mechanical properties of the resulting nanosilica filled 

polybenzoxazine composites. 

 

Experimental 

Materials 

Benzoxazine monomer, bis(3-phenyl-3,4-

dihydro-2H-1,3-benoxzinyl) isopropane (BA-a), was 

synthesized from 2,2′-bis(4-hydroxyphenyl)-propane 

(bisphenol-A) with aniline and formaldehyde. Bis-

phenol-A (polycarbonate grade) provided by PTT 

Phenol Co., Ltd. was used as-received. Para-

formaldehyde (AR grade) was purchased from Merck 

Ltd. Aniline (AR grade) was purchased from Loba 

Chemie Pvt. Ltd. 

Nanosilica or fumed silica was kindly provided 

by Evonik (Thailand) Ltd. including grades Aerosil 

OX50, Aerosil 150 and Aerosil 380. It is fluffy, white 

powder of amorphous structure. These particles have 

specific surface areas (BET) of 50, 150 and 380 m2/g 

and primary particle sizes of 40, 14 and 7 nanometers, 

respectively. 

 

Sample Preparations 

The nanosilica filled polybenzoxazine 

composites were prepared at various weight fractions 

with three different particle sizes of 7, 14 and 40 

nanometers. The molding compounds were prepared by 

an internal mixer at temperature of 100 oC and a mixing 

speed of 40 rpm for 45 minutes. All molding 

compounds were thermally cured at 200 oC under 

hydraulic pressure of 15 MPa for 3 hours in a 

compression molder. All composites were air-cooled to 

room temperature before their characterizations. 

 

Specimen Characterizations 

Density of polymer composites was determined 

by water displacement method according to ASTM D 

792 (Method A). The dimension of a specimen is 50 × 

25 × 2 mm3. Each specimen was weighed in air and in 

water. 

 The density was calculated using the following 

equation: 

ρ = A
A−B

× ρo             (1) 

 

where ρ and ρo are densities of the specimen and water 

at a given temperature (g/cm3), A and B are weight of 

the specimen in air and in water (g). 

Dynamic mechanical properties i.e. storage 

modulus (E′), and loss modulus (E′′), were measured 

with dynamic mechanical testing apparatus (model 

DMA 242C, Netzsch). The samples are rectangular with 

50 mm in length, 10 mm in width, and 2.5 mm in 

thickness. The test was performed under three point 

bending mode at temperature range of 30oC to 250 oC 

with a heating rate of 2 oC/min and at a test frequency of 

1 Hz and strain amplitude of 0.1% under N2 purging. 

Thermogravimetric analysis of nanosilica filled 

polybenzoxazine was performed using Mettler Toledo 

STARe system TGA1 Module. The sample was heated 

from 30 oC to 850 oC at a dynamic heating rate of 20 
oC/min under nitrogen purge at a flow rate of 50 

ml/min. 

The microhardness of nanosilica filled 

polybenzoxazine composites was determined using 
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Vickers hardness tester (Future-Tech Corp FM-700, 

Tokyo, Japan) at a constant load of 500 gf (4.9 N) and 

dwell time of 15 s. Diagonal length of the indentation 

was measured through a micrometric eyepiece with 

objective lens (50× magnification). Average values of 

six readings were reported as the microhardness of the 

samples. 

Results and discussion 

The specific density of nanosilica filled 

polybenzoxazine composites with different sizes and 

various contents of nanosilica are shown in Fig. 1. The 

determination of density is important and highly 

sensitive measure to check the quality of the composite 

samples, which can often provide insight into the nature 

of the particle dispersion within the polymer matrix as 

well as the presence of voids or air gaps in the 

specimen. The theoretical densities of the 

polybenzoxazine  nanocomposites were calculated from 

Eq. 2 and their actual densities were calculated 

according to Eq. 1 based on the reported the density of 

nanosilica of 2.203 g/cm3 and the density of 

polybenzoxazine of 1.19 g/cm3. 

 

ρ𝑐 = 1
𝑤𝑓
𝜌𝑓

+
(1−𝑤𝑓)
𝜌𝑚

             (2) 

where ρ𝑐, ρ𝑓, ρ𝑚 are the composite density, the filler 

density, the matrix density (g/cm3), respectively and 

𝑤𝑓is the filler weight fraction. From Fig. 1, the 

theoretical and measured densities of the nanosilica 

filled polybenzoxazine composites were linearly 

increased with increasing nanosilica content following 

the rule of mixture, thus implying negligible void or air 

gap in the composites samples.  

 
 

Figure 1 Maximum packing density of nanosilica filled 

polybenzoxazine composite for each nanosilica particle 

size. (-) theoretical density (●) silica 7 nm, (■) silica 14 

nm and (▲) silica 40 nm. 

The maximum packing density of the 

nanocomposites were determined to be 20 wt%, 25 wt% 

and 45 wt% of nanosilica contents for nanoparticle size 

of 7 nm, 14 nm and 40 nm, respectively. The attempt to 

add nanosilica at 23 wt%, 28 wt% and 48 wt% for 

composite with nanoparticle size of 7 nm, 14 nm and 40 

nm, respectively, resulted in the observed composite 

packing density lower than the theoretical density likely 

due to the presence of void or air gap in the 

nanocomposite. The decreasing packing density with 

smaller particle size is due to an increase in surface area 

and a lower mass particle [12]. 

The storage modulus of the nanosilica 

composites at its glassy state was observed to increase 

with increasing the nanosilica content as shown in Fig. 

2. At room temperature, the storage modulus was 

observed to be enhanced from 5.9 GPa for the neat 

polybenzoxazine to 8.0, 8.2 and 11.5 GPa at the 

maximum packing density of the composites filled with 

nanosilica size of 7 nm, 14 nm and 40 nm, respectively, 

which is about 35.6, 39.0 and 94.9% enhancement in the 

polybenzoxazine stiffness. This is due to the high 

stiffness of the nanosilica which can substantially 

increase the storage modulus of the polybenzoxazine 

composite. The strong reinforcement also implies 
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substantial interfacial interaction between the nanosilica 

and the polybenzoxazine matrix. 

 
Figure 2 Storage modulus at 35 oC of nanocomposite 

samples with different sizes and various contents of 

nanosilica: (●) silica 7 nm, (■) silica 14 nm and (▲) 

silica 40 nm. 

At the same nanosilica content, the value of storage 

modulus at room temperature tended to increase with 

decreasing size of the nanosilica. The modulus value of 

the nanosilica composites was measured to be 8.0 GPa, 

7.5 GPa and 7.0 GPa for nanocomposites at a fixed 

content of 20 wt% for nanosilica sizes of 7 nm, 14 nm 

and 40 nm respectively. The phenomenon suggested the 

better reinforcing effect of the smaller size of the 

nanosilica due to its much larger interfacial surface area.  

Glass transition temperature of nanosilica filled 

polybenzoxazine at various nanosilica contents of 

various nanosilica particle size is shown in Fig. 3. It can 

be seen that the Tg of 197, 199 and 203 oC was attained 

at the maximum packing density of the composite filled 

with nanosilica size of 7 nm, 14 nm and 40 nm, 

respectively, while that of the neat polybenzoxazine was 

found to be 185oC. The improvement of Tg of the 

polybenzoxazine with an addition of the nanosilica filler 

is attributed to an ability of the nanosilica particles to 

substantially restrict the motion of the polybenzoxazine 

chains thus higher temperature is required to provide the 

requisite thermal energy for the occurrence of a glass 

transition in the nanocomposites [10].  

 

Figure 3 Glass transition temperature (Tg) of 

nanocomposite samples with different sizes and various 

contents of nanosilica : (●) silica 7 nm, (■) silica 14 nm 

and (▲) silica 40 nm. 

As seen in Fig. 3, glass transition temperature of 

the nanocomposites increases with decreasing size of 

nanosilica, which is again due to the fact that the 

smaller size of nanosilica has a higher surface area than 

larger size of nanosilica. This characteristic generally 

promotes better interfacial interaction between the filler 

and the polymer matrix.  

The degradation temperature at 5 wt% weight 

loss (Td,5) of nanosilica filled polybenzoxazine at 

various nanosilica contents of varied nanosilica particle 

size is exhibited in Fig. 4. Degradation temperature of 

nanosilica composites was found to systematically 

increase with the nanosilica content. The degradation 

temperature at 5% weight loss was improved from 325 
οC for the neat polybenzoxazine to 357, 358 and 365 οC 

at the maximum packing density of each composite 

filled with nanosilica sizes of 7 nm, 14 nm and 40 nm, 

respectively. The substantial enhancement of Td,5 of 

nanosilica filled polybenzoxazine composite is 

attributed to the shielding effect of nanosilica filler 

which can serve as a good thermal cover layer, avoiding 

the direct thermal decomposition of the polymeric 

matrix by heat [10].  
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Figure 4 Degradation temperature at 5% weight loss 

(Td,5) of nanocomposite samples with different sizes and 

various contents of nanosilica : (●) silica 7 nm, (■) 

silica 14 nm and (▲) silica 40 nm. 

Moreover, the degradation temperature of the 

nanocomposites was found to increase with decreasing 

size of the nanosilica as shown in Fig. 4. The 

degradation temperature of the nanosilica composites 

was measured to be 357 oC, 351 oC and 342 oC for 

nanocomposites at a fixed content 20 wt% for the 

nanosilica sizes of 7 nm, 14 nm and 40 nm, 

respectively. This is due to the finer particle has a 

higher surface area than bigger particle that supports 

better interfacial interaction between the filler and the 

polymer matrix.  

The microhardness of nanosilica filled 

polybenzoxazine composite at various nanosilica 

contents and each silica particle size is shown in Fig. 5. 

The microhardness of the nanosilica composites was 

found to increase with increasing nanosilica contents. 

The microhardness of the nanosilica composites was 

measured to be 525, 536 and 625 MPa at the maximum 

packing density of composite filled with nanosilica size 

7, 14 and 40 nm, respectively. The large increase in 

microhardness is attributed to a much higher hardness 

of the nanosilica (10,784 MPa) [13] compared to that of 

the neat polybenzoxazine.  

 

Figure 5 Microhardness of nanosilica filled 

polybenzoxazine composite with different sizes and 

various contents of nanosilica : (●) silica 7 nm, (■) 

silica 14 nm and (▲) silica 40 nm. 

Moreover, the microhardness of the 

nanocomposites was also found to increase with 

decreasing size of the nanosilica. Comparing at the 

same nanosilica content of 20 wt%, the microhardness 

of the nanocomposites was determined to be 525, 506 

and 480 MPa for nanosilica sizes of 7, 14 and 40 nm, 

respectively. The behavior suggests good interfacial 

property between the nanosilica and polybenzoxazine 

matrix. This result is consistent with the observation by 

Dueramae that silica nanoparticles can form covalent 

bond through ether linkages as a result of 

polycondensation reaction of the hydroxyl group in the 

nanosilica and phenol moieties in the polybenzoxazine 

as shown in Figure 6 [10,14].  

 

 

 

 

 

 

 

 

Figure 6 Possible chemical interaction between 

polybenzoxazine matrix and nanosilica. 
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Conclusions 

Highly filled polybenzoxazine nanocomposites 

with the maximum nanosilica loading of 20 wt%, 25 

wt% 45 wt% using nanosilica sizes of 7 nm, 14 nm and 

40 nm respectively were achieved. Storage modulus of 

the polybenzoxazine composites at the maximum 

loading of nanosilica size of 7 nm, 14 nm and 40 nm 

showed substantially enhanced values of 35.6, 39.0 and 

94.9% from that of the polybenzoxazine matrix. The 

modulus values of the nanosilica composite were found 

to increase with increasing nanosilica content, and with 

decreasing size of the nanosilica. The glass transition 

temperature measured from the peak of the loss tangent 

was increased with the addition of the nanosilica, while 

tended to increase with the addition of the smaller size 

of the nanoparticle.  Furthermore, the microhardness of 

the nanosilica composites was found to increase with 

increasing nanosilica content, and with decreasing size 

of the nanofiller. Finally, degradation temperature at 5 

wt% weight loss (Td,5) of the nanocomposites was found 

to increase with decreasing size of nanosilica, which 

was also increased with the addition of the nanosilica. 

Enhanced interfacial surface area as well as strong 

interfacial interaction between the nanosilica and the 

polybenzoxazine matrix plays a key role in the 

successful composite property improvement above. 
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Abstract 

In this work, friction and wear properties of polybenzoxazine (PBA-a) filled with acrylonitrile-butadiene rubber 

(NBR) particle was studied. The compositions of NBR particulate fillers were varied from 0, 2, 5 up to 15wt%. The 

results show that the addition of the NBR particles can substantially improve friction performance of the obtained 

polybenzoxazine composites. The coefficient of friction (COF) of the composite samples was found to increase from a 

value of 0.502 for neat PBA-a to a value of 0.613 for PBA-a filled with 15wt% of NBR particle due to high actual 

contact area and high surface roughness of the composite due to the presence of the NBR particles. In term of specific 

wear rate, it was found that the minimal wear rate belongs the composite with NBR content of 5 wt%. SEM micrographs 

reveal that the NBR particles in the composite show a good dispersion and substantial interfacial adhesion with the 

polybenzoxazine matrix. Finally, an addition of NBR particles in the polybenzoxazine matrix was observed to help 

reduce surface cracking that generated during the friction test thus better performance of the obtained friction material. 

 
Keywords: Polybenzoxazine: Acrylonitrile-butadiene rubber: Friction: Wear 

1. Introduction 

Recently, polymer-based friction materials have 

been used as brake pads. The materials usually contain 

four classes of ingredients, i.e. binders, fillers, 

reinforcing fibers, and frictional additives that included 

abrasive and lubricant [1]. Therefore, in this research, the 

polymer-based binder for brake pads application to 

maintain the brake pads structural integrity under 

mechanical and thermal stresses has been investigated. In 

2012, the use of benzoxazine resin (BA-a) as a binder for 

friction materials was suggested by Kurihara et al. [2] to 

replace phenolic binder since friction materials based on 

phenolic resin (PF) showed a molding failure such as 

cracks. The cracks generated during a polymerization 

step because of a gas by-product formed. Moreover, there 

is a concern about environmental pollution by ammonia 

as a main component of the gas [2]. While, the 

benzoxazine resin can undergo ring-opening 

polymerization without catalysts or curing agents and do 

not release by-products upon curing. In addition, the 

polybenzoxazine has excellent properties, commonly 

found in traditional phenolic resins such as high thermal 

stability, flame retardant, high mechanical integrity, and 

low water absorption [3,4]. However, it is brittle in 

nature. Therefore, incorporating rubber components into 

the polybenzoxazine is a conventional method to 

improve flexibility and damping properties of the 

resulting polymer products. Moreover, the addition of 

rubber particle to modify polymer binder can suppress 

brake noise, improve toughness and impact strength of 

polymer-based friction materials [5-6]. As previously 

reported that acrylonitrile-butadiene rubber (NBR) 

chemically modified phenolic resulted in an 

improvement in recovery performance of composites [7]. 

Furthermore, the addition of acrylonitrile-butadiene 

rubber (NBR) in phenolic (PF) showed the higher impact 

strength than styrene butadiene rubber (SBR)- and 

styrene butadiene 2-vinyl pyridine rubber (VPR)-

modified PF due to reactions between phenolic 

hydroxymethyl groups of the PF and nitrile groups of the 
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NBR. However, they could still keep relatively high 

toughness; consequently, the anti-shearing ability of the 

polymer matrix was improved. Moreover, the PF 

modified with NBR demonstrated lower specific wear 

rate than SBR- or VPR-modified PF as previous reported 

by Liu [8]. 

This work aims to study effects of NBR in a novel 

binder resin namely polybenzoxazine on tribological 

properties, i.e. coefficient of friction, specific wear rate 

and worn surface to act as a binder for brake pads 

application. 

 

2. Experimental method 

2.1 Materials  

Benzoxazine resin (BA-a) and acrylonitrile-

butadiene rubber (NBR) particle was used in this work. 

The resin is based on bisphenol-A, formaldehyde, and 

aniline. Bisphenol-A (polycarbonate grade) was 

supported by Thai Polycarbonate Co., Ltd. (TPCC). 

Paraformaldehyde (AR grade) was purchased from 

Merck Company, and aniline (AR grade) was obtained 

from Panreac Quimica SA Company. NBR particle 

(NarpowTM VP-412) was purchased from Sinopec Co., 

China. The average particle size of NBR is about 100 nm 

and the density is 1.2 g/cm3.  

 

2.2 Synthesis of benzoxazine resin 

Benzoxazine resins (BA-a) was synthesized from 

amine, formaldehyde, and phenol in a molar ratio of 

1:4:2 at 110°C for 40 min according to a patented 

solventless method [9]. The obtained benzoxazine resin 

is clear-yellowish solid at room temperature and the solid 

benzoxazine resin is then ground to fine powder and kept 

in a refrigerator for future-use.  

 

2.3 Specimens preparation 

NBR-filled PBA-a composites with different NBR 

contents of 0, 2, 5, 10 and 15wt% were prepared. The 

molding compounds were mixed in an internal mixer at 

110°C for 30 min and thermally cured at 200°C for 2 

hours under a hydraulic pressure of 10MPa by a 

compression molder. The samples were then air-cooled 

to room temperature before characterizations. 

 

2.4 Sample characterizations 

2.4.1 Tribological measurement 

Friction behaviors of PBA-a/NBR composites were 

evaluated using a pin-on-disc tribometer from CSM 

Instrument Ltd., Switzerland. The dimension of sample 

was 25×25×6 mm. The samples were conducted at a 

linear speed of 36.6 cm/s and a load of 10 N at room 

temperature for distance of 1000 m. 

 

2.4.2 Morphology characterization 

Worn surfaces obtained from sliding friction test 

was examined by using a JEOL JSM-5410 type scanning 

electron microscope. Fractographic studies were 

especially used to determine possible rubber deformation 

mechanisms, particle distribution, and interaction 

between NBR particles and polybenzoxazine matrix. All 

of samples were coated by gold for prevent the charging 

before the surface observation and examined at a 

magnification of 100x. 

 

3. Results and Discussions 

3.1 Coefficient of friction of PBA-a/NBR composites 

Coefficient of friction (COF) is key parameter of 

friction materials that can be identify an application for 

the friction materials. Figure 1 shows the COF of NBR 

particle filled PBA-a composites with NBR particle 

contents ranging from 0 to 15wt%. It can be seen that the 

COF of composites shows a gradual increment by 

increasing the NBR particle contents. The COF values of 

the composites were about 0.502, 0.544, 0.600, 0.610, 

and 0.613 for the addition of NBR particle content of 0, 

2, 5, 10, and 15wt%, respectively. This characteristic can 

be explained from the fact that the COF generally 

increases with an increasing of actual contact area and 

surface roughness [10, 11]. The NBR particles can 

deform on contact surface of composite to generate 

friction force by an exchange with thermal energy after 

applied load and velocity. Furthermore, the values of 

COF of the composites were increased rapidly in the 

(b

) 
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range of NBR contents from 0 to 5wt%. It is possible to 

have good dispersion of NBR particles in the PBA-a 

matrix. However, the addition of NBR particle greater 

than 5wt% shows the slight increase of COF values as a 

result of an increase in rough surface of the composites 

as the agglomeration tended to occur on composite 

surfaces at 10, and 15wt% of NBR particle contents. 

Consequently, the actual contact area between pin 

surface and the composite surface is reduced on the 

PBA-a filled with 10 and 15wt% of NBR particle. 

 

Figure 1 Coefficient of friction (COF) of  

PBA-a/NBR composites at various NBR contents. 

 

3.2 Specific wear rate of PBA-a/NBR composites 

Specific wear rate of PBA-a/NBR composites at 

different NBR contents was calculated by Equation 1 and 

depicted in Figure 2. The values of the PBA-a/NBR 

composites were about 3.35 × 10-4, 2.50 × 10-4, 1.83 × 

10-4, 2.10 × 10-4, and 3.11 × 10-4 mm3/Nm for the 

addition of NBR contents of 0, 2, 5, 10 and 15wt%, 

respectively. It can be concluded that PBA-a filled with 

2wt% and 5wt% NBR has significantly lower specific 

wear rate than that of the neat PBA-a. This phenomenon 

is due to improved toughness and anti-cracking of the 

composite. Moreover, the values of wear rate were 

increased again with increasing the NBR particle more 

than 10wt%. This can be explained by the tendency to 

form agglomerates of the NBR particles in the 

polybenzoxazine matrix as similarly observed in 

phenolic/CTBN/nano-clay system [12] and PBA-

a/ATBN copolymers [13]  

 

   𝑊𝑠 = [(𝑊1 − 𝑊2 ×
103

𝜌
]/P𝜈𝑡                (1) 

 

Where𝑊𝑠 (mm3/N·m) 𝑖𝑠 the specific wear rate, 𝑊1 

(g) 𝑖𝑠 the weight before test, 𝑊2 (g) is the weight after 

test 𝜌 (g/cm3) is the density of vulcanizate, P (N) 

is the applied normal load, 𝜈 (m/s) is the relative sliding 

velocity,𝑡 (s) is the experimental time 

 Figure 2 Specific wear rate of PBA-a/NBR 

composites at various NBR contents. 

 

3.3 Worn surface morphology of the 5wt% NBR-filled 

PBA-a 

Figures 3(a) to 3(e) show the worn surface of the neat 

PBA-a and the NBR-filled PBA-a composites. For the 

PBA-a, it exhibited a brittle characteristic which could 

easily show cracks and readily break on the sample 

surface. These characteristics cause an increase in a 

specific wear rate of the PBA-a. In cases of PBA-a filled 

with NBR composites, the worn surface of PBA-a  
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Figure 3 SEM micrographs of worn surface after sliding test of NBR-filled polybenzoxazine composites at various 

NBR contents: (a) 0wt% (b) 2wt%, (c) 5wt%, (d) 10wt% and (d) 15wt% 

 

filled with NBR particle of 2wt% and 5wt% exhibited 

in Figures 3(b) and 3(c), respectively. It can be seen 

that the PBA-a filled with 2wt% and 5wt% of NBR 

particles shows a good dispersion of NBR particles in 

the PBA-a matrix. The observed worn surface of the 

composites was attributed to the fine cracking and 

deformation, resulting in an increase in the COF of the 

composites as a result of higher friction force developed 

at the interface. Consequently, we can see that the 

deformed rubber particles on composite surface play a 

protective role against the wear damage to the 

composites. In addition, only a small amount of the 

NBR particles contributed to a reduction of the specific 

wear rate as shown in Figure 2 likely due to the reduced 

surface cracking on composite surface. Furthermore, 

the agglomeration of the NBR particles was observed 

for the composite filled with the NBR particle more 

than 5wt% as can be seen in Figures 3(d) and 3(e). The 

reason for an increase of specific wear rate on the PBA-

a filled with 10wt% and 15wt% of NBR particle is to be 

due to the weak interface between the PBA-a matrix 

and those agglomerated NBR particles, leading to easy 

detachment of NBR particles from the matrix. 

(a) (b) 

(c) (d) 

(e) 

cracking 

Fine cracking 

Rubber particles 

deformation 

Rubber particles 

agglomeration 

Rubber particles  

agglomeration and  deformation 
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4. Conclusions 

Tribological properties including coefficient of 

friction (COF) and specific wear rate of the composites 

were investigated. The COF of the PBA-a/NBR 

composites was increased with increasing NBR 

particles content in the rage of 0 to 15wt% due to the 

deformation of the NBR particle in the PBA-a matrix 

resulting in the increase of its actual contact area and 

surface roughness. Moreover, the addition of NBR 

particles up to 5wt% was found to help improve the 

wear resistance of the composites. Therefore, the PBA 

filled with 5wt% of NBR was suggested to be the 

optimal formulation for an application as a binder of 

brake pads or the like. 
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Abstract 

In this research, three kinds of ultrafine rubbers (UFR), i.e. natural rubber (NR), styrene butadiene rubber (SBR), 

and nitrile rubber (NBR) were prepared by a combined technology of irradiation and spray drying. A latex form of 

those rubbers was changed to vulcanized rubber latex in vulcanization step using gamma rays at doses in a range of 0 to 

250 kGy and yielded ultrafine rubber particles in a spray drying step. The influences of gamma radiation dose of the 

resulting ultrafine rubber on thermal and mechanical properties of composites based on polybenzoxazine (PBA-a) were 

also studied. The results showed that degradation temperature at 5% weight loss (Td5) of the PBA-a/UFR composites 

was slightly enhanced with increasing the gamma radiation dose of ultrafine rubber as was determined by a 

thermogravimetric analyzer (TGA). The glass transition temperature of the composite was also found to increase with 

increasing irradiation dose of gamma rays. The values of flexural strength of composites increased from 35.5 MPa of 

PBA-a to 46.6 MPa and 63.9 MPa at 100 kGy of gamma rays for styrene butadiene rubber and nitrile rubber, 

respectively. The flexural modulus was observed to decrease with an increase of the radiation dose for all three types of 

the rubbers. As a consequence, the ultrafine rubbers can be used to modify thermal and mechanical properties of 

polybenzoxazine. 

Keywords:  ultrafine rubber, gamma radiation, vulcanization, spray drying, polybenzoxazine 
 

1. Introduction 

Recently, ultrafine rubber (UFR) has attracted 

much attention. It is a new type of toughening modifier 

that has many potential for thermoset and thermoplastic 

materials [1]. The polymer modified with UFR have good 

mechanical and thermal properties due to the well 

dispersion and full vulcanization of rubber phase [2, 3]. 

As previously reported, epoxy resin toughed with 

elastomeric particles showed that the elastomeric 

particles can well disperse on epoxy resin because of 

great interface area and strong interactions on the 

interface between elastomeric particles and epoxy resin. 

Consequently, both toughness and heat resistance can be 

simultaneously improved in epoxy network [2]. 

UFR is prepared by the radiation vulcanization 

prior to spray drying and can be controlled particle size 

by controlling conditions of the processes [4, 5]. In 

vulcanization process, gamma radiation was used to 

replace a common sulfur vulcanization because it has 

many advantages such as operating at the ambient 

temperature, consuming less energy, being faster, and 

clean technology [6].  

Benzoxazine resins (BA-a), a novel kind of 

thermosetting phenolic resin, were synthesized from 

phenol, formaldehyde, and amine to yield a relatively 

clean precursor without the need of solvent elimination or 

monomer purification. It possesses many attractive 

properties, i.e. very low melt viscosity, and most 

inherently no by-product release in curing process, while 

its polymer, polybenzoxazine shows outstanding 

properties, i.e. high thermal stability, high glass transition 

temperature, low water absorption, good adhesive 

properties, good mechanical strength and modulus, [7]. 

The polybenzoxazines have been used as a matrix for 

composites in many applications such as self-lubricating 

and friction materials [8], electronic packaging [9], and 

aerospace industries [10]. However, polybenzoxazine 

network has low toughness and resistance of impact due 
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to their highly crosslinked structure. This network 

structure leads to brittle behavior and causes the polymers 

to suffer from relatively poor resistance to crack initiation 

and growth. Therefore, a significant improvement in the 

toughness of polybenzoxazine by the addition of liquid 

rubbers has been previously reported [11]. 

The purpose of this study is to prepare ultrafine 

rubbers by gamma irradiation prior to spray drying 

process. The effect of the ultrafine rubbers on thermal 

and mechanical properties including glass transition 

temperature, thermal degradation temperature and 

flexural properties of the polybenzoxazine was 

investigated. 

 

2. Experimental 

2.1 Materials 

Bisphenol-A (polycarbonate grade) was supported 

by PTT Phenol Co., Ltd. (Thailand). Para-formaldehyde 

(AR grade) was purchased from Merck Ltd., whereas 

aniline (AR grade) was obtained from Loba Chemie Pvt. 

Ltd. Natural rubber (NR) latex was purchased from 

Suksapanpanit, Thailand. Styrene butadiene rubber (SBR) 

and Nitrile rubber (NBR) latices was supplied by Dow 

Chemical (Thailand), Ltd, and Bangkok Synthetics Co., 

Ltd, Thailand, respectively. 

 

2.2 Benzoxazine Resin Preparation 

Benzoxazine monomer, bis(3-phenyl-3,4-dihydro-

2H-1,3-benoxzinyl) isopropane (BA-a), was synthesized 

from bisphenol-A, para-formaldehyde, and aniline at a 

1:4:2 molar ratio by solventless technology. The reactant 

mixture was constantly stirred at 110°C for 40 min.  The 

obtained monomer is light yellow solid at room 

temperature. The powder was ground into fine powder 

and kept in a refrigerator for future use. 

 

2.3 Preparation of ultrafine rubbers 

The 60Co gamma radiation (Gamma Chamber 

GC5000 from BRIT, India) was used to irradiate three 

rubber latices at ambient temperature with accumulated 

radiation doses at 100, 200, and 250 kGy with dose rate 

of 4.02 kGy/h. After that, both un-irradiated and 

irradiated rubber latices were dried by spray drying 

(Buchi Mini Spray Dryer model B-190 from BUCHI, 

Switzerland) with the inlet temperature being kept 

between 100°C to 180°C. Finally, the ultrafine rubbers 

were obtained in bottom product.  

 

2.4 Preparation of ultrafine rubbers-modified 

polybenzoxazine composites  

The PBA-a/UFR composites containing 15 phr of 

UFR were prepared to yield molding compounds. The 

UFRs were thoroughly mixed by hand with benzoxazine 

resin at about 110°C. The compounds were than 

compression-molded by hot pressing at 200°C for 3 h 

under a hydraulic pressure of 15 MPa. The fully cured 

samples were air-cooled to room temperature in an open 

mold before characterizations. 

The ultrafine rubber-modified polybenzoxazine 

composites were designated as PBA-a/UFNR for 

ultrafine natural rubber, PBA-a/UFSBR for ultrafine 

styrene butadiene rubber, and PBA-a/UFNBR for 

ultrafine nitrile rubber, respectively.  

 

2.5 Characterizations of ultrafine rubbers-modified 

polybenzoxazine composites 

Degradation temperature at 5% weight loss of the 

composites were recorded using a thermogravimetric 

analyzer (model TGA1 Module, Mettler-Toledo). The 

sample mass was approximately 5-10 mg and then heated 

from 25°C to 850°C with a heating rate of 20 °C/min 

under nitrogen atmosphere at a N2 purge gas flow rate of 

50 ml/min. 

Glass transition temperature (Tg) of the composites 

were measured by a differential scanning calorimeter 

(model DSC1 Module, Mettler-Toledo). A small amount 

of composites (5 to 10 mg) was cooled from 25°C to -

100°C at a rate of 10 °C/min using liquid nitrogen. Then 

temperature was stabilized at -100°C about 2 min and the 

sample was heated from -100°C to 300°C at the same 

heating rate to provide a DSC thermogram. 

Mechanical properties of the composites were 

performed on universal testing machine (Instron Co., Ltd 

model 5567) based on ISO178:2001. The measurement 
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was carried out in a three-point bending mode, with a 

support span of 32 mm and at a crosshead speed of 10 

mm/ min. A minimum of three samples with a dimension 

of 10×50×2 mm was tested, and the average values for 

the specimens were determined.  

 

3. Results and Discussion 

3.1 Thermal stability of ultrafine rubber-modified 

polybenzoxazine composites 

From TGA analysis in Figure 1, degradation 

temperatures at 5% weight loss (Td5) of the un-irradiated 

UFR-modified PBA-a composites, i.e. PBA-a/UFNR, 

PBA-a/UFSBR, and PBA-a/UFNBR were determined to 

be 316°C, 322°C and 324°C, respectively. While, Td5s of 

the composites filled with various irradiated UFR types 

were increased the amount of 3oC to 14°C.  

 

Figure 1 Degradation temperature of the ultrafine rubber- 

modified PBA-a composites at different doses of gamma 

rays: (●) PBA-a/UFNR, (■) PBA-a/UFSBR, (♦) PBA-

a/UFNBR. 

 

It can be suggested that the irradiated ultrafine 

rubber- modified PBA-a composites shows more stabilize 

due to the higher crosslinking structure. As a 

consequence, they need more activation energy to 

thermally decompose the vulcanized rubber [12]. In 

addition, the Td5 of the PBA-a/UFSBR composite is the 

most enhanced value because of the benzene ring in this 

rubber structure, leading to the higher thermal stability 

than other types of rubber. 

3.2 Glass transition temperature of ultrafine rubber-

modified polybenzoxazine composites  

 

Table 1 Glass transition temperatures of 15 phr UFR-

modified PBA-a composites at various types of UFR. 

Composite 

Samples 

Tg (°C) 

Radiation dose (kGy) 

0 100 200 250 

PBA-a 162.9 - - - 

PBA-a/UFNR 164.6 165.7 167.9 169.9 

PBA-a/UFSBR 165.3 166.5 167.7 169.1 

PBA-a/UFNBR 165.8 167.9 170.2 172.0 

 

Glass transition temperatures (Tgs) of PBA-a/UFR 

composites that modified with three types of un-irradiated 

and irradiated ultrafine rubber are tabulated Table 1. The 

Tg of irradiated ultrafine rubber-modified PBA-a 

composites shifted higher than those of un-irradiated 

UFR-modified PBA-a composites for all three types of 

rubber. An enhancement of the Tg of the irradiated 

ultrafine rubber- modified PBA-a composites is due to 

the gamma crosslinking in the rubber chains of ultrafine 

rubber, resulting in the reduction in rubber chain 

movement and a formation of a three dimensional 

network structure [4, 13]. 

Moreover, the effect of gamma radiation on Tg of 

PBA-a/UFR composites shows that an increase in 

irradiation dose resulted in an increasing Tg of all types of 

ultrafine rubber in PBA-a/UFR composites. As can be 

seen that among three types of ultrafine rubber, Tg of  

the PBA-a/UFNBR composites has the most enhanced 

value from 165.8 °C to 172 °C, since, gamma 

crosslinking occurred was more prominent for higher 

irradiation dose. This is due to the higher crosslink 

density of NBR cured by higher doses of gamma 

irradiation [14]. 

 

3.3 Flexural properties of ultrafine rubber-modified 

polybenzoxazine composites 

Flexural strength and flexural modulus of the 

PBA-a/UFR composites filled with un-irradiated and 

irradiated ultrafine rubber are presented in Figures 2 and 
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3, respectively. The flexural strength values of the PBA-a 

filled with un-irradiated UFR composites are 32.1 MPa 

for PBA-a/UFNR, 33.7 MPa for PBA-a/UFSBR, and 

36.0 MPa for PBA-a/UFNBR, while that of the PBA-a is 

35.5 MPa. It can be observed that the flexural strength of 

the un-irradiated UFR-modified PBA-a decreased for NR 

and SBR modifiers but that of un-irradiated UFNBR-

modified PBA-a increased.  

 

Figure 2 Flexural strength of PBA-a/UFR composites at 

various gamma radiation doses: (▲) PBA-a (●)  

PBA-a/UFNR, (■) PBA-a/UFSBR, (♦) PBA-a/UFNBR. 

Furthermore, an increment of dose of gamma rays, 

resulting in an increase in the flexural strengths of the 

PBA-a/UFSBR and PBA-a/UFNBR composites was 

found to increase with a dosage of gamma rays at 100 

kGy and then the flexural strengths decreased with 

further addition of the gamma radiation dose. This 

characteristic is possible that, as a result of 200 kGy of 

gamma radiation dose, the chains of completely 

crosslinked rubber are more scissored, which is reflected 

as a decrease in their flexural strength at higher radiation 

doses [15]. While, the flexural strength of PBA-a/UFNR 

composites tended to decrease with increasing of gamma 

dose. It is because of more chain scission than 

crosslinking at 100 kGy. Moreover, the flexural strength 

values of ultrafine nitrile rubber filled polybenzoxazine 

shows the highest value. It might be the good interfacial 

adhesion between the polybenzoxazine and the UFNBR. 

The flexural moduli of PBA-a/UFR composites 

are depicted in Figure 3. The values of flexural modulus 

of PBA-a/UFR composites filled with un-irradiated UFR 

are 3.48 GPa for PBA-a/UFNR, 4.53 GPa for PBA-

a/UFSBR and 2.22 GPa for PBA-a/UFNBR compared 

with that of PBA-a is 5.28 GPa. For the composites filled 

with irradiated ultrafine rubber, it can be seen that the 

flexural modulus values of the PBA-a/UFNR and PBA-

a/UFSBR decreased with increasing the radiation dose, 

while the flexural modulus values of PBA-a/UFNBR 

composites tended to increase with increasing the 

radiation dose. This behavior could be related to the 

effect of excessive viscous of rubber with much lower 

modulus than that of the PBA-a phase [16].  

 

Figure 3 Flexural modulus of PBA-a/UFR composites at 

various gamma radiation doses: (▲) PBA-a, (●) PBA-

a/UFNR, (■) PBA-a/UFSBR, (♦) PBA-a/UFNBR. 

In addition, the flexural modulus values of  

PBA-a/UFNBR increase with increasing gamma radiation 

dose. It might be a high reinforcing effect from an 

addition of rigid filler (UFNBR) into the polymer matrix 

(PBA-a) that attributed the strong interface interaction 

between the rubber filler and the polybenzoxazine used. 

The modulus enhancement is consistent with the values 

of crosslink density and Tg of irradiated NBR that showed 

the most enhanced in value due to gamma radiation 

suggesting this rubber to be the most sensitive to 

vulcanization by gamma radiation. This result also 

showed similar trend as the enhanced values of modulus 

under electron beam irradiation of NBR latex i.e. 1.03 

0

10

20

30

40

50

60

70

0 50 100 150 200 250

Radiation dose (kGy)

0

1

2

3

4

5

6

0 50 100 150 200 250

Radiation dose (kGy)



  229 

MPa, 1.66 MPa and 2.57 MPa at radiation doses of 0, 50 

and 200 kGy, respectively [17]. 

 

4. Conclusions 

Three kinds of ultrafine rubber including natural 

rubber, styrene butadiene rubber, and nitrile rubber were 

successfully prepared by gamma radiation and spray 

drying process and used as toughening fillers of 

polybenzoxazine. An addition of ultrafine rubbers in 

polybenzoxazine can improve thermal properties of the 

composites such as glass transition temperature and 

thermal stability. In addition, it was found that the 

polybenzoxazine composites filled with 100 kGy 

irradiated UFNBR showed a higher flexural strength, i.e. 

63.9 MPa than that of the polybenzoxazine, i.e. 35.5 MPa 

and other types of ultrafine rubber. 
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Abstract 

Thermoplastic vulcanizates (TPVs) based on natural rubber, reclaimed rubber and propylene ethylene copolymer 

NR/RR/PEC blends at blend proportion of 30/30/40 wt% were prepared. The effect of modifying methods on mechanical, 

rheological and morphological properties of TPVs was studied. It was found that TPV with phenolic resin showed better 

tensile strength, elongation at break and tendency to recover from prolonged extension than the TPV without modifier. 

Moreover, rheological properties and phase morphology were also improved with the addition of phenolic. The melt 

blending method gave the TPV with better overall properties than those of the reactive blended TPV. Further increase 

phenolic content the better phase compatibility was achieved. 

 

Keywords: Thermoplastic vulcanizates, Natural rubber, Reclaimed rubber, Modifying methods, Phenolic resin 

1. Introduction 

 Increasing high consumption of rubber products 

leads to large amount of rubber wastes disposed to 

environment. More than million tons of rubber wastes, 

mainly used tires, are still be the environmental problems 

[1] as their molecules are crosslinked and they need very 

long time for completely natural degradation.  

 Reclamation is one technique using either thermal 

mechanical or chemicals to recycle the waste of 

crosslinked rubbers [2]. After reclamation, reclaimed 

rubber can be partially vulcanized again and it is partly 

used as raw rubber in new rubber product for cost 

reduction. However, reclaimed rubber in general has poor 

mechanical properties in comparison to virgin rubbers. 

Also, it has inferior physical and/or chemical 

compatibility with other rubbers or polymers leading to 

phase separation of developed rubber compound [3]. 

Therefore, phase compatibility is a significant issue for 

use of reclaimed rubber in order to achieve vulcanizates 

with acceptable properties [4]. Many research works have 

been done on study the way to improve compatibility 

between reclaimed rubber and other polymers. For 

example, surface modifications of RR have been done to 

improve the compatibility of RR with a polymer matrix 

[5-7]. Maleic anhydride (MA), bitumen, and allylamine 

were preferably applied as modifying agent to promote 

blend compatibility by increasing of phase adhesion      

[5-9]. Various irradiation techniques and plasma 

treatment were also used to activate reactive sites in the 

blends containing reclaimed rubber [10-11]. The reactive 

sites chemically reacted among phase and increased phase 

compatibility. 

  Propylene ethylene copolymer (PEC) offers an 

outstanding combination of clarity, heat-sealability, 

elasticity, softness, processability, and compatibility in 

blends in film, sheet, and molded products. It has been 

used as thermoplastic phase for production of TPVs with 

regard to good impact strength and processability [12-13].   

 In the present work, TPVs based on NR/RR/PEC 

blends were prepared at a blend ratio of NR/RR/PEC = 

30/30/40 wt% by dynamic vulcanization. Effect of 

modifying methods and phenolic resin contents on the 

properties of the blends were investigated. 

mailto:anoma.t@psu.ac.th
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2. Experimental 

2.1 Materials 

 Ribbed smoke sheet no.3 typed natural rubber 

(NR) was produced by Local Farmer Cooperation, 

Pattani, Thailand. Reclaimed rubber (RR) was purchased 

from Union Commercial Development Co., Ltd. 

Samutprakan, Thailand. Propylene ethylene copolymer, 

versify3300, (PEC) was supplied by Dow Chemical 

Company, USA.  Hydroxymethylol phenolic resin (HRJ-

10518) manufactured by Schenectady International Inc, 

USA was used as modifying agent. Stannous chloride 

dehydrate (SnCl2.2H2O) used as a catalyst for phenolic 

resin was manufactured by Carlo Erba Reagent (France). 

The compound ingredients were zinc oxide (Global 

Chemical, Thailand), stearic acid (Imperial Chemical, 

Thailand), white oil (Maoming Fulida Chemical, China), 

wingstay L (Eliokem, USA), N-tert-butyl-2-benzothiazyl 

sulfenamide or TBBS (Flexys, USA), and sulfur (Siam 

Chemical, Thailand). All ingredients were used as 

received. 

 

2.2 Preparation of NR/RR/PEC blends 

  NR/RR/PEC blends were prepared at a fixed 

blend ratio of 30/30/40 wt% in an internal mixer using 

compound formulation as given in Table 1.  

 

Table 1. Compound formulation of NR/RR/PEC TPVs. 

Ingredients Quantity (phr) 

NR 100 

RR 90 

PEC 67 

HRJ-10518 0, 3, 5, 7, 10 

SnCl2.2H2O   1 

Aromatic oil 10 

Stearic acid 1 

ZnO 5 

Wingstay L 1 

TBBS 0.8 

Sulphur 4 

* RR, containing 55.5% rubber content 

** Blend ratio of NR/RR/PEC at 30/30/40 wt% 

Mixing conditions were set at a fill factor of 0.80, mixing 

temperature of 155°C and at a rotor speed 60 rpm. In the 

present work, phenolic modifier was incorporated into the 

prepared blends in two different mixing methods. They 

were melt mixing and reactive blending as schematic 

diagram illustrated in Fig. 1. The blend without addition 

of modifier (called control) was also done for a 

comparison purpose. After completion of mixing, the 

mixture was removed from the chamber, immediately 

sheeted out on two roll mills and kept at room 

temperature for one day before further process. Test 

specimens were later prepared by compression molding at 

165°C and preconditioned before test and 

characterization. In addition, the procedure which give the 

best properties of NR/RR/PEC TPV was later chosen and 

use in the part of study the effect of modifier content. 

 

 

 

Fig. 1 Schematic diagram for mixing procedure for the 

preparation of NR/RR/PEC TPVs.  

 

2.3 Testing procedures 

  2.3.1 Mechanical Properties 

 Tensile properties were measured on dumbbell shape 
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specimens using a Hounsfield Tensometer H 10 KS (the 

Hounsfield Test Equipment Co., Ltd, U.K.) in accordance 

with the procedure described in ASTM D412 at a constant 

cross-head speed of 500 mm/min. Tension set was tested 

at room temperature after stretching the samples for 10 

min at 100% strain. Three specimens were tested for each 

sample and average value was reported.  

2.3.2 Dynamic properties 

Dynamic properties of the TPVs were established 

using a rotorless oscillating shear rheometer (RheoTech 

MDPT, Cuyahoya Falls, USA) at 165°C. The oscillation 

frequency was set in the range of 1–10 Hz at a constant 

strain of 3%. This was to ensure that the test was located 

in the linear viscoelastic region.  

2.3.3 Morphological properties 

          Scanning electron microscope (model VP 1450, 

Leo, UK) was employed to examine morphology of 

extracted surface of NR/RR/PEC TPVs. The samples 

were cryogenically fractured in liquid nitrogen. The PEC 

phase was preferentially extracted by immersing the 

fractured surface into toluene for 30 minutes. The samples 

were dried in an oven at 40°C for 24 h to eliminate the 

solvent, and gold coated before characterization. 

 

3. Results and Discussion 

3.1 Effect of modifying methods on properties of 

NR/RR/PEC TPVs 

Fig. 2 shows stress-strain curves of the 

NR/RR/PEC TPVs.  It is seen that all TPVs show similar 

values of the initial slope at the beginning of the curves. 

All stress-strain curves of the TPVs behaved the character 

of soft and tough elastic material. Slight increase of 

modulus and tensile stress can be seen in the TPVs with 

addition of modifier. The NR/RR/PEC TPV with melt 

mixing method show highest tensile strength with more or 

less the same value of elongation at break when compared 

with the reactive blended TPV and the TPV without 

modifier. Furthermore, improvement of phase 

compatibility in the presence of modifier can be clearly 

seen from decreased tension set of the TPVs with 

modifier as shown in Fig. 3. This can be explained by a 

function of phenolic resin. That is, during melt blending, 

graft copolymer of rubbers with phenolic resin occurred 

due to reactive methyol groups in the phenolic molecules 

can easily react with double bonds in the rubber chains 

[14] as reaction scheme shown in Schemes 1. This graft 

copolymer later reacted with rubber and PEC phases to 

form chemical reaction among phase [14]. Hence, 

increase of higher stress for tensile deformation and 

failure and also improvement of tension set are seen in 

Fig. 2 and 3.  

 

Fig. 2 Stress-strain curve of NR/RR/PEC TPVs prepared 

by different modifying methods. 

 

 

 

 

 

 

 

 

 

Fig. 3 Tension set of NR/RR/PEC TPVs prepared by 

different modifying methods. 

 

In addition, comparing between two modifying 

methods used, the melt mixing NR/RR/PEC TPV which 

phenolic resin was located in the RR phase seemed to 

give better tensile strength and elongation at break than 

the reactive blending TPV. This is attributed to in the melt 

mixing process graft copolymer of RR with phenolic (RR-

Phe) was firstly prepared. This graft copolymer can 

further compatible with the NR phase. Therefore, the 

interfacial adhesion of rubber component in the 

investigated blend system is promoted leading to more 
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compatible rubber phase prior to mix with the PEC [15-

17]. Moreover, addition of phenolic resin at the beginning 

of mixing process, there was an enough mixing time for 

phenolic to possess chemical reaction when compared to 

the reactive blending method. In the reactive blending, 

phenolic resin was added in the step 3 with short time for 

dispersion and reaction in the blend component. 

Therefore, this might be a reason that the NR/RR/PP TPV 

with reactive blending had inferior mechanical properties 

in relative to those of the melt mixing TPV.  

 

 

Scheme 1. Possible reaction between phenolic resin and 

natural rubber.  

 

 Dynamic mechanical properties of NR/RR/PEC 

TPVs with variation of modifying methods were also 

studied and results are shown in Fig. 4. Results show 

material characteristic of pseudoplastic or shear thinning 

behavior. In addition, storage modulus and complex shear 

viscosity (Fig. 4(a) and (b)) slightly increased with        

incorporation of phenolic resin. Also, tan  clearly 

decreased to lower value (Fig. 4(c)).These observations 

are due to the phenolic modifier caused improvement of 

interfacial interaction among phases. The occurrence of 

chemical reaction by means of phenolic resin resulted in 

higher shear torque for molecular movement to desired 

strain [18]. As a consequence, storage modulus and 

complex shear viscosity of NR/RR/PEC TPVs with 

modifier were higher than those of the control TPV at a 

given tested frequency. In the case of tan , a drop of tan 

 means material has good elastic response with low 

damping in its molecules. The chemical reaction 

promoted by phenolic resin helped polymer molecules of 

the modified NR/RR/PEC TPVs can better relax applied 

stress with low heat generated in molecules or loss 

modulus leading to low value of tan . 

 

 

Fig. 4 Dynamic properties in a term of (a) storage 

modulus, (b) complex viscosity and (c) tan  as function 

of frequency of NR/RR/PEC TPVs with various 

modifying methods.  
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incorporation step of phenolic resin as discussed earlier. 
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PEC. In combination, this method provided enough time 

for phenolic to disperse and function. Therefore, the melt 

mixing showed stronger effect on phase compatibility of 

the TPVs. 

 Morphological study of the NR/RR/PEC TPVs 

was investigated using secondary electron SEM mode. 

Fig. 5 shows SEM micrographs of the toluene extracted 

surface of the NR/RR/PEC TPVs with various modifying 

methods. It is seen that the blends with different 

modifying method exhibited different surface 

morphologies. The surface morphology of the TPV 

without modifier (the control) and the TPV prepared by 

reactive blending method were more roughness than the 

surface morphology of the TPV prepared by melt mixing. 

The more roughness fracture surface means that the 

interfacial adhesion of the blend component is poor [9]. 

Incorporation of phenolic resin by means of melt mixing 

provides more smooth surface of the TPV than the others 

as an affected of chemical reaction caused by phenolic 

resin [19].     

 

Fig. 5 SEM micrographs of NR/RR/PEC TPVs prepared 

by various modifying methods.  

 

3.2 Effect of quantity of phenolic resin on properties of 

NR/RR/PEC TPVs prepared by melt mixing method 

 From previous study, the melt mixing process was 

chosen and used in the study of influence of quantity of 

phenolic resin. Figs. 6 and 7 show mechanical properties 

of the NR/RR/PEC TPVs. It is seen that tensile strength 

increased with increasing quantity of phenolic resin from 

0 to 10 phr while as elongation at break and tension set 

slightly decreased. This was due to the raising of phenolic 

resin can perform more chemical interaction between RR 

and NR resulting to more compatible rubber phase which 

later dispersed in the PEC matrix with good interfacial 

adhesion. Additionally, small drop of tension set at 5 phr 

of phenolic resin might be attributed to an excess amount 

of phenolic resin caused phase separation and slightly 

hardened the TPV. 

 

Fig. 6 Effect of phenolic resin content on the tensile 

strength and elongation at break of NR/RR/PEC TPVs. 

 

 

 

 

 

 

 

 

 

Fig. 7 Effect of phenolic resin content on tension set of 

NR/RR/PEC TPVs. 

 

 Fig.8 shows dynamic mechanical properties of the 

NR/RR/PEC TPVs with varying quantity of phenolic 

resin. Higher compatibility in the TPV can be seen from 

gradual increasing of storage modulus and complex shear 

viscosity together with decreasing of tan . At very high 

test temperature i.e. 165oC, the TPV almost melted as 

thermoplastic having vulcanized rubber particles as filler. 

The molten TPV was flowed in a direction of force (shear 

torque). Higher interfacial adhesion among phases yielded 

higher shear force for molten TPV to flow. Therefore, 

(a) Without modifier ( or Control) 

(b) Melt mixing method (c) Reactive blending method
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increasing of storage modulus and complex shear 

viscosity were observed with increasing the phenolic 

content. Furthermore, good phase compatibility caused 

better stress relaxation at the interface and hence  

lower damping in polymer molecules as clearly noticed   

from the lower tan . 

 

 

 

Fig. 8 (a) Storage modulus and (b) complex viscosity and  

tan  at a frequency of 2 Hz of NR/RR/PEC TPVs with 

phenolic resin content. 

 

 Fig. 9 shows SEM micrographs of the 

NR/RR/PEC TPVs with varying phenolic content. Finer 

phase morphology of the fractured surface TPVS was 

obviously seen with increasing content of phenolic resin. 

This morphology is corresponding to the results of 

mechanical and dynamic properties of the NR/RR/PEC 

TPVs. Increasing of interfacial adhesion among phases as 

previously discussed yielded to an improvement of phase 

compatibility. Therefore, finer phase distribution or 

smooth fractured surface of the TPVs with increasing the 

phenolic content was found. This developed morphology 

impacted on improvement of mechanical, dynamic, and 

rheological properties of the TPVs in previously results. 

 

Fig. 9 SEM micrographs of NR/RR/PEC TPVs with 

phenolic content.  

  

4. Conclusion 

 The properties of NR/RR/PEC TPVs are affected 

by modifying method. The presence of phonolic modifier 

could promote improvement of mechanical, dynamic, and 

rheological properties of the modified NR/RR/PEC TPVs. 

The melt mixing method was the best method used for 

addition of phenolic resin due to this method provided 

enough time for chemical reaction of phenolic with other 

polymers phases and also it controlled the location of the 

phenolic in the RR phase. Quantity of phenolic content 

impacted on properties of the TPVs as well. It was seen 

that property improvement of TPVs can be clearly seen 

with increasing phenolic content in the blend system.  
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Abstract 

 

New luminescent materials from natural rubber (NR)/polypropylene (PP)/propylene-ethylene copolymer (PEC) 

blends filled with europium-doped strontium aluminate phosphor (SrAl2O4:Eu2+) were prepared in an internal mixer via 

melt blending. Influences of blending methods (i.e. simple blend (SB) and dynamically vulcanized blend (DV)) and 

mixing sequence of DV (i.e. direct mixing (DV1) and precompounding (DV2)) on mechanical properties and luminescent 

properties of the SrAl2O4:Eu2+ filled NR/PP/PEC blends were studied. The results indicate that the DV2 show improved 

mechanical properties with the highest luminescent intensity compared with the SB and the DV1. This was attributed to 

phase morphology of the blend and location of phosphor. 

 
Keywords: Luminescent materials, Natural rubber, Strontium aluminate phosphor, Thermoplastic vulcanizates 

 
 

1. Introduction 
 

Luminescent material is a material which can emit light 

in the dark (some in the day light) after excitation by 

appropriate energy [1]. They are many types of 

luminescent  material  for  example  chemiluminescence, 

triboluminescence, photoluminescence electro- 

 
S*   
 
 
 
 
 

Absorption 

 

 
 
 

  T* 

 

luminescence, etc [2]. Among them, photoluminescent 

polymer is gaining high interest in many applications such 

as advertisement card, plaything, safety indicator, 

luminous paint, etc due to the quality of emission light and 

ease production process [3-5]. Photoluminescent materials 

use photon as an energy source. They can be separated into 

two subclasses. They are fluorescence and 

phosphorescence. Phosphorescence, focused in the present 

study, is a term of light emission of specific de-excitation 

process. That is, electrons from an excited electronic triplet 

state (T*) undergo relaxation to the lowest level of an 

electronic singlet state (S). The simplified light emission 

of phosphorescence is shown in Scheme 1. The de- 

excitation of electrons provides the light emission of 

phosphorescent polymer. The intense and long-lasting 

phosphorescence is caused by the trapping of photo- 

generated electrons and/or holes thermally released from 

the trap levels of the material [3,6,7]. 

 
Fluorescence Phosphorescence 

 
 
 
 

S 
 

S        ground electronic singlet state 

S*      excited electronic singlet state 

T*     excited electronic triplet state 

 
Scheme  1.  The  simplified  Jablonski  energy  diagram 

showing a generic luminescence [2]. 

 

 
Phosphor is one type of filler composing of metallic 

and rare-earth ions in its structure [1]. It has been used to 

promote phosphorescent property in glass and polymers 

[5]. In the past, some phosphors such as zinc sulfide 

codoped with copper and cobalt (ZnS:Cu+,Co2+) can be 

luminescence no more than a few hours and its chemical 

stability is displeased [8,9].   Europium (Eu2+) doped 

strontium    aluminate    phosphors   (SrAl2O4:Eu2+)   are 

https://www.facebook.com/sunisa.pee?fref=nf
mailto:anoma.t@psu.ac.th
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Ingredients 

 Quantity (phr)  

 Simple blend Dynamic vulcanization 

NR 100  100 

PP 75  75 

PEC 75  75 

Ultra-plast TP01TM
 5   5 

Irganox®1076 1   1 

Irgafors®168 1   1 

Paraffinic oil 10  10 

2+ 16  16 

TMPTMA -   2 

DCP -   2 

 

regarded as an excellent phosphor because they provide 

chemical stability, great brightness, long-lasting time of 

luminescence, no radiation and environmental capability 

[8,9]. 

Thermoplastic elastomers (TPEs) are class of polymers 

that offers many of the positive attributes of rubber 

vulcanized such as elasticity, yet can be used, processed 

and reused on thermoplastic [10].  The most important 

feature of this class of materials is that the scrap can be 

recycled up to several times without a significant loss of 

properties. As a result, many commercial TPEs have been 

developed for various applications in the industries. 

This study is aimed to prepare the phosphorescent 

material. The effect of preparation method and mixing 

sequence on properties of ternary blends based on natural 

rubber/polypropylene/propylene-ethylene copolymer 

(PEC) was investigated. 

 
2. Experimental 

 

2.1 Materials 
 

Luminescent filler with a strong emission wavelength 

of 515 nm (green light) used in this study was a 

commercial europium-doped strontium aluminate 

phosphor (SrAl2O4:Eu2+, Luming®  PLO-8B), which was 

manufactured by Luming Technology Group Co., Ltd., 

China. It has a density of 3.60 g/cm3 and an average 

particle size of 70.3±23.6 µm. Natural rubber (NR) used 

was a standard Thai natural rubber (STR 5L), purchased 

from Yala Latex Co., Ltd., Thailand. Polypropylene 

homopolymer (PP, Moplen HP500N) with a melt flow rate 

of 12 g/10 min (measured at 230C/2.16 kg) and a density 

of 0.90 g/cm3 was supplied by HMC Polymers Co., Ltd., 

Thailand. Propylene-ethylene copolymer (PEC, 

VERSIFYTM 3300) was manufactured by Dow Chemical 

Co, Ltd., USA. It has a density of 0.87 g/cm3  and a melt 

flow rate of 8 g/10 min (measured at 230C/2.16 kg). 

Stabilizers, Irganox®1076 and Irgafos®168 were obtained 

from Ciba Specialty Chemicals Inc., Switzerland. 

Processing aid, Ultra-plast TP01TM was supplied by 

Performance Additives Co., Ltd., Malaysia. Paraffinic oil 

was used as processing oil, supplied by Maoming Fulida 

Chemical  Industry  Co., Ltd.,  China.  Dicumyl  peroxide 

(DCP) having an active peroxide content of 99% was used 

as a curing agent, supplied by Wouzhou International Co., 

Ltd., China. Trimethylolpropane trimethacrylate 

(TMPTMA, SR350) used as a co-agent in the peroxide 

vulcanization system was manufactured by Sartomer Asia 

Co., Ltd., China. 

 

 
2.2 Preparation  of  SrAl2O4:Eu2+   filled  NR/PP/PEC 

blends 
 

The  NR/PP/PEC blends  at  a  fixed  blend  ratio  of 
 

40/30/30 %wt were prepared using an internal mixer 

(Brabender Plastograph EC plus, Germany) with a 

capacity of 55 cm3. Mixing conditions was controlled at 

170C for 12 min using a fill factor of 0.8 and a rotor speed 

of 60 rpm. Table 1 shows compounding formulations of 

NR/PP/PEC blends. In this work, luminescent filler 

(SrAl2O4:Eu2+) was incorporated into the blends at 6 %wt 

of polymers (16 phr) and different mixing methods (i.e. 

simple blend (SB) and dynamic vulcanization (DV)) were 

applied for preparation of NR/PP/PEC blends. 

Furthermore, two mixing sequences were designed for the 

blends prepared via dynamic vulcanization. They were 

direct mixing and precompounding. Mixing procedure for 

all blends is shown in Table 2. After blending, the blends 

produced were immediately removed from the mixing 

chamber and later press molded (Compression molding; 

model LP-S-20, Thailand) into thin sheets at 200°C prior 

to test and characterizations. 

 

 
Table   1.   Compounding formulations of   SrAl2O4:Eu2+

 
 

filled NR/PP/PEC blends 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SrAl2O4:Eu 
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Table   2.   Mixing   procedure   of   SrAl2O4:Eu2+    filled 
 

NR/PP/PEC blends 

3. Results and discussion 
 

3.1   Mechanical  properties   of   SrAl2O4:Eu2+    filled 
 

Mixing 
 

Simple blend 

 

Dynamically vulcanized blends 

 

NR/PP/PEC blends 
time 
(min) 

(SB) 
Direct mixing 

(DV1) 
Precompounding 

(DV2) 

 

Figure  1  shows  stress-strain  relationship  of  the 

   SrAl2O4:Eu2+   filled  NR/PP/PEC  blends  as  affected by 

0 PP/PEC PP/PEC PP/PEC 

 
2 NR NR 

Rubber 

compound* 

mixing method and sequence. Results show a deformation 
 

behavior of soft thermoplastic having high elastic modulus 

4 Antioxidants Antioxidants Processing aid 

5 Paraffinic oil Paraffinic oil SrAl2O4:Eu2+
 

TMPTMA / 

and proof stress at yield point in relatively compared with 

that of gum vulcanized rubber. Moreover, modulus and 

7 
DCP 

Dump 
toughness of the SrAl2O4:Eu2+  filled NR/PP/PEC blend 

9 Processing aid Processing aid 

10 SrAl2O4:Eu2+ SrAl2O4:Eu2+
 

12 Dump Dump 

*Rubber compound was prepared by mixing the NR with 

additives in an internal mixer at a temperature of 60C for 

5 min. 

 

can be enhanced by incorporation of peroxide curing agent 
 
 
 
 

14 

DV2 (Precompounding) 

12 

 
10 

 
8 

2.3 Mechanical and thermal aging properties 
6 

Mechanical properties of SrAl2O4:Eu2+ filled 
4 

NR/PP/PEC blends were tested on dumbbell- 
2 

shaped specimens (Die type D) using a universal testing 

0
 

 
DV1 (Direct mixing) 

 
SB 

machine (Tinius Olsen; model H 10KS, UK) in accordance 
 

with    the    method    described    in    ASTM    D412. 

The specimens were loaded to fail at a cross-head speed of 

500 mm/min and at room temperature. For investigation of 

thermal aging properties, the aged samples at 100oC for 22 

h were mechanically tested in comparison with the unaged 

samples. 

 

 
2.4 Photoluminescent and afterglow properties 

 

Spectrofluorometer (JASCO FP-8200, Japan) 

equipped with a 150 watt xenon lamp as the excitation 

source was used to investigate the emission spectra of the 

luminescence samples. 

The afterglow decay curve of luminescent samples 

was measured using a screen brightness/luminance meter 

(Sanpometer® model: SM208, China). The samples were 

first excited by fluorescent lamps (Philips Actinic BL-D 

60w/10 1SL) having an emission wavelength of 370 nm 

for 5 min in a dark chamber at room temperature.  After 

stopping excitation, the luminescent intensity was 

immediately measured as a function of time for 60 sec. 

Plots of light intensity as a function of time were reported. 

0 100 200 300 400 500 600 

Strain (%) 
 

 
 
Figure 1. Stress-strain curves of SrAl2O4:Eu2+  filled 

NR/PP/PEC blends prepared by different mixing methods 

and sequences. 

 

 
Table 3 summarizes tensile strength and elongation at 

break of SrAl2O4:Eu2+ filled NR/PP/PEC blends before 

and after thermal aging. Irrespective to aged samples, it is 

seen that dynamic vulcanized blends (DV1 and DV2) gave 

higher tensile strength and elongation at break than simple 

blend (SB). This is due to increased strength of vulcanized 

NR phase [10] together with change of micro-phase 

morphology of the blends. During dynamic vulcanization, 

the rubber phase was vulcanized and shear broken up into 

small particles dispersed in the thermoplastic matrix [11]. 

This morphology provides higher interfacial area between 

rubber-thermoplastic phases than co-continuous phase 

morphology of the simple blend (SB) [12]. Therefore, 

improved mechanical properties of DV1 and DV2 were 

achieved. 
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Table  3.  Mechanical properties of  SrAl2O4:Eu2+   filled 
 

NR/PP/PEC blends before and after thermal aging 
 

Unaged Aged at 100C/22 h 
Sample      

T.S. (MPa) E.B. (%) T.B. (MPa) E.B. (%) 
 

SB 6.47±0.82 390.8±61.0 5.85±0.40 246.9±76.3 
 

DV1 7.93±0.11 316.7±4.1 8.79±0.08 355.5±13.1 
 

DV2 12.15±0.23 473.1±8.1 11.28±0.32 477.3±18.0 

formulation of simple blend did not have peroxide curing 

agent. Therefore, the unvulcanized NR phase in the simple 

blend was easily destroyed by thermo-oxidative 

degradation. In another hand, with addition of peroxide 

curing agent the DV1 and DV2 can remain mechanical 

properties closed to 100% retention.   Furthermore, the 

   DV1   showed   10%   increasing   tensile   strength   and 
 

elongation at break after thermal aging. This is because of 
In comparison between two mixing sequences, the 

 

precompounding of rubber with other rubber additives 

prior to mix with thermoplastic was a successful way to 

obtain the SrAl2O4:Eu2+ filled NR/PP/PEC blend with high 

mechanical properties as seen from data of DV2 in Table 

3. This is because of additive, especially peroxide curing 

agent can selective function only in the rubber phase and 

hence less -scission of PP molecules [13,14]. Also, 

thermal degradation of rubber compound was small as it 

was prepared at low temperature (60oC) unlike the direct 

mixing method which whole mixing process was done at 

constant high mixing temperature of 170oC. 

Effect of thermal ageing on mechanical properties of 

the SrAl2O4:Eu2+  filled NR/PP/PEC blends was also 

investigated and data are tabulated in Table 3 and the 

percentage retention of mechanical properties is depicted 

in Figure 2. 

 

additive, especially peroxide curing agent was 

incorporated into NR/PP/PEC. The PEC component can be 

crosslink after aging. 

 

 
3.2 Photoluminescent and afterglow properties 
 

Photoluminescent properties in a term of emission 

spectra of the SrAl2O4:Eu2+ filled NR/PP/PEC blends are 

shown in Figure 3. The emission spectra of simple blend 

(SB) and dynamic vulcanization (i.e. DV1 and DV2) 

showed maximum peak intensity at wavelength of 512 and 

509 nm, respectively. They were in green luminescence 

wavelength due to the 4f65d-4f7 transition of the divalent 

europium ion (Eu2+) in the SrAl2O4:Eu2+  phosphors [15- 

17]. 
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Figure   3.   Emission   spectra   of   SrAl2O4:Eu2+    filled 
 

NR/PP/PEC blends at a given excitation wavelength of 
Figure 2.  Percentage retention of  tensile strength  and 

 

elongation at break of SrAl2O4:Eu2+  filled NR/PP/PEC 
 

blends after thermal aging at 100C/ 22 h. 
 
 
 

It is seen from Figure 2 that the simple blend strongly 

decomposed under thermal ageing and had poor 

mechanical properties. This is attributed to the compound 

 

375 nm. 
 
 

In Figure 3, it is also seen that luminescent intensity 

of the SrAl2O4:Eu2+ filled NR/PP/PEC blends was affected 

by mixing method and sequence. The blends which were 

prepared via dynamic vulcanization either using direct 

mixing  or  precompounding  sequence  showed  higher 
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luminescent intensity than the simple blend. Moreover, 

precompounding gave the highest luminescent intensity of 

the SrAl2O4:Eu2+ filled NR/PP/PEC blend. These 

observations can be discussed by using the schematic 

description in Scheme 2. That is, phase morphology of 

simple blend is co-continuous structure. The crystallinity 

of the polymers is known to have the opacity for light and 

thus, it would not allow enough radiation to penetrate 

through the bulk to excite the phosphors. Therefore, 

dispersed phosphor had poor excitation. Unlike the case of 

dynamic vulcanization, the presence of finely dispersed 

rubber particles in thermoplastic matrix provided higher 

area of light transmission because the rubber phase is 

relatively more transparent than the thermoplastic phase. 

Then, the dynamic vulcanized blends can receive 

excitation light with high intensity. Hence, activated 

electron relaxation from the excited state to the state with 

lower energy level can perfectly occur and this provided 

emission of high intensity of green light. In comparison 

between two sequences of dynamic vulcanized blends i.e. 

DV1 and DV2, phosphor and processing oil were located 

luminous polymer with can be glow after excitation and 

their light are in the green wavelength. 

 

 

 
Simple blend DV1 (Direct mixing) DV2 (Precompounding) 

 

Figure 4. Appearance of photoluminescent NR/PP/PEC 
 

blends (after taking the light source out for 10 s) 
 
 

Figure 5 shows photoluminescent decay curves of 

SrAl2O4:Eu2+ filled NR/PP/PEC blends after excitation by 

UV lamp (60 watts) for 5 min. It is seen that the DV2 with 

prepared via dynamic vulcanization using 

precompounding sequence gave highest luminescence 

intensity and prolong light than the others. This is 

attributed to the location of phosphor and also due to the 

phase morphology of the blend as previously discussed. 

 
 

1.4 

 

mainly in the NR phase together with oil could promote an 

increase of rubber transparent. Consequently, the phosphor 

in DV2 could be easily excited by light and gave strong 

emission spectra than that in the direct mixing blend (DV1) 

which located in both phases. 
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Scheme  2.  Schematic description of  the  excitation of 

simple blend and dynamic vulcanization. 

 

 
The photoluminescent behavior and decay time of the 

luminous polymer blends are illustrated in Figures 4 and 

5. The results in Figure 4 indicate that all blends are 

 

Figure 5. Photoluminescent decay curves of SrAl2O4:Eu2+ 

filled NR/PP/PEC blends excited by UV lamp (60 watt, 5 

min). 

 

 
4. Conclusion 
 

The NR/PP/PEC blends filled with SrAl2O4:Eu2+ 

were prepared using different mixing method and 

sequence. The dynamic vulcanized blends showed better 

mechanical and luminescent properties than the simple 

blend. Furthermore, precompounding method was a 

suitable blending sequence to prepared the 

photolumineccent  polymer  with  high  and  prolong 

emission light intensity. 
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Abstract 

 

Thermoplastic vulcanizates (TPVs) based on blending of de-vulcanized rubber (DR) and polypropylene (PP) 

were prepared at  a fixed blend  proportion of DR/PP  = 60/40  part  by weight.  The DR was prepared by thermo - 

mechanical de-vulcanization method using diphenyl disulfide, DPDS as a de-vulcanizing agent. Four different types of 

modifier: maleic anhydride (MA), bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT), phenolic resin (SP-1055) and p- 

phenylene diamine (PDA) were used in order to improve mechanical and rheological properties of the blends. It was 

found that the dynamically cured DR/PP blends with using the modifiers exhibited higher mechanical and rheological 

properties than the blend without the modifier. MA is found to be the most effective modifier especially when using it at 

80 meq. This is attributed to the in-situ modification in the blends, which leads to increase interfacial adhesion between 

rubber domain and PP matrix. 

 
Keywords: Thermoplastic vulcanizate, De-vulcanized rubber, Modifiers, Natural rubber gloves waste. 

 
 

Introduction 
 

The latex industry expanded over the years to 

meet the world demand for latex product such as 

condom, latex thread, gloves etc. With the increase in 

demands, the manufacturing and use of the gloves, 

directly results in a growing volume of rubber waste. 

For  example,  as much  as  15%  of the  gloves 

consumption is rejected due to high and strict 

specifications  for  latex  products  [1].  These  rejects 

seems to create a major disposal problem for the glove 

industry.   By the way, it is known that rubber gloves 

usually have high content of rubber with less level of 

crosslinking,  therefore,  they  are  easy  to  recycle  by 

using  reclamation  or   de-vulcanization  process   [2]. 

Thus, recycling of gloves waste can pose a challenging 

environmental and economic problem. 

In  rubber  recycling  process  i.e.,  de- 

vulcanization  process,  the  rubber  network  structures 

are broken then the recycled rubber can be processed 

and cured again.  Reclaimed rubber or de-vulcanized 

rubber is one of rubber sources that can be replaced a 

fresh rubber in rubber products and TPVs [3].  Due to 

their economical low cost, the recycled rubber has been 

chosen to blend with various types of rubbers and 

thermoplastics [4-12]. 

TPVs based on blending of rubber and 

thermoplastics are usually incompatible, therefore, 

blending usually leads to a TPVs with poor properties. 

Generally, the blends can be compatible if the two 

polymers have similar intermolecular forces or react at 

the phase interface [13].   Therefore, the compatibility 

of recycled rubber and polymer matrix is a significant 

problem.    Reactive compatibilization or reactive 

blending has aimed at improved interfacial adhesion 

between  the  blends  by  adding  a  reactive  material, 

which   is   classified   as   reactive   compatibilizer   or 

reactive modifier. The other is to perform a chemical 

reaction between the blend component or modification 

of interfaces (i.e., reactive blending) [14-16]. 

The purpose of this study is to prepare the TPVs 

based  on  blends  of  de-vulcanized  rubber  (de- 

vulcanized    natural    rubber    gloves    waste)    and 

mailto:s.saiwari@gmail.com
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polypropylene.  Effect of four types of modifiers (i.e., 

MA, TESPT, SP-1055 and PDA) and loading levels on 

mechanical  and  rheological  properties  of  the  TPVs 

were investigated. 

 

 
Experimental 

 

Materials 
 

The waste natural rubber gloves obtained from 

Top  Gloves  Medical  (Thailand) Co.,  Ltd.,  Thailand. 

Polypropylene (PP) was an injection molding grade 

(NK1100) with melt flow index of 11 g/10 used was 

supplied from Thai Polypropylene Co., Ltd, Thailand. 

Diphenyl disulfide (DPDS), assay of 99% used as the 

de-vulcanization  aid,  was  obtained  from  Sigma- 

Aldrich, Germany. The other compounding ingredients 

were zinc  oxide (Global Chemical,  Thailand),  stearic 

acid (Imperial Chemical, Thailand), sulfur (Siam 

Chemicals,Thailand), N-tert-butyl-2benzothiazole 

sulfenamide, TBBS (Flexsys, Belgium), dimethylbutyl- 

phenyl-p-phenylenediamine, 6PPD (Flexsys, Belgium) 

and  sulfur (Siam  Chemicals, Thailand). All 

compounding ingredients were used as received. 

Modifiers  used  in  this  study  are  as  follows. 

Maleic anhydride (MA) with 99% purity and melting 

point of 52-54ºC and obtained from Fluka Chemika 

Co.,Ltd.  The  brominated  dimethylol  phenolic  resin 

(SP-1055) was supplied by Schenectady International 

Inc, USA. It contains 10–14% active hydroxymethyl 

(methylol) groups and bromine content is 3.6-4%. Bis- 

(3-triethoxy-silyl)-propyl-tetrasulfide (TESPT) was 

manufactured by Behn Meyer Chemical Co., Ltd. The 

p-phenylenediamine (PDA) was supplied by Sigma- 

Aldrich. 

 

 
Methods 

 

Thermo-chemical  de-vulcanization  was 

performed  in  a  batch  process  in  an  internal  mixer. 

Waste natural rubber gloves, TDAE (5 phr) and DPDS 

(1 phr) were added into the mixer with a rotor speed of 

50 rpm. The de-vulcanization temperature was 170C 

and de-vulcanization time was 5 minutes were used. 

Afterward, the compound was prepared by mixing with 

rubber compounding chemical such as stearic acid, zinc 

oxide, 6PPD, TBBS and sulfur by a batch process in an 

internal mixer and was operated at rotor speed of 60 

rpm.   A   fill   factor   of   0.8   and   an   initial   mixing 

temperature of 50 °C were used. TPVs based on 

blending of waste natural rubber gloves with PP was 

studied in the presence of modifiers such as MA, 

TESPT, SP-1055 and PDA and was then prepared by 

dynamically cured technique at  a fixed blending ratio 

of DR/PP = 60/40.   The blends were operated in an 

internal mixer at rotor speed of 60 rpm, a fill factor of 

0.8 and the mixing temperature of 170°C.  In blending 

procedure, PP was first introduced into the chamber to 

melt for 2 minutes and then the modifier was added 

and  mixed  for  another  1  minute.  20  meq  of  four 

different types of modifier: MA, TESPT, SP-1055 and 

PDA  were  varied.  The  compound  was  then 

incorporated into the mixing chamber and the mixing 

was continued for 5 minutes. Finally, the TPVs were 

then cooled down to room temperature and were 

palletized. Tensile strength, elongation at break, 

modulus, and tension set were measured according to 

ASTM D412 with a Hounsfield tensometer (model H 

10 KS, Hounsfield Test Equipment Co., L, UK). 

Hardness was tested using Shore A durometer. 

Rheological properties of the blends were tested at a 

shear rate range of 50-1200 s
-1  

at 190 °C with a 

Goëttfert model RG 20 rheometer, USA. 

 
 
Results and Discussion 
 

Influence of modifiers types on properties of DR/PP 

TPVs blends 

The  stress-strain  curves  of the  DR/PP  blends 

with various types of modifiers are shown in Figure 1. 

It can be seen that  the  initial slope at  beginning  of 

tensile stress-strain curves (i.e., Young's modulus) was 

almost  identical  for  all  samples.  Higher  area 

underneath the stress-strain curve that revealed higher 

toughness of the TPVs was observed in TPVs based on 

DR/PP blends with using MA, TESPT and SP-1055 as 

modifier which implied high toughness TPVs.   It  is 

also found that using MA as a modifier showed the 
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Figure  1.  Stress-strain  curve  of DR/PP  blends  with 

 

various types of modifiers (Using 20 meq of modifier). 
 

 
highest toughness TPVs.     The  tensile  strength  and 

elongation at break calculated from the stress-strain 

curves are shown in Table 1. Using MA, TESPT and 

SP-1055 as modifier resulted in an improvement of the 

tensile strength and elongation at break of the DR/PP 

blends compared with the blend without modifier.  This 

might be attributed to compatibility between the rubber 

phase and plastic matrix enhancing by the modifiers. 

 

 
Table 1. Properties of DR/PP blends with various types 

of modifiers. 
 

Type of modifier T.S (MPa) E.B (%) 

Without modifier 7.70 ± 0.19 87 ± 5 

MA 9.00 ± 0.02 188 ± 2 

TESPT 7.93 ± 0.08 131 ± 2 

SP-1055 7.82 ± 0.11 152 ± 3 

PDA 7.41 ± 0.11 57 ± 1 
 

 
Comparing the four types of modifiers, TPVs 

with using MA as a modifier showed the highest 

mechanical properties.  That is the tensile strength and 

elongation at break increased from 7.70 to 9.00 MPa 

and 87 to 188%, respectively. Using SP-1055 and 

TESPT as modifier, improved only the elongation at 

break but less affected in the tensile strength. However, 

the  blend  with  using  PDA  as  modifier  showed  the 

lowest mechanical properties. 

The relationship between apparent shear stress 

versus shear rate and apparent shear viscosity versus 

shear rate of the DR/PP blends with various types of 

modifiers are shown in Figures. 2 and 3, respectively. 

All  blends  showed  the  same  behavior  of  increased 

Figure  2.  Relationship  between  the  apparent  shear 
 

stress and apparent shear rate of DR/PP blends with 

various types of modifiers. 

 
 

 
Figure 3. Relationship between the apparent shear 

viscosity and apparent shear rate of DR/PP blends with 

various types of modifiers. 

 

 
apparent shear stress with increasing the shear rate.  All 

the cases also behaved in shear-thinning behavior (i.e., 

pseudo-plasticity), where the increasing apparent shear 

rate resulted in decrease of apparent shear viscosity. At 

a given apparent shear rate, the TPVs without the 

modifier showed a lower apparent shear viscosity than 

those of the blend with modifiers. This can be due to a 

result of poor compatibility between the phases. 

Incorporation of MA gave the blend with higher 

apparent shear viscosity and apparent shear stress than 

those of using the other modifiers (i.e., SP-1055, 

TESPT, PDA). Trends of apparent shear stress 

corresponded well to the trends of apparent shear 

viscosity, as shown in Figure. 3, that can be ranked as 

follows: MA > SP-1055 > PDA > TESPT. 

Two possible reactions possibly lead to the 

improvement of mechanical and rheological properties 

of DR/PP blends with using MA as modifier are: 
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- The  MA  molecules  possibly  disperse  in  the 

blend system and can be reacted with interface 

of rubber phase and PP phase during in-situ 

modification,  leading  to  improved  interfacial 

adhesion between DR and PP phases [17]. 

interfacial   interaction   and   consequently   improved 

mechanical properties. 

 

 
 

100000 

 
-   MA can cause the chemical bonds taking place 

between  rubber  molecules  that  led  to 

increasing in degree of crosslink density of 

vulcanized rubber particle [18]. 

Therefore,  improvement  of  interfacial  adhesion 
 

between   the   blends   and   degree   of   crosslink   on 
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vulcanized rubber particle resulted in improved 

rheological and mechanical properties. Among the four 

types  of  modifiers  used,  the  mechanical  and 

rheological properties of the TPVs with MA were 

superior. Thus, MA was chosen to be a modifier for 

DR/PP  blend  and  continued  study  of  MA  loading 

levels were experimented. 

Figure  4.  Relationship  between  the  apparent  shear 

stress and apparent shear rate of DR/PP blends with 

quantity of modifiers. 
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strength, elongation at break, 50% modulus, hardness 
 

and  tension  set  of DR/PP  blends  using  four  loading 

levels of MA as modifier are summarized in Table 2. 

The results show that the tensile strength and 

elongation at break displayed an increasing trend with 

increasing MA loading and reached a maximum value 

at MA content of 80 meq. However, addition of MA 

more than 80 meq decreased both properties. On the 

other hand, the 50% modulus, hardness and tension set 

slightly improved with MA loading. This can be 

attributed to  enhanced interfacial compatibility of the 

blends   when   MA   is   used,   resulting   in   the   high 

 

Figure 5. Relationship between the apparent shear 

viscosity and apparent shear rate of DR/PP blends with 

quantity of modifiers. 

 

 
The  MA loading  also  affected  the  rheological 

behavior of the DR/PP blends as can be seen in Figure 

4 and Figure 5.  The apparent shear stress and apparent 

shear viscosity initially increased to a maximum value 

and then gradually decreased with increasing MA 

loading. It is seen that the concentration of MA at 80 

meq  resulted  in  the  highest  apparent  viscosity  and 

 
 

Table 2. Properties of DR/PP TPVs with various MA content 
 

Concentration of MA 

(meq) 

T.S 

(MPa) 

E.B 

(%) 

50% Modulus 

(MPa) 

Hardness 

(Shore A) 

Tension 

set (%) 

0 7.70 ± 0.19 87 ± 6 7.93 ± 0.10 90 - 
20 9.00 ± 0.02 188 ± 3 7.65 ± 0.01 92 48 

50 9.17 ± 0.10 188 ± 4 8.23 ± 0.05 92 44 

80 9.38 ± 0.04 242 ± 9 8.38 ± 0.06 92 43 

  110   8.93 ± 0.06 146 ± 2 8.38 ± 0.03 93 45 
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apparent shear stress which can be due to the 

improvement of compatibility and increased interfacial 

adhesion between phases as previously explained. In 

another  study,  MA was  believed  to  be  grafted  onto 

both PP and recycled rubber (i.e., GTR) inducing 

compatibilization through the co-crosslinking between PP 

and recycled rubber [17]. Moreover, at a lower loading a 

modifier will react at interfacial between dispersed rubber 

phase and PP matrix. However, when the MA loading is 

excessive, the formation of micelles can be occurred in the 

PP matrix and this acted as lubricants for the blends [19]. 

Therefore, the tensile strength, elongation at break and 

rheological properties decreases with addition of MA over 

80 meq. 

 

 
Summary 

 

Influences of types of modifier  on  mechanical 

and   rheological  properties   of  DR/PP   TPVs   were 

studied. The result showed that the TPVs with using MA, 

TESPT and SP-1055 as modifier gave higher mechanical 

and rheological properties than that of without modifier. 

Among the four types of modifiers, MA gave the best 

properties which is due to high interfacial adhesion 

between DR and PP phases.  It was found   that   the   

highest   mechanical   properties   are achieved when using 

80 meq of MA.  This observation is confirmed by 

rheological properties and the results are correlated well 

with the mechanical properties studies. 
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Abstract 
 

Epoxy polymer is widely used for adhesives applications. In this research, diglycidyl ether of bisphenol A 

(DGEBA) based epoxy/aliphatic epoxy resin mixture cured with cycloaliphatic polyamine was developed for adhesive 

bonding of aluminum backup board and polyimide in flexible printed circuit application. Curing behaviors and thermal 

stability of DGEBA/aliphatic epoxy were investigated by differential scanning calorimeter (DSC) and thermogravimetric 

analyzer (TGA). The results revealed that curing behaviors of DGEBA/aliphatic epoxy observed from the exothermic 

peak were fully cured. The glass transition temperature of DGEBA/aliphatic epoxy mixtures increased from 47oC to 56oC 

with increasing of DGEBA content from 50 to 90 mass ratios. Moreover, the degradation temperature at 5% weight loss 

of DGEBA/aliphatic epoxy mixtures increased from 186oC to 287oC and char yield at 800oC of DGEBA/aliphatic epoxy 

also increased from 3.3 to 6.7% with an increasing of DGEBA fraction. Furthermore, peel strength of DGEBA/aliphatic 

epoxy was measured by peel tester. The results showed that 90o peel strength of 70/30 mass ratio of DGEBA/aliphatic 

epoxy adhesive to polyimide film and aluminum backup board at provided the maximum value. 

 
Keywords: Thermal properties; Mechanical properties; Epoxy resin; Adhesive; Aluminum board. 

 

1. Introduction 
 

Recent advances in flexible device technology have 

changed the paradigm of electronics from rigid objects to 

flexible form factors [1]. The most popular approaches for 

making flexible devices is to use flexible plastic substrates 

such as polyimide and aluminum stiffener [1, 2]. The 

substrates are typically attached with a thermosetting type 

adhesive [2]. 

Traditionally, thermosets are strong, insoluble, largely 

inert and covalently cross-linked polymer networks [3]. As 

a well-known thermoset polymer, epoxy resins such as 

diglycedyl ether of bisphenol A (DGEBA) have a wide 

range of applications in polymer composites, adhesives, 

high performance coatings, potting, encapsulations, and 

numerous other areas. They have excellent mechanical and 

electrical properties, low cure shrinkage, very good 

adhesion to many substrates and good resistance to 

moisture [3-5]. One of the drawbacks is the brittle nature 

of the highly cross-linked epoxy system, i.e. their lack of 

toughness. Much research effort has already been put into 

the toughening of epoxy polymers as has been recently 

summarized by Mohan [6]. Two general approaches can 

be taken to enhance the toughening of an epoxy polymer: 

first, adding filler materials as a crack arresting mechanism 

and second enhancing the amount of energy that can be 

adsorbed before a fracture occurs by addition of a more 

flexible aliphatic copolymer [7]. 

Razack and Varphese [8] have studied effect of 

various hardeners on mechanical and thermal properties of 

epoxy resins. The results revealed that peel strength of 

DGEBA cured with m-phenylene diamine (mPDA) on 

aluminium substrate has greater than other types of 

hardener. Moreover, the thermal degradation temperature 

at 5 %wt loss of DGEBA/mPDA is higher than DGEBA 

cured with other hardeners. Downey and Drzal [7] have 

studied effects of aliphatic epoxy filled in DGEBA on 

mailto:sarawut.r@chula.ac.th


  250 

 
 
 
 
 
 

Diglycedyl ether of bisphenol A (DGEBA) 
 
 
 
 
 
 
 
 
 
 

 
Aliphatic epoxy resin 

 

Figure 1. Chemical structure of epoxy resins used. 

 

thermal property of the mixtures in adhesive application. 

They reported that the glass transition temperature (Tg) of 

the mixtures increased with increasing of DGEBA 

concentration. In addition, Fu et al. [9] have studied 

thermal  stability  of  hyperbrached  epoxy  modified 

DGEBA. The results showed that the Td  at 10% weight 

loss of the neat DGEBA was 352oC and that of the 

DGEBA/HTTE blends increased with increasing of 

DGEBA concentration from 244oC to 320oC for DGEBA 

mass ratio from 85 to 95 wt%. 

Moreover, Uddin et al. [10] have studied peel strength 

of anisotropic conductive adhesives film (ACF). The type 

of ACF used in this study was consists of an epoxy layer 

and filled with conductive particles. The results showed 

that the high temperature cured samples provided higher 

reaction rates and a greater curing degree as well as high 

adhesion strength of samples compared to those of low 

temperature cured samples. 

Consequently, the purpose of this study is to 

develop  epoxy-based  adhesive  for  interconnection 

between aluminum backup board and flexible printed 

circuit based on polyimide substrate. 

 

2. Materials and Methods 
2.1 Materials 

Polyimide film and aluminum backup board were 

supported by Mektec Manufacturing Corporation 

(Thailand) Ltd. 

Epoxy resins in this research were kindly supplied 

by Aditya Birla Chemicals (Thailand) Ltd. The epoxy 

system based on the commercial grade rigid DGEBA 

(Grade:YD-128)  with  an  average  epoxy  equivalent  of 

186.3 g/eq. Aliphatic epoxy resin was used to impart 

flexibility having an average epoxy equivalent of 335.8 

g/eq. The chemical structures of these two resins are 

shown in Figure 1. Amine based on cycloaliphatic 

polyamine was used as a curing agent of the epoxy resins. 

 

2.2 Adhesive preparation 
 

DGEBA was blended with the aliphatic epoxy to 

provide epoxy mixtures. Then the mixtures were mixed 

with curing agent in a small bottle at a stoichiometric 

epoxide/amine mass ratio of 1:2 for 30 minutes at room 

temperature. The homogeneous mixtures were laminated 

between aluminum backup board and polyimide films. 

After that, the sample was placed in an oven at 120oC for 

10 min to cure the adhesives film. The sample was finally 

left to cool down to room temperature and was then ready 

for material characterizations. 

 

2.3 Characterization methods 
 

Curing behaviors of epoxy adhesive mixtures were 

studied  by  a  differential  scanning  calorimeter  (DSC) 

model  DSC1  Module  from  Mettler-Toledo  (Thailand). 
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The samples with a mass in range of 5-10 mg were run 

under a nitrogen flow rate of 50 ml/min. The heating rate 

used was 10°C/min and the sample was scanned from 0oC 

to 250oC. The degree of conversion of a sample was 

determined according to the relationship in Equation (1): 

Conversion (%) = (1-
Hrxn 

) × 100 (1) 
H0 

3.1   Curing   Behaviors   of   DGEBA/Aliphatic   Epoxy 
 

Mixtures 

 
 

where Hrxn  is the heat of reaction of the partially cured 

samples and H0 is the heat of reaction of the uncured resin 

mixture. 

Thermogravimetric analysis was performed on a 

thermogravimetric analyzer (model TGA1 Module) from 

Mettler-Toledo (Thailand). The testing temperature 

program was ramped at a heating rate of 20°C/min from 

30 to 850°C under nitrogen atmosphere with a constant N2 

purge gas flow rate of 50 ml/min. The sample mass used is 

approximately 5-10 mg. The degradation temperature (Td) 

and char yield of the samples were reported at their 5% 

weight loss and at 800°C, respectively. 

 
Peel direction 

 
 
 

 
Polyimide film 

Epoxy adhesive 

Aluminum backup 

board 
 

 
Figure 2 Schematic arrangement for measuring the peel 

strength in this research. 

 

 
The 90o peel strength (0.5 cm. width of a peel test 

specimen) of the adhesive joints between an aluminum 

backup board and polyimide film was evaluated with a 

peel rate of 5 cm/min using a MAX intelligent load tester, 

Japan Instrumentation System co., Ltd. Special accessory 

was prepared for small scale peel strength measurement. 

Figure 2 shows the schematic arrangement for measuring 

the peel strength. Each value of peel strength was 

determined from the average values of 5 tested specimens. 

 

 
3. Results & Discussion 

 

 
 
 
 
 
 
 
 
 

0  50  100  150  200  250 

Temperature (
o
C) 

 
Figure 3 DSC thermograms of DGEBA/aliphatic epoxy 

resin mixtures  at various compositions: ( ) 50/50, ( ) 

70/30, and ( ) 90/10. 
 

 
Figure 3 shows DSC thermograms of 50/50, 70/30, 

and 90/10 mass ratios of DGEBA/aliphatic epoxy cured 

with cycloaliphatic polyamine. The thermograms show a 

decrease in the area under the exothermic peak as the 

amount of DGEBA monomer decreased. A retarded curing 

reaction of DGEBA by adding the aliphatic epoxy was 

observed   as   obviously   seen   from   the   shift   of  the 

exothermic peak to a higher temperature, as similarly 

reported by Rimdusit et al [11]. The curing peak 

temperature  of  samples  was  determined  to  be  104oC, 

109oC and 117oC for DGEBA/aliphatic epoxy at the mass 
 

ratios of 50/50, 70/30, and 90/10, respectively. It is due to 

the dilution effect of the aliphatic epoxy. Furthermore, the 

heat of reaction of the uncured samples which calculated 

by Equation 1 were 181.7, 188.0, and 207.1 J/g for 

DGEBA/aliphatic epoxy at mass ratios of 50/50, 70/30, 

and 90/10, respectively. 

 

 
Figure   4   illustrates   curing   characteristics   of 

 

DGEBA/aliphatic epoxy copolymers at the mass ratios of 
 

50/50, 70/30, and 90/10 after curing at 120°C for 10 

minutes. The appropriate curing conditions of 

DGEBA/aliphatic epoxy mixtures has been considered by 
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the disappearance of the area under the exothermic peak in 

DSC test. It was observed that the area under the peak of 

all samples almost completely disappeared. Therefore, the 

condition was selected to cure these copolymer systems. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0  50  100  150  200  250 

Temperature (
o
C) 

 
Figure 4 DSC thermograms of DGEBA/aliphatic epoxy 

resin  mixtures  at  various  compositions  after  curing  at 

120°C for 10 minutes:  ( ) 50/50, ( ) 70/30, and ( ) 
 

90/10. 
 

 
Furthermore, DSC was also used to determine the 

glass transition temperature (Tg) of the DGEBA/aliphatic 

epoxy mixtures. The Tgs of the epoxy mixtures were 

determined to be 47, 52, and 56oC for DGEBA/aliphatic 

epoxy at the mass ratios of 50/50, 70/30, and 90/10, 

respectively. The enhancement in the glass transition 

temperature of DGEBA/aliphatic epoxy with an increase 

of DGEBA content has also been reported by Downey and 

Drzal [6]. In their studies, glass transition temperature of 

the DGEBA/di-functional aliphatic epoxy mixtures had 

been reported to decrease with increasing of aliphatic 

epoxy from 1 to 17 wt%. 

 

 
3.2   Thermal   Stability   of   DGEBA/Aliphatic   Epoxy 

 

Adhesives 
 

TGA thermograms of the DGEBA/aliphatic epoxy 

at various compositions under nitrogen purging are 

presented in Figure 5. Including their degradation 

temperature (Td) at 5% weight loss and char yield. The Tds 

of the epoxy mixtures were determined to be 186, 256, and 

287oC for DGEBA/aliphatic epoxy at mass ratios of 50/50, 
 

70/30, and 90/10, respectively. The Td of epoxy mixtures 

was expectedly increased with an increase of the DGEBA 

mass fraction. 

The char yield at 800oC of DGEBA/aliphatic epoxy 

at mass ratios of 50/50, 70/30, and 90/10 were measured to 

be 3.3, 5.8, and 6.7 wt%, respectively. One benefit of using 

DGEBA  to  polymerize   with  aliphatic   epoxy  is   the 

potential enhancement of thermal stability of the aliphatic 

epoxy due to the higher thermal properties of the rigid 

aromatics segment of DGEBA to aliphatic epoxy. The 

enhancement of thermal stability i.e. degradation 

temperature and char content of polymer with an addition 

of DGEBA epoxy was also reported in the system of 

DGEBA/HTTE blends [7]. 
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Figure 5 Thermogravimatric curves of DGEBA/aliphatic 

epoxy at various compositions: ( ) 50/50, ( ) 70/30, and 

( ) 90/10. 

 

 
3.3 Peel Strength of DGEBA/Aliphatic Epoxy Adhesive 
 

The peel strength of DGEBA/aliphatic epoxy 

adhesive has an important role in their effective bonding 

applications. The value refers to the ability of an adhesive 

to stick to a surface and bond two surfaces together. In this 

work, the 90o  peel strengths of the epoxy mixtures were 

measured to study the adhesion of the polyimide film and 

aluminum backup board. The results are plotted in Figure 

6.   The   curve   revealed   that   the   peel   strength   of 
 

DGEBA/aliphatic epoxy were determined about 2.60, 3.09 
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and 2.40 N/cm at 50/50, 70/30, and 90/10 mass ratios, 

respectively. From the results, DGEBA/aliphatic epoxy at 

70/30  mass  ratio  showed  the  maximum  peel  strength 

value, indicating a good ability of adhesion to the 

polyimide film and aluminum backup board. This 

suggested that the interfacial adhesion between polyimide 

film and aluminum backup board could be improved by 

increasing of DGEBA from 50 to 70 mass fraction. Too 

soft or too rigid adhesive layer seems to provide 

undesirable adhesion characteristics. 

 
5 
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1 
 
 

0 
40  50  60  70  80  90  100 
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Figure 6 Effect of DGEBA contents on peel strength of 

 

DGEBA/aliphatic epoxy resin mixtures. 
 

 
4. Conclusions 

 

DGEBA/aliphatic epoxy was prepared in this 

research to apply as an adhesive layer for polyimide film 

and aluminum backup board. The maximum value of 90o 

peel strength of DGEBA/aliphatic epoxy was measured to 

be 3.09 N/cm at 70/30 mass ratio of these epoxy mixture. 

The glass transition temperatures, thermal degradation 

temperature at 5% weight loss and char yield at 800oC of 

DGEBA/aliphatic epoxy were found to systematically 

increase with increasing of DGEBA content. 
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Abstract 

 Effects of monofunctional phenol based benzoxazine (Ph-a) on properties of benzoxazine modified asphalt 

(Ph-a benzoxazine/asphalt) were studied in this research. Base asphalt (AC 60/70 penetration grade) was mixed with 

Ph-a resin at various concentrations, i.e. 0, 3, 6 and 9 wt% to prepare Ph-a benzoxazine/asphalt. The viscoelastic 

properties, thermomechanical properties (i.e. storage modulus and loss modulus), state of dispersion, penetration, 

softening point temperature and penetrability index of the prepared samples were investigated. The result revealed the 

significant enhancement in storage and loss moduli of Ph-a benzoxazine/asphalt with increasing benzoxazine content in 

the Ph-a benzoxazine/asphalt. At 6 wt% of Ph-a , the optimum conventional properties (such as softening point and 

penetration value) were achieved and suitable for road applications according to the requirement specifications of 

Highways Department of Thailand. Futhermore, the phase morphology of  6 wt% of Ph-a in Ph-a benzoxazine/asphalt 

showed compatibility between polymer and asphalt as can be noticed from regular particle, good dispersion  and 

dispersion fineness of polymer particles in asphat matrix. The results also suggested that the Ph-a benzoxazine/asphalt 

at 6 wt% of Ph-a could significantly improve stiffness and thermal stability of the asphalt; that is essential for pavement 

applications particularly in the tropical climate region. 

 

Keywords: Asphalt material; Polymer modified asphalt; Benzoxazine resin  

1. Introduction 

Asphalt is a heavy faction resulting from crude 

oil distillation. It is a complex material mainly composed 

of asphaltenes, resins, aromatics and paraffins [1]. 

Asphalt is widely used in highway pavement and airfield 

runway applications because of their good adhesion to 

mineral aggregates and their appropriate viscoelastic 

properties[2]. However, asphalt has some limitations. For 

example, at low temperature it is very rigid and brittle, 

whereas at room temperature, it is flexible and becomes 

fluid at high temperature[3].  

 Nowadays, the need to improve asphalt 

properties has increased due to the combined action of 

heavy traffic, changes of temperature and increase in axle 

loads leading to rapid deformation of road structures. To 

solve the above shortcomings, different blends of asphalt 

with a variety of modifying agents have been explored 

[4]. Among them, polymeric modifier is considered as the 

most important additive to help overcome road distresses 

such as reducing permanent deformation (rutting) at high 

temperature, suppressing fatigue as well as thermal 

cracking etc. [4, 5].  

Elastomers, plastomers and reactive polymers 

are typically used in asphalt modification. Plastomers 

such as polypropylene (PP), ethylene vinyl acetate (EVA) 

can improve rutting resistance but they cannot improve 

low-temperature performance of asphalt [6]. On the other 

hand, thermoplastic elastomers such as styrene butadiene 

styrene copolymer (SBS), styrene ethylene butylene 

styrene copolymer (SEBS) can improve fatigue resistance 

and cracking resistance, but they have some limitations 

particularly in thermal stability [7]. Moreover, two 

classes of the polymers generally exhibit relatively low 
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compatibility with asphalt [6, 7]. To avoid these 

problems, a reactive polymer is incorporated in asphalt to 

impart rigidity, reduce deformations substantially under 

load because it is consisting of reactive functional groups 

which are able to chemically interact with some 

components in asphalt materials [8]. For example, epoxy 

resin is one popular thermosetting polymer used to 

modify asphalt for the steel deck pavement [2]. Epoxy 

resin was reported to help improve aging resistance, 

fatigue resistance and flow at medium or high 

temperatures. Moreover, it can also increase permanent 

deformation resistance at high temperature and can 

reduce temperature sensitivity of asphalt [8, 9]. However, 

the use of some thermosets such as epoxy, which requires 

curing agent to start the curing process, might cause 

gelation of the resin during the asphalt compounding 

process. This problem can be circumvented by using 

thermally curable resin such as benzoxazine resin.  

Benzoxazine resin is a thermosetting polymer 

that offers several unique characteristics for use in 

polymer alloys or polymer composites including high 

thermal and mechanical properties, chemical resistance, 

good interfacial adhesion, low moisture uptake in hot or 

wet environments and low viscosity [10]. In addition, the 

curing reaction of benzoxazine resin proceeds via a self-

polymerizing behavior that allows polymerization to 

occur without an addition of either catalyst or curing 

agent. Moreover, benzoxazine resin provides significantly 

lower heat of reaction than epoxy [10].  

Therefore, the objective of this study is to 

investigate the effects of benzoxazine resin contents on 

properties of the modified asphalt. Major properties of 

benzoxazine-modified asphalts for pavement application 

are  characterized including penetration, softening point, 

morphology and thermomechanical properties.  

2. Materials and Methods 

 

2.1 Materials 

The base asphalt with 60/70 penetration grade has 

been provided from IRPC Co., Ltd 

Phenol (Sigma Aldrich, 99%), para-formaldehyde 

(Merck Company, AR grade), aniline (Panreac Quimica 

SA Company, AR grade) were used to produce modifiers, 

preparation method of benzoxazine modifier see related 

reference [11]. 

       

Figure 1 Molecular structure of Ph-a typed benzoxazine 

resin. 

2.2 Preparation of Samples 

About 300 g of base asphalt was heated to fluid 

condition at 80 ± 5 OC and stirred using a low shear 

laboratory type mixer stirring at 500 rpm. The Ph-a 

benzoxazine modifier with content of 0-9 wt% was then 

added slowly into the base asphalt and continuously 

stirred for 1 h. Then all samples were immediately cured 

at 190 ± 5 OC for 1 hr in an air-circulated oven to 

crosslink the benzoxazine. 

2.3 Test and Measurements 

 Penetration test was used to determine the 

consistency of asphalt binder according to ASTM D5, 

asphalt. A standard cup is set at 25 OC and needle is then 

allowed to fall into asphalt under a 100 g load for 5 

seconds.  

The resistance of asphalt to permanent 

deformation was determined in terms of the ring and ball 

softening point temperature according to ASTM D36. 

Two diskes of sample were placed into a ring and heated 

at a rate of 5 OC/min in a water bath until the binder 

deforms to let the ball to move down a distance of 25.4 

mm. 

The temperature susceptibility of benzoxazine 

modified asphalt samples was calculated in terms of 

penetration index (PI) using the values obtained from 

penetration and softening point temperature. A classical 

approach related to PI calculation is reported in the Shell 

Bitumen Handbook as shown in the following equation 

[1]. 
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PI = 
1952 - 20ˑSP - 500 ˑ log (Pen25) 

50 ˑ log  (Pen25 )- 120 - SP 
   (1) 

where Pen25 is the penetration at 25 OC and SP is the 

softening point temperature of the modified asphalts. 

The morphology of the benzoxazine modified 

asphalt was observed by optical microscope (model 

Nikon ECL1PSE E600 POL) under micrometric eyepiece 

with objective lens (5× magnifications). Samples of 0.5-

1 mg of neat asphalt and modified asphalt were placed 

between microscope slides and pressed into thin film.  

The rheology tests at low temperature were carried 

out with dynamic mechanical analyzer (DMA) (model 

DMA242 from Netzsch Instrument), equipped with a 

liquid nitrogen cooling system, in a three-point bending 

mode. The tests were performed under constant 

frequency of 1 Hz, temperature ranging from -70 OC to 40 

OC at heating rate of 1 OC/min. 

3. Results and Discussion 

3.1 Softening point of Ph-a benzoxazine modified asphalt 

Softening point temperature is used to investigate 

the high-temperature performance of polymer modified 

asphalt. From Figure 2, the softening point of Ph-a 

benzoxazine/asphalt significantly increased from the neat 

asphalt of 47 oC to 69.7, 73.3 and 77.8 oC with increasing 

the benzoxazine contents from 3-9 wt%. The result 

indicated the improvement in the stiffness of benzoxazine 

modified asphalt.  

 

Figure 2 Softening point temperature of Ph-a 

benzoxazine/asphalt at various benzoxazine contents 

It can be concluded that the benzoxazine 

enhances the softening point of Ph-a benzoxazine/asphalt 

which is required to reduce permanent deformation such 

as rutting, stripping and bleeding [2, 6-7]. 

3.2 Penetration value of Ph-a benzoxazine modified 

asphalt 

Penetration is an important parameter to describe 

the temperature susceptibility of asphalt. Figure 3 shows 

penetration value of benzoxazine modified asphalt as a 

function of benzoxazine content. The addition of 

benzoxazine contents resulted in a reduction of 

penetration. The penetration value of the neat asphalt, 3, 

6 and 9 wt% of Ph-a benzoxazine/asphalt was 68, 67.3, 

65.3 and 59.6, respectively. It can be noticed that an 

addition of Ph-a benzoxazine in asphalt matrix provide a   

decrease in penetration value compared to pure asphalt.  

 

 

Figure3 Penetration values of Ph-a benzoxazine/asphalt 

at various benzoxazine contents 

Blending between polymer and asphalt commonly 

leads to increase in consistency of the modified asphalts 

[5]. This indicates an increase in the hard consistency of 

asphalt which might be due to diffusion of maltenes 

penetrated into benzoxazine. In addition, they swell and 

disperse thoroughly in the asphalt phase. Also, the 

interaction between benzoxazine and polar molecules of 

asphaltene makes the molecules of asphaltene larger with 

a higher molecular weight [4-6]. From these results, it 
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could be seen that Ph-a benzoxazine can improve 

hardness of benzoxazine modified asphalt, indicating high 

resistance to permanent deformation in the road 

pavement. However, Ph-a benzoxazine/asphalt at 6 wt% 

of Ph-a benzoxazine provided optimum the penetration 

value to be in the range of 60-70 dmm which pass the 

requirement specifications of Highways Department of 

Thailand ( DH-SP. 408/2536) [12]. 

 

    

Figure 4 Penetrability index (PI) of Ph-a 

benzoxazine/asphalt at various benzoxazine contents 

In addition, thermal susceptibility of Ph-a 

benzoxazine/asphalt can be evaluated by using 

penetration index which defined as the change in the 

consistency parameter as a function of temperature and 

the value can be calculated from equation 1. As seen in 

Figure 4, the initial PI value of the base asphalt is -1.27; 

this value increased with increasing Ph-a benzoxazine 

contents. The PI value of 3, 6 and 9 wt% of Ph-a 

benzoxazine/asphalt was 3.62, 4.09 and 4.49, 

respectively. It can be concluded that higher value of PI 

indicated less temperature susceptibility and more 

rubbery elastic behavior which resist to low temperature 

cracking as well as permanent deformation [7].  

 

3.3 Optical microscopy of Ph-a benzoxazine modified 

asphalt 

Optical microscope of Ph-a benzoxazine modified 

asphalt were carried out at 25 oC to characterize the 

distribution and the size of polymer particles dispersed in 

asphalt matrix. The microscopy of samples at 3, 6 and 9 

wt% of Ph-a benzoxazine was compared to that of the 

neat asphalt with 5× magnifications. As shown in Figure 

5, the morphology of Ph-a benzoxazine/asphalt changes 

as the polymer content increases.  

 

           

(a) neat asphalt  (b) 3% Ph-a asphalt                                                                                             

               

      (c) 6% Ph-a asphalt                     (d) 9% Ph-a asphalt 

Figure 5 Optical microscopic images of benzoxazine 

modified asphalts with 5× magnifications 

The image of the neat asphalt appears to be single 

dark phase as observed from Figure 5(a). Asphalt with 3 

wt% of Ph-a benzoxazine shows an asphalt rich phase 

with polymer being dispersed (Figure 5(b)). As the Ph-a 

benzoxazine content reached 6 wt%, the dominant 

dispersion fineness of small spherical globule of 

constituents of the polymer in a continuous asphalt phase 

was observed (Figure 5(c)). From Figure 5(d), the image 

for 9 % Ph-a benzoxazine/asphalt with 9 wt% of Ph-a 

benzoxazine shows an irregular shape of polymer 

particles as seen in Figure 5(d). This type of phase 

mophology provided such characteristic as high softening 

point and stiffness but poor compatibility between 

polymer and asphalt and poor hot storage stability [13]. 

To achieve polymer modified asphalt with good 

road performance, small and regular particles and good 

dispersion fineness are required [13]. Therefore, it can be 

concluded that 6 wt% of Ph-a in Ph-a 

benzoxazine/asphalt was suitable to apply as road 

pavement. 
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3.4 Dynamic mechanical analysis of Ph-a benzoxazine 

modified asphalt 

The storage modulus (E') refers to the stiffness 

and resistance to deformation of the samples. Loss 

modulus (E'') indicates the amount of mechanical energy 

dissipated by a material. Relaxation process assigned to 

main chain fluctuations. 

 

 
 

Figure 6 Storage moduli of Ph-a benzoxazine modified 

asphalts at different Ph-a contents () 0 wt%, () 3 

wt% , () 6 wt%  and () 9 wt% . 

 

 

 
Figure 7 Overlay plot of loss modulus of Ph-a 

benzoxazine modified asphalts at different Ph-a contents 

() 0 wt% , () 3 wt% , () 6 wt%  and () 9 wt%  

 

Figure 6 shows the storage modulus of the 

polymer modified asphalts with different benzoxazine 

contents was greater than that of the neat asphalt and the 

values increased with increasing in benzoxazine contents. 

It is because benzoxazine resin could stiffen the asphalt 

blends. 

The glass transition of Ph-a benzoxazine/asphalt 

as observed from the peak of loss modulus was found to 

increase with greater benzoxazine content as noticed to 

be -14.3, -7.3, -3.2 and 1.4  for the neat asphalt, 3, 6 and 9 

wt% of Ph-a benzonazine content, respectively. It is due 

to an introduction of benzoxazine rigid phases in polymer 

modified asphalt. 

Conclusions 

 The properties of pavement applications are 

improved with an addition of Ph-a benzoxazine resin. Ph-

a modification causes an increase in softening point, 

penetrability index and decrese in penetration. Moreover, 

benzoxazine resin can improve storage moduli and loss 

modulus of polymer modified asphalt with an increasing 

benzoxazine content. However, at 6 wt% of Ph-a in 

benzoxazine/asphalt showed optimum conventional 

properties such as softening point and penetration value 

that suitable for road application according to the 

requirement specifications of Highways Department of 

Thailand. Futhermore, the phase morphology of  6 wt% 

of Ph-a in benzoxazine/asphalt also showed compatibility 

between polymer and asphalt as noticed from regular 

particles and good dispersion fineness of polymer 

particles in asphalt metrix. 
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Abstract 

 Cellulose nanofiber (CNF) has been increasingly used as a reinforcement of biodegradable polymers. This 

work investigated the effects of mechanical treatment methods for isolating CNF from chemically treated fiber. The 

CNF was then melt-mixed with poly(lactic acid) or PLA. Composite preparation procedures were investigated, on their 

effects to the impact, tensile, and dynamic mechanical properties as well as crystallization of the PLA/CNF composites. 

The results showed that mechanical treatment procedure and % humidity in the fibers had strong effect on the isolation 

of CNF from the cellulose bundles.  The CNF obtained in the study had diameter in the range of 2-14 nm, with length in 

micron scale. The use of NR latex as a fiber carrier was an effective method to help CNF dispersion in the PLA/CNF 

composites, as compared to the direct loading of freeze dried CNF to the PLA melt. Changes in composite properties at 

ambient temperature were mainly due to the changes in properties of PLA itself. The reinforcing effect of CNF was 

clearly seen at high temperatures (beyond 90 °C). 

 

Keywords:  Cellulose, nanofiber, composite, poly(lactic acid) 

 

1. Introduction 

 Cellulose nanofiber (CNF) has been increasingly 

used for producing composite materials due to its high 

strength and stiffness [1]. CNF can be obtained by 

extracting cellulosic raw materials using appropriate 

methods [2]. Isolation of CNF is generally carried out by 

two steps; i.e. chemical treatment and mechanical 

treatment. Chemical treatment is used for eliminating 

hemicellulose and lignin which are glue of the CNF 

bundles as shown in Figure 1. Hydrogen bonding in the 

cellulose structure makes difficulty in isolating the 

individual CNF. Therefore, several mechanical treatment 

methods are needed for this purpose. Wang et al. [3] 

isolated cellulose fibrils from several cellulose resources 

and found that fibrillation of cellulose fibers was more 

efficient when combined use of high-intensity 

ultrasonication and high-pressure homogenizer. 

 Poly(lactic acid) or PLA is a bio-based 

biodegradable plastic which is very attractive to replace 

petroleum-based polymer. PLA has high modulus and 

strength but has low elongation at break, impact strength 

and heat distortion temperature (HDT). Song et al. [1] 

found that cellulose nanofiber acted as a nucleating agent 

in PLA, and reduced the cold crystallization temperature 

of PLA. The increasing crystallinity of PLA brought 

about by talc resulted in an increase in HDT of PLA [4]. 

 In this study, the effects of treatment methods 

for isolating CNF, and of composite preparation 

procedures were investigated, on their impact, tensile, 

dynamic mechanical properties as well as crystallization 

of the PLA/CNF composites. 
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2. Materials and Methods 

 

2.1 Materials 

Raw material used in this study was a chemically 

treated cellulose (CTC) which contains approximately 80 

% cellulose and 20% lignin in the composition. 

Hemicellulose was completely removed from the starting 

material by various chemical treatment steps. The 

chemical treatment procedures were reported previously 

[5]. PLA (2003D, NatureWorks LLC) was used as a 

matrix polymer. Natural rubber latex (NR) was from Thai 

Rubber Latex Corporation (Thailand) Public Co., Ltd 

 

2.2 Mechanical treatment of CTC 

All the samples prepared and their code names are 

summarized in Table 1. Firstly, the CTC, either from hot 

air drying or ambient air drying process, was cryo-

crushing into fine powder. The CTC powder was then 

homogenized in a homogenizer at 6500 rpm for 1 h. By 

this method, the cellulose fiber suspension either Fsus-0 or 

Fsus-1, was obtained as shown in Table 1. In order to study 

the effect of mechanical treatment method, some CTC 

samples were treated ultrasonically for 10 min after 

homogenization. By this way, the CNF suspension Fsus-2 

was obtained. The dried cellulose nanofiber can be 

prepared by freeze-drying of the CNF suspension.  

 

2.3 Nanocomposite preparation 

PLA composites containing 3%wt of CNF were 

prepared by melt-mixing in an internal mixer at 150 °C 

with a rotor speed of 50 rpm. Effect of processing 

methods was compared, i.e. direct loading of freeze dried 

CNF to the PLA melt, and the use of NR latex as a fiber 

carrier. In the latter method, the NR latex was mixed with 

the fiber suspension prior to drying. The obtained fiber in 

NR carrier was then fed into the mixer and then melt-

mixed with PLA.  

 

2.4 Characterizations 

2.4.1 Morphology of CNF nanofiber 

The morphology of CNF was investigated by 

transmission electron microscopy (TEM, JEOL JEM-

1400). A drop of fiber suspension was deposited on a 

microgrid and allowed to dry at room temperature. The 

acceleration voltage used was 80 kV. The dimension of 

CNF was analyzed with ImageJ software. 

2.4.2 Properties of PLA composites 

Instron universal tester model 5566 with a load 

cell of 1 kN and testing speed of 1 mm/min was used for 

the determination of tensile properties of the PLA 

composites. 

 

 

 
 

Figure 1 Plant cell wall structure  
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Table 1 Description of sample code 

Code Description  

Fsus-0 Suspension of hot-air dried CTC after homogenization 

Fsus-1 Suspension of room temperature dried CTC after homogenization 

Fsus-2 Suspension of room temperature dried CTC after homogenization and ultrasonic treatment 

Ffd-1 Freeze dried CNF from suspension Fsus-1 

Ffd-2 Freeze dried CNF from suspension Fsus-2 

 

The dimension of tensile test specimens used is according 

to ASTM D638-03. 

Notched izod impact test was performed according 

to ASTM D256. The specimens were of 3 mm thick. 

Zwick impact tester with a hammer of 4 J was used for 

testing. The results were reported in J/m. 

Dynamic mechanical behaviors of the composites 

were investigated using an Eplexor 25N dynamic 

mechanical analyzer in the tension mode. The specimen 

was a rectangular bar of 40 × 10 × 1 mm3.         The 

samples were heated from 20 to 140 °C at a rate of      2 

°C/min. The test was performed at a frequency of 10 Hz 

and a strain amplitude of 0.1%.  

Thermal behaviors of PLA composites were 

monitored using a thermal analyzer (TA Instruments DSC 

Q200). The samples were heated at a constant rate of 10 

ºC/min covering the range of 20-200 ºC and cooled to 20 

ºC with the rate of 5 ºC/min and reheated to 200 ºC with 

the same rate. The glass transition temperature (Tg), cold 

crystallization temperature (Tcold), melting temperature 

(Tm) and heat of fusion were then recorded. The degree of 

crystallinity (Xc) of the samples was determined using 

equation 1. 

( )%   100
93

m
c

PLA

H
X

X
∆

= ×
×

  (1)   

∆Hm is the enthalpy (J/g) of fusion of the composites. 93 

J/g is the enthalpy of fusion of a PLA crystal of infinite 

size [6], and XPLA is the weight fraction of PLA. 

 

 

 

 

3. Results and Discussion 

 

3.1 Morphology of CNF nanofiber 

Figure 2 shows macroscopic views and TEM 

images of various CNF samples. Figures 2a to 2c 

compare the effect of fiber drying process and 

mechanical treatment procedure on the stability of fiber 

suspension.  No phase separation of Fsus-1 suspension 

(using RT dried CTC) is observed (Figure 2b), meaning 

that Fsus-1 is more stable than the suspension prepared 

using a hot air drying process (Fsus-0). It is believed that 

hydrogen bonds are formed between the CNF after 

moisture removing process and making it difficult to 

separate the nanofibers from the cellulose bundles. 

Compared between the mechanical treatment methods 

used, the results show that the viscosity of Fsus-1 and Fsus-2 

as investigated by Brookfield viscometer are about 300 

and 1500 cP, respectively, meaning that the use of 

homogenizer together with ultrasonic treatment possibly 

produces a higher amount of smaller fibers (elementary 

fibrils). Iwamoto et al. [7] studied the relationship 

between fiber aspect ratio and suspension viscosity of 

wood nanofibers and found that the suspension of higher 

aspect ratio CNF had larger intrinsic viscosity values. 

This finding is confirmed by the TEM results of Figures 

2d and 2e where the size of CNF from Fsus-1 suspension 

was approximately 4-14 nm and the diameter of CNF 

from Fsus-2 was in the range of 2-6 nm. The length of CNF 

of Fsus-1 and Fsus-2 was several microns. Both suspensions 

display CNF with a web-like structure. 
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Figure 2 CNF suspensions: (a) Fsus-0, (b) Fsus-1, and (c) Fsus-2 and TEM images of CNF (d) from Fsus-1 and (e) from Fsus-2  

 

3.2 Properties of PLA composites 

Table 2 shows tensile properties and impact 

strength of neat PLA and PLA composites. Neat PLA 

exhibits tensile modulus of 2.3 GPa, tensile strength of 59 

MPa and elongation at break of only 3.8 %. The addition 

of freeze-dried CNF directly to the PLA melt (PLA/F) 

leads to a significant increase in modulus to 2.9 GPa, 

with a slight reduction in tensile strength and elongation 

at break. However, a drastic drop in impact strength from 

15.2 to 9 J/m is resulted. This problem can be reduced by 

adding NR (5% wt) to the composite. The impact strength 

of the composite (Comp 1) increased from 9.0 to 11.6 

J/m. This property is improved further by using NR as a 

carrier for CNF. By mixing NR latex with CNF 

suspension prior to melt blending with PLA (Comp 2 and 

Comp 3), a better dispersion of CNF could be resulted 

and this would help improving the composite properties. 

The composites of PLA/F/NR (Comp 2 and Comp 3) 

show approximately 50% higher in impact strength than 

Comp 1 sample, with comparable modulus and slightly 

lower strength. Figure 3 shows the plots of storage 

modulus (3a) and tan δ (3b) as a function of temperature 

for the neat PLA, PLA which has been processed under 

the same condition to those used for preparing 

 

Table 2 Tensile properties and impact strength of neat PLA and various PLA composites with several type of fiber 

Codes System Cellulose Tensile properties a Impact 

strength a  

(J/m) 

  Modulus  

(GPa) 

Strength  

(MPa) 

Elongation at break 

(%) 

Neat PLA Neat PLA N/A 2.3 (±0.1) 59 (±2) 3.8 (±0.2) 15.2 (±1.6) 

PLA/F  PLA/F  Ffd-1 2.9 (±0.1) 57 (±1) 3.0 (±0.3) 9.0 (±1.2) 

Comp 1 PLA/F/NR Ffd-1 2.4 (±0.1) 52 (±2) 4.4 (±0.9) 11.6 (±0.4) 

Comp 2 PLA/F/NR Fsus-1 2.5 (±0.1) 48 (±3) 3.6 (±1.0) 17.3 (±1.6) 

Comp 3 PLA/F/NR Fsus-2 2.3 (±0.1) 40 (±2) 3.8 (±1.2) 17.2 (±1.4) 
a At least five specimens were tested for tensile and impact properties. 
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the composites (processed PLA), Comp 2 and Comp 3. 

All DMA data are summarized in Table 3. All samples 

show E' value of approximately 2 GPa at 30 °C. The E' 

curves of all samples exhibit a sharp drop at temperature 

around Tg of PLA (62 °C) and increase again at the 

temperature where crystallization of PLA occurs. 

Processed PLA displays lower onset temperature of 

recovery E' than neat PLA by about 3 °C and shows rapid 

increase in E' at temperature above 90 °C due to its easy 

crystallization brought about by the presence of lower 

molecular weight PLA chains in the processed material. 

In the case of composite samples, the higher values of E' 

at 90 °C are observed, confirming the reinforcing effect 

of CNF at high temperatures. Figure 3b shows tan δ 

results of all samples. All samples display the tan δ peak 

at around 75 °C which is the glass transition temperature 

of PLA.  The PLA composites exhibit a lower magnitude 

of tan δ than the neat PLA and processed PLA. This is 

because CNF obstructed the movement of polymer 

chains. 

Figure 4 shows the second heating DSC 

thermograms of neat PLA and its composites. All DSC 

data are summarized in Table 3. It can be seen from the 

heating thermograms that all samples exhibit a transition 

around 62 °C. This is belonging to the Tg of the matrix 

polymer. Upon heating, PLA starts melting at 153 °C 

with a small amount of fusion heat. The calculated degree 

of crystallinity (Xc) of PLA is only 6%. After processing, 

the thermal behaviors of PLA change. The processed 

PLA exhibits cold crystallization at 104 °C and shows 

two melting peaks at the temperatures of 147 and 155 °C. 

The Xc of processed PLA increased significantly to 30%. 

Le Marec et al. [8] also found the two melting 

temperatures of PLA. The melt-recrystallization of 

disordered phase of α-form (α'-form) of crystalline 

portion into ordered phase of α-form of crystalline of 

PLA occurred. In the case of composite samples, 

although the CNF used were prepared by different 

manners the composites show similar mechanical and 

thermal behaviors. 
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Figure 3 (a) Storage modulus (a) and tan δ (b) as a 

function of temperature of neat PLA, processed PLA and 

PLA composites. 
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Figure 4 DSC thermograms obtained from second 

heating scan for neat PLA, processed PLA and PLA 

composites. 
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Table 3 Summary of DMA and DSC data of neat PLA, processed PLA, and PLA composites. 

Samples E' at 30 °C 

(MPa) 

E' at 90 °C 

(MPa) 

Tan δ peak 

(°C) 

Tg 

(°C) 

Tcold 

(°C) 

Tm 

(°C) 

Xc 

(%) 

Neat PLA 1853 3.4 75.7 62.3 N/A 153.2 5.6 

Processed PLA 2073 3.5 74.5 62.3 104.3 146.7/ 154.5 29.8 

Comp 2 1894 4.5 75.7 62.4 115.1 149.7/155.0 30.1 

Comp 3 1927 5.3 74.5 62.6 114.2 149.9/155.6 30.8 

        

4. Conclusions 

 

 Methods for isolating CNF from chemically 

treated cellulose, and procedures for PLA composite 

preparation were investigated. The results showed that the 

presence of moisture in the samples had major effect on 

the separation of nanofibers (microfibrils and elementary 

fibrils) from the cellulose bundles and on the stability of 

cellulose suspension. TEM revealed a web-like structure 

of CNF. By using NR latex as CNF carrier, the composites 

obtained showed better properties than the composite 

prepared by direct-mixing of freeze-dried CNF to the PLA 

melt.  Chain degradation might occur during melt-

processing of the PLA. Changes in properties and 

crystallization behaviors were found in the processed PLA 

samples. DSC results showed that the processed PLA and 

PLA composites had two melting peaks of PLA and 

exhibited much higher degree of crystallinity than the neat 

PLA. The reinforcing effect of CNF can be clearly seen at 

high temperatures (beyond 90 °C).  

 

Acknowledgements 

This research project is supported by Mahidol 

University. The authors also thank the Central Instrument 

Facility (CIF), and the Rubber Technology Research 

Centre (RTEC), Faculty of Science, Mahidol University 

for instrumental support. 

 

References 

[1] Song Y., Tashiro K., Xu D., Liu J. and Bin Y., 

“Crystallization behavior of poly(lactic 

acid)/microfibrillated cellulose composite”, Polymer, 54: 

3417-3425 (2013) 

 

[2] Moon RJ., Martini A., Nairn J., Simonsen J. and 

Youngblood J., “Cellulose nanomaterials review: 

Structure, properties and nanocomposites”, Chem Soc 

Rev, 40: 3941-3994 (2011) 

[3] Wang S. and Cheng Q., “A novel process to isolate 

fibrils from cellulose fibers by high-intensity 

ultrasonication, Part 1: Process optimization”, J Appl 

Polym Sci, 113: 1270-1275 (2009) 

[4] Petchwattana N., Covavisaruch S. and Petthai S., 

“Influence of talc particle size and content on 

crystallization behavior, mechanical properties and 

morphology of poly(lactic acid)”, Polym Bull, 71: 1947-

1959 (2014) 

[5] Kamphunthong W., Hornsby P. and Sirisinha K., 

“Isolation of cellulose nanofibers from para rubberwood 

and their reinforcing effect in poly(vinyl alcohol) 

composites”, J Appl Polym Sci, 125: 1642-1651 (2012) 

[6] Fischer EW., Sterzel HJ. and Wegner G., 

“Investigation of the structure of solution grown crystals 

of lactide copolymers by means of chemical reactions”, 

Kolloid-Zeitschrift und Zeitschrift für Polymere, 251: 980-

990 (1973) 

[7] Iwamoto S., Lee S-H. and Endo T., “Relationship 

between aspect ratio and suspension viscosity of wood 

cellulose nanofibers”, Polym J, 46: 73-76 (2014) 

[8] Le Marec PE., Ferry L., Quantin J-C., Bénézet J-C., 

Bonfils F., Guilbert S. and Bergeret A., “Influence of melt 

processing conditions on poly(lactic acid) degradation: 

Molar mass distribution and crystallization”, Polym 

Degrad Stab, 110: 353-363 (2014) 

  



  267 
RUBCOM-P4 
 

Modified Plastisol Inks Based on EVA/NR and EVA/ENR 
 

Prawit Arnutnanon1*, Pathavuth Monvisade1, Suparat Rukchonlatee1 and Vara Chaiyanit2
 

1Polymer Synthesis and Functional Materials Research Unit/Department of Chemistry, Faculty of Science, 

King Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520, Thailand. 

Phone: +66-2329-8400, Fax : +66-2329-8428, *E-mail: jo.bakaman@gmail.com 
2College of Fine Arts Bunditpatanasilpa Insitute, Bangkok, 10520, Thailand. 

 
Abstract 

 

Modified plastisol inks based on ethylene vinyl acetate copolymer/natural rubber (EVA/NR) blend and ethylene 

vinyl acetate copolymer/epoxidized natural rubber (EVA/ENR) blend were prepared with the use of di-n-octyl phthalate 

(DOP) and epoxidized soybean oil (ESO) as plasticizers. The modified plastisol inks were screened on the 100% cotton 

sheets, then were heated to be set in an oven at 75-85ºC. Durability of the modified plastisol inks on the screened sheets 

were tested by comparing the results before and after washing with detergent to evaluate the adhesion of the modified 

plastisol inks on the sheet with regard to pattern sharpness and color tone.  After durability test, the modified plastisol 

inks remained on the screened sheets with good quality of graphic pattern sharpness and color tone. The results confirmed 

that the plastisol inks composing of EVA/NR and EVA/ENR as base component could be applicable for screen printing 

applications. 
 

Keywords: Plastisol, ENR, ESO, EVA, NR. 
 
 

1. Introduction 
 

Plastisol inks, commonly used for screen printing 

especially for textile industries, are based on poly(vinyl 

chloride) (PVC) [1].  However, it needs to be set at high 

temperature (180oC), leading to PVC degradation and then 

the release of toxic gas from PVC. This causes the change 

of color shade on specimens and damage of curing 

machine.  This leads to a research for a new plastisol ink 

with a lowering temperature processing condition.  Thus, 

this project purposes to the development of the plastisol 

ink based on ethylene vinyl acetate copolymer/natural 

rubber (EVA/NR) blend and ethylene vinyl acetate 

copolymer/epoxidized natural rubber (EVA/ENR) blend 

to replace a PVC-based plastisol ink. 

The ethylene copolymer introduced in this study 

was ethylene vinyl acetate (EVA). EVA which is halogen- 

free material has a lower setting temperature than PVC and 

also has a polar structure which could help adhesion on the 

substrate [2].  NR has excellent physical properties for 

general      purpose      such      as      high      mechanical 

 
 
strength, outstanding resilience and excellent elasticity 

when it is vulcanized [3]. ENR, chemically modified NR, 

has epoxide groups of which polar structure would 

improve the compatibility between EVA and ENR. There 

are two grades of ENR available commercially: ENR 25 

(25 mole % epoxide) and ENR 50 (50 mole % epoxide) 

[4].  Therefore, this work focused on the variation of the 

rubber  type  (NR,  ENR  25  and  ENR  50)  at  90/10 

EVA/Rubber blend ratio. 
 

Another main ingredient in the plastisol ink is the 

plasticizer. Normally, di-n-octyl phthalate (DOP) is 

exploited in the original commercial plastisol ink. Because 

DOP is complained to be a carcinogen, an environmental 

friendly plasticizer, epoxidized soybean oil (ESO) which 

is a natural oil [5], was introduced to partially replace the 

DOP. 

mailto:jo.bakaman@gmail.com


  268 

 
 

 
Viscosity (cP) 

Commercial >  

 ~  

 ~  

 ~  

 

 
Formula 

Ratio  
 

EVA 
 

NR 
 

ENR 25 
 

ENR 50 
 

DOP 
 

ESO 

 0.9 0.1     

 0.9  0.1    

 0.9   0.1   

 

2. Experimental Methods 
 

2.1. Materials 
 

Ethylene  vinyl  acetate  copolymer  (EVA),  UL 
 

00728CC grade (density = 0.952 g/cm3, melt flow index 

(MFI) = 7.0 g/10 min, vinyl acetate content = 27.5 wt%) 

was from Exxon Mobil Chemical Co., Ltd. Natural rubber 

(NR), STR 5L grade was purchased from M.B.J. 

Enterprise Co., Ltd.  Epoxidized natural rubber (ENR) 

Epoxyprene 25 (ENR 25) grade and Epoxyprene 50 (ENR 

50) grade (%epoxidation = 25 ± 2 % and 50 ± 2 %, 

respectively) was purchased from Muang Mai Guthrie 

PCL Co., Ltd.  Di-n-octyl phthalate (DOP), commercial 

grade and Epoxydized Soybean Oils (ESO), commercial 

grade (VIKOFLEX®  Series 7170) were purchased from 

Srithepthai Chemical Co., Ltd. 
 
 

2.2. Preparation of Modified Plastisol Inks 
 

EVA/NR or ENR (ENR 25 and ENR 50) blend and 

a pigment powder were mixed by internal mixer at 80ºC 

with a rotor speed of 100 rpm for 15 min.  Then each 

mixture was mixed with DOP using a two-roll mill at 

80oC for 30 min to get a blend ratio of polymer:DOP at 

1:1. After that the DOP and/or ESO as appropriate ratio 

were added into the mixture to alter the ink formula as 

shown in Table 1.  Each mixture was continuously stirred 

using a mechanical stirrer at 85ºC for 18 h.  The prepared 

mixture was then called “modified plastisol ink”.   The 

modified plastisol ink was measured its viscosity using a 

Brookfield viscometer (Brookfield Engineering 

Laboratories.Ing ; RVT) with the spindle No. 7 at a 

rotational speed of 100 rpm. 
 

Table 1. Plastisol Ink Formula 

2.3. Adhesion of Modified Plastisol Inks 
 

The modified plastisol ink was screened on the 
 

100% cotton sheets and then the sheets were heated in an 

oven at 75-85oC for 30 seconds.  After that, they were 

carried out for durability test.  The screened sheet was 

soaked in water for 15 min then washed with detergent at 

room temperature for 30 min using a mechanical stirrer 

and finally stirred in clean water for 15 min before drying. 

The optical microscope was used to evaluate the durability 

in terms of pattern sharpness of modified plastisol ink on 

sheet.  In addition, the screened sheets were investigated 

by spectrophotometer (ASTM D-1925) to determine the 

color tone difference (∆C): 

∆C =  CD   –  CH                                         (1) 

when CH and CD are the color tone values of screened 

sheet after heating and durability test, respectively. 
 
 
3. Results and Discussion 
 
3.1. Viscosity of Modified Plastisol Inks 
 

Table 2 shows the viscosity of all plastisol inks. 

The viscosities of modified plastisol inks are 40,000 cP, 

24,000 cP and 28,700 cP for the formulae A, B and C, 

respectively.   Although the viscosity of all modified 

plastisol inks is lower than that of the commercial one 

(> 40,000 cP), all the modified plastisol inks in this work 

could still be used in the screen printing application. 
 
 
Table 2. Viscosity of Plastisol Inks 

 

 
 
 
 

3.2. Adhesion of Modified Plastisol Inks 
 

Figure 1 shows the pattern of a screened 100% 

cotton sheet. The screened sheet was selectively examined 

in 4 areas to evaluate for durability and sharpness of the 

modified plastisol inks. Examples of some results are 

presented in Figures 2-4.   The heating condition on the 
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screened sheet for each modified plastisol ink formula to 

be used for durability evaluation was set at 75-85oC for 30 

sec. 
 
 

 
 

Figure 1. The pattern of a screened 100% cotton sheet. 
 
 

 
 

Figure 2. Examples of enlarged pictures from areas 1 to 4; 

i) after screening, ii) after heating at 75oC for 30 sec, iii) 

after durability test (formula A). 
 
 

 
 

Figure 3. Examples of enlarged pictures from areas 1 to 4; 

i) after screening, ii) after heating at 75oC for 30 sec, iii) 

after durability test (formula B). 

 

 
 

Figure 4. Examples of enlarged pictures from areas 1 to 4; 

i) after screening, ii) after heating at 75oC for 30 sec, iii) 

after durability test (formula C). 
 
 

Figures 2-4 show the magnified pictures from the 4 

selective areas on the screened sheets of the formulae A, B 

and C (heating at 75oC for 30 sec), respectively.  The 

pictures were taken in 3 steps; after screening, heating and 

durability test.  This was for examining in adhesion of the 

modified plastisol inks on the 100% cotton sheets via 

durability test.  After durability test, it can be observed in 

all particular areas for each ink formula that the modified 

plastisol inks were not peeled off from the sheets.  This 

suggested that the polar structure of EVA could help 

adhesion between the modified plastisol inks and the 

substrate. 

For the sharpness evaluation, the differences of the 

selective distances after screening, heating and durability 

test were calculated.  The distances of selective areas 

(screen block) are DB1 = 2.217 mm, DB2 = 0.348 mm, DB3 

= 2.500 mm and DB4 = 0.520 mm (presented in Figure 5). 
 

The distances of those specific positions on the screened 

sheet are DS, the distances of those specific positions after 

heating are DH and the distances of those specific positions 

after durability test are DW. 
The sharpnesses of the screened picture were 

estimated from the difference between DB and DS (∆DBS) 

for initial sharpness assessment and that between DS and 

DH  (∆DSH) for final sharpness assessment.  Furthermore, 
∆DHW  is for adhesion durability.   For example, ∆DBS1, 
 

∆DBH1 and ∆DHW1 represent the results taken from area 1. 
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∆DBS1  ∆DS1 – ∆DB1 (2) also the dash lines are upper control line (UCL) and lower 

∆DSH1  ∆DH1 – ∆DS1 (3) control line (LCL) 

∆DHW1  ∆DH1 – ∆DW1 (4) UCL =  + 3σ (5) 
      LCL =  – 3σ (6) 

 

∆D
B

S 
(m

m
) 

 
 
 
 
 
 
 
 

 
 

Figure 5. Selective distances of a position on the screen 

block in 4 areas (shown in Figure 1) for sharpness 

evaluation. 
 
 

Figure 6 shows the ∆DBS of modified plastisol inks 

when using EVA/NR, EVA/ENR 25 and EVA/ENR 50. 

It is illustrated that all ∆DBS  in every position are lower 

than 0.5 mm and those values are similar.  There are no 

significantly  different  ∆DBS   values  between  modified 

plastisol inks and commercial plastisol ink (PVC based). 

 
 
 
 
 
 
 
 
When σ is standard deviation. 
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Figure 7. ∆DSH  of the modified plastisol inks from all 4 

positions, compared with a commercial ink. 
 
 

During  setting  modified  plastisol ink  on  cotton 
Figure 6. ∆DBS of modified plastisol inks (formula A-C) 

 

compared with a commercial ink. 
 
 

Examples of ∆DSH, when using modified plastisol 

inks (formula A-C) with various setting temperatures are 

shown in Figure 7. For each position area, the solid line is 

an average value of ∆DSH when using the commercial ink, 

 

sheet, the ink could move into pores of the sheet because 

of the migration of major polymer and plasticizer in the 

modified plastisol ink.  The low ∆DSH value means good 

sharpness of the screened pattern on cotton sheet. 

Furthermore, most ∆DSH values of the modified plastisol 

inks are in the limits of UCL and LCL of ∆DSH values of 

the commercial ink. 
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Formula 
 

Condition 
 

 
 

 

 
 
 
 

 

 
After heating 
at 75oC 30 sec 

 
50.83 

 
50.82 

 
After 

durability test 

 
52.02 

 
49.87 

 1.19 0.95 
 
 
 
 

 

 
After heating 
at 75oC 30 sec 

 
54.04 

 
48.11 

 
After 

durability test 

 
55.21 

 
46.6 

 1.17 1.51 
 
 
 
 

 

 
After heating 
at 75oC 30 sec 

 
50.02 

 
51.88 

 
After 

durability test 

 
50.24 

 
50.94 

 0.22 0.94 

 

Figure 8 shows the examples of ∆DHW of modified 

plastisol inks from all 4 positions. Most ∆DHW values of 4 

positions of the modified plastisol inks are in the limits of 

UCL and LCL of ∆DHW values of the commercial ink. 

These results meant that the modified plastisol inks had a 

good adhesion in the similar level of the commercial ink. 

plastisol ink to well stay on the cotton sheet surface. It is 

due to the dipole-dipole interaction between epoxide 

group and polar structures of cotton. In case of ∆C values 

in a*, all of modified plastisol inks are the same ∆C values 

(about 1-1.5). 

 
Table 3. Color tone of modified plastisol inks on the 

screened sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 

UCL 
 

LCL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. ∆DHW of the modified plastisol inks from all 4 

positions, compared with a commercial ink. 
 
 

Table 3 illustrates the color tone values of the 

modified plastisol inks on the sheets after heating and 

durability test.  It shows brightness (L*) and red to green 

color tone (a*). ∆C represents the different value between 

after heating and durability test.  The ∆C values in L* are 

relatively low when the modified plastisol ink contained 

more epoxide groups. This could be attributed to the polar 

structures of epoxide group in ENR helping the modified 

4. Conclusion 
 

Modified plastisol inks based on EVA/NR and 

EVA/ENR were prepared and screened on the 100% 

cotton sheets.  The screened sheets were heated at about 

75-85oC setting temperatures in a hot air oven for 30 sec. 
 

After durability test, the modified plastisol inks remained 

on the screened sheets with good quality of graphic pattern 

sharpness and color tone.  Additionally, all formulae are 

suitable for the use as plastisol ink. 
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Abstract 
 

In this work, organoclay-nanocomposites were prepared from 70/30 recycled poly(ethylene terephthalate) (RPET)/ 

nylon 6 blend incorporating with three loadings of organophilic montmorillonite (OMMT) (1, 3 and 5 parts by weight per 

hundred parts of resin, phr) through melt mixing on a twin screw extruder, followed by an injection molding. Among the 

three nanocomposites, the nanocomposite filled with 1 phr OMMT exhibit ed the optimal impact strength (IS), tensile 

strength (TS),  elastic  modulus  (E)  and  elongation  at  break  (EB),  which  were  all higher  than those  of the  neat  70/30 

RPET/nylon 6 blend by 5.5%, 10.6%, 1.6% and 3.7%, respectively. In contrast, the IS, TS and EB of this nanocomposite 

were higher than those of the neat RPET by 31.4%, 69.7% and 58.8%, respectively, while the E was lower by 47.5%. 

The differential scanning calorimetry showed that the OMMT could not act as a nucleating agent for RPET component in 

the nanocomposites. The scanning electron microscopy revealed that the tensile fractured surface of nanocomposite with 

low OMMT content (1 phr) was more uniform and less porosity, while those with higher OMMT contents (3 and 5 phr) 

showed large pores and large nylon 6 dispersed phase domain as well as the pulled out nylon 6 particles from the RPET 

matrix during breaking. 

 
Keywords: Recycled PET, Nylon 6, Montmorillonite, Nanocomposite, Physical properties 

 
 

1. Introduction 
 

Poly(ethylene terephthalate) (PET) is one of the most 

versatile engineering plastics that is extensively used as a raw 

material in the manufacture of automotive and electronic 

parts, packaging films, textile, and soft drink bottles due to 

its low cost, light weight, transparency, chemical resistance, 

high strength and stiffness and good barrier properties with 

easy processability and recyclability  [1–3]. Recently,  PET 

has dominated the rigid plastic packaging markets due to its 

widespread  use,  particularly,  in  the  beverage  industry. 

These packagings are usually used only once and then 

discarded  after  use  by  the  consumers  and  become  PET 

waste. Owing to its non-biodegradability, high atmospheric 

 
 
resistance and durability, a large amount of PET waste 

accumulation has created a serious environmental problem 

[4,5]. Generally, mechanical recycling is an economical and 

effective method to handle the post-consumer PET and to 

reduce the amount of PET waste to landfills [1,6]. PET can 

be recycled into a variety of end products such as fiber, 

carpet, food and non-food bottles, car parts and strapping 

[7].  However,  the  mechanical  recycling  process  leads  to 

some irreversible changes in properties and structure of 

materials due to the high temperatures, high pressure and 

shear  force  that   are  applied,   which  in  turn  limit   its 

applications [3,7].  To  recover  the performance  of recycled 

mailto:Nannalin.C@student.chula.ac.th
https://en.wikipedia.org/wiki/Waste
https://en.wikipedia.org/wiki/Waste
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PET (RPET), a variety of methods have been attempted to 

modify PET waste into new value-added raw materials with 

a wider range of properties. The blending of RPET with 

engineering thermoplastics such as nylon 6 [1,8], nylon 66 

[9], polycarbonate [2] poly(butylene terephthalate) [10] is a 

strategy that has been used to improve the properties of 

postconsumer PET. In this study, a series of RPET/nylon 6 

blends ranging from 100/0 to 50/50 in weight ratio were 

prepared and investigated for their properties. In addition, 

polymer blends reinforced with inorganic nanofillers have 

received considerable attention from both academic and 

industrial sectors because these materials can combine the 

properties of both blends and nanocomposites [11]. Therefore, 

the RPET/nylon 6 blend that provided a good combination 

of mechanical properties and cost effective was selected for 

then preparing nanocomposites with different loadings (1, 3 

and 5  phr) of an organophilic montmorillonite (OMMT). 

The property improvement via intercalation/exfoliation of 

silicate platelets at the low loading of the OMMT is then 

expected due to its very high aspect ratio and extremely high 

surface-to-volume ratio. With this respect, the mechanical 

properties, thermal behaviors and morphology of the 

nanocomposites were then comparatively investigated. 
 
 

2. Materials and Methods 
 
 

2.1 Materials 
 

The RPET flakes were obtained from postconsumer 

bottles. The commercial grade nylon 6 (Nylon 1013B) was 

supplied  in  pellet  form by UBE  Chemicals  (Asia)  Public 

Co., Ltd. The OMMT modified by bis-(2-hydroxyethyl) 

methyl hydrogenated tallow ammonium (Cloisite 30B) was 

purchased from Southern Clay Products, Inc. 
 
 

2.2 Sample preparation 
 

Prior to processing, all components were oven-dried 

overnight at 80 °C to remove any trace of moisture. First, 

RPET and nylon 6 were melt-mixed at five weight ratios 

(90/10, 80/20, 70/30, 60/40 and 50/50 RPET/nylon 6) on a 

twin-screw extruder (LTE-26-40; Labtech Engineering) 

operated at a temperature profile of 200, 230, 240, 255, 265 

and 260 °C from the feed zone to the die at a fixed screw 

rotational speed of 60 rpm. The extrudates were pelletized 

and then injection molded into the standard test specimens 

using an injection molding machine (Battenfield BA 250 

CDC) operated at a temperature profile of 240, 250, 260 

and 270 °C from the feed zone to the die. The RPET/nylon 

6/OMMT nanocomposites were also prepared from a selected 

RPET/nylon 6 blend as above with the addition of three 

different loadings of OMMT (1, 3 and 5 parts by weight per 

hundred parts of blend resin, phr). 
 
 
2.3 Characterization 
 

The Izod impact test was conducted on a notched 

specimen according to the ASTM D256 using an Izod 

impact tester (GOTECH GT-7045-MD). 

The tensile test was performed according to the 

ASTM D638 on a dumbbell-shaped specimen using a 

universal testing machine (LLOYD LR 10k plus) with a 

load cell capacity and crosshead speed of 10 kN and 50 

mm/min, respectively. 

The structures of OMMT and RPET/nylon 6/OMMT 

nanocomposites were evaluated by X-ray diffraction (XRD) 

using a Bruker AXS Model D8 Discover instrument with a 

Ni-filtered CuKα  radiation (λ = 0.154 nm) operating at 40 

kV and 40 mA in a 2θ range from 1–10 °. The interlayer 

spacing (d001) was determined by the diffraction peak, using 

Bragg’s equation, 

λ = 2d001sinθ  (1) 
 

where θ is the diffraction position and λ is the wavelength. 
 

The crystallization and melting characteristics of the 

samples were evaluated by a differential scanning calorimeter 

(DSC, Mettler Toledo DSC1 STARe System) under a N2 

atmosphere. The sample was first heated from 30 to 300 °C 

at a rate of 10 °C/min and held isothermally for 5 min to 

erase the previous thermal history. Then, the sample was 

cooled down to 30 °C at a rate of 10 °C/min. Finally, the 

sample was reheated to 300 °C at the same heating rate. 
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The heat flow curves were recorded as a function of 

temperature. The degree of crystallinity (χc) of the RPET 

was determined from Equation (2), 

χc (%) = [∆Hm/∆H°mw] × 100 (2) 

high TS (61.6 MPa) and EB (210.3%) and the very low E 

(1569.3 MPa) of the nylon 6 compared to those of the neat 

RPET (26.4 MPa, 1.7% and 4500.1 MPa, respectively). 

Overall, the addition of nylon 6 into RPET was very 
 

where ∆Hm  is the heat of fusion and ΔHo 
 

is the melting 
 

effective at increasing the IS, TS and EB of the RPET in a 
 

enthalpy of the 100% crystalline PET with a value of 166 
 

J/g [12] and w is the weight fraction of RPET in the sample. 
 

The morphology of sample on its tensile fractured 

surface was observed by scanning electron microscopy 

(SEM, JEOL JSM 6510) under an accelerated voltage of 15 

kV with a magnification of 2,000×. The fractured surface 

was sputter coated with a thin layer of gold under vacuum 

before examination. 
 
 

3. Results and discussion 
 
 

3.1 Mechanical properties 
 

The mechanical properties, in terms of the impact 

strength (IS), tensile strength (TS), elastic modulus (E) and 

elongation at break (EB) of the neat RPET and nylon 6, the 

RPET/nylon 6 blends and the related RPET/nylon 6/OMMT 

nanocomposites are presented in Table 1. As can be seen, 

the addition of nylon 6 at 10 and 20 wt% to the RPET caused 

a reduction in the IS compared to that of the neat RPET, 

which   may   be   attributed   to   an   insufficient   level  of 

dispersion of nylon 6 in the RPET matrix. This can cause 

less stress transfer across each phase. However, at higher 

nylon 6 loadings (30 and 40 wt%), an increased IS  (by 24.6 

and 22.0%, respectively) was observed. This may be due to 

a better nylon 6 dispersion in the RPET matrix that allowed 

a better stress transfer at the interface of RPET and nylon 6 

and also due to the higher IS of nylon 6. At the higher nylon 6 

loading (50 wt%), a decreased IS was observed, owing to 

the reduced level of compatibility of the two polymers by 

the agglomerated nylon 6 that allowed less stress transfer 

across the phase of each polymer. According to the tensile 

test, a higher TS and EB and a lower E of the RPET/nylon 6 

blends with increasing nylon 6 content than those of the 

neat RPET were revealed. This is a consequence of the very 

 

nylon 6 dose-dependent manner, but at the expense of 

reducing  the  elastic  modulus.  In  this  study,  the  70/30 

RPET/nylon 6 blend was selected for then preparing 

nanocomposites with three loadings (1, 3 and 5 phr) of 

OMMT due to its good combination of the mechanical 

properties and cost. 

From Table 1, it can be seen that the nanocomposite 

with the best mechanical properties was obtained by the 

addition of only 1 phr of OMMT to the 70/30 RPET/nylon 

6 blend. This may be due to the well distribution of the 

OMMT, with a high aspect ratio and a very high specific 

surface area that improve the mechanical properties of the 

polymer matrix [11]. Thereafter, the decrease in the 

mechanical properties of the nanocomposites at higher 

OMMT contents (3 and 5 phr) may be due to the 

agglomeration of OMMT particles that reduced the 

dispersion of OMMT and the contact area between the 

nanofiller and polymer matrix. 
 

Table 1 Mechanical properties of the samples 
 

Sample IS 
(J/m) 

TS 
(MPa) 

E 
(MPa) 

EB 
(%) 

RPET 26±2.0 22±4.0 4500±179.4 1.7±0.2 
nylon 6 62±4.4 60±4.1 1569±217.3 210±65 

RPET/nylon 6 
90/10 20±1.4 24±3.6 3586±210.4 1.8±0.4 
80/20 23±2.7 27±6.7 2565±198.5 2.0±0.7 
70/30 33±3.4 34±3.2 2325±87.6 2.6±0.3 
60/40 32±5.2 43±6.8 2229±128.3 2.9±0.4 
50/50 22±1.9 49±2.2 2084±41.8 3.8±0.4 

 

RPET/nylon 6/OMMT 
70/30/1 35±3.0 38±3.2 2361±78.1 2.7±0.2 
70/30/3 18±1.5 30±1.7 2210±120.5 2.5±0.4 
70/30/5 13±0.6 22±2.2 2193±79.3 2.0±0.7 

 
3.2 XRD analysis 
 

Fig. 1 displays the XRD patterns of OMMT and 70/30 
 

RPET/nylon 6 blends containing 1, 3 and 5 phr of OMMT in 
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 c 

 
Tm 1 Tm 2 

(°C)   
m 

 
c 

 
  -     

nylon   -     
RPET/nylon  

  238.8     
  238.0     
  238.6     
  237.4     
  239.0     

RPET/nylon  
  236.1     
  237.6     
  236.8     

 

the 2θ range of 1.5–10o. The OMMT shows a 001 peak at 
 

2θ = 4.8o (Fig. 1a) corresponding to an interlayer spacing 

(d001) of 1.84 nm. However, the XRD patterns show no 

noticeable 001 diffraction peak of the OMMT in all the 

nanocomposites (Fig. 1(b–d)), which may be due to the very 

low content of OMMT in the RPET/nylon 6 blend. 

 
 

Fig. 1 XRD patterns of (a) OMMT and 70/30/x RPET/ 

nylon6/OMMT nanocomposites where (b) x = 1, (c) x = 3 

and (d) x = 5. 
 
 

3.3 Crystallization behaviors 
 

The crystallization behaviors of the RPET were 

evaluated by DSC analysis. The crystallization temperature 

(Tc), melting temperature (Tm), ΔHm and χc derived from the 

cooling and second heating run are presented in Table 2. 

The Tc  of RPET was 207.6 °C, which corresponded to the 

melt-crystallization of the polymer after erasing the thermal 

history from the first heating run. This indicated that the RPET 

had a sufficient time for crystallization during the cooling 

run at 10 °C/min. The addition of nylon 6 to RPET caused a 

dose-dependent reduction in the Tc of RPET in all 

RPET/nylon 6 blends by 6.3–20 °C, reflecting a longer time 

for RPET to crystallize. This may be due to the restricted 

arrangement of RPET chains to form crystal by nylon 6 

molecules. However, the Tc of RPET in all the nanocomposites 

was not significantly changed (0.2–1.7 °C) compared to that 

in the 70/30 RPET/nylon 6 blend, suggesting that the 

OMMT did not accelerated the crystallization of RPET 

during the cooling run from the molten state in the DSC 

analysis. 

In the second heating run, a single melting temperature 

(Tm) of the neat RPET was 247.7 °C, while the double 

melting peaks of RPET in the RPET/nylon 6 blends 

containing 10–50 wt% nylon 6 were 239.0–238.8 °C (Tm 1) 

and 248–248.5 °C (Tm 2). The Tm1 corresponded to the 

melting of the less perfect or smaller crystals formed during 

the cooling run, while the Tm 2 corresponded to the melting 

of the higher structural perfection crystals formed by 

recrystallization and reorganization during the second 

heating run [13,14]. A similar trend in the double melting 

temperatures  was  also  observed  in  all  the  RPET/nylon 

6/OMMT nanocomposites. However, the Tm of RPET in the 

nanocomposites was only slightly changed (1–2.56 °C for 

Tm 1  and 0.5–2.9 °C for Tm 2) compared to that in the neat 

70/30 RPET/nylon 6 blend, revealing that the OMMT in the 

nanocomopsites had no effect on the melting behavior of 

RPET. In addition, the χc of the RPET component in all the 

RPET/nylon 6 blends was decreased in a nylon 6 dose- 

dependent manner compared to the neat RPET. This may 

be due to the restricted arrangement of RPET chains by 

nylon 6 molecules as previously mentioned. However, the 

χc  of the RPET in the nanocomposites was slightly change 

compared to the 70/30 RPET/nylon 6 blend, suggesting that 

the OMMT did not act as a nucleating agent for RPET in 

the nanocomposites. 
 

Table 2. DSC data of the samples. 
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3.4 Morphology 

 

The morphology of the tensile fractured surfaces of 

the injection-molded specimens is shown in Figs. 2 and 3. 

As  can  be  seen,  the  RPET  showed  a  flat  and  smooth 

fractured surface with some stripes (Fig. 2a), while the 

fractured surface of nylon 6 was rougher (Fig. 2b). The 

smooth surface corresponds to the lower fracture absorbed 

energy as compared to the rough surface, and thus RPET is 

more brittle than nylon 6. However, the fractured surfaces of 

the  RPET/nylon  6  blends  exhibited  rougher  surfaces  with 

some low ridges (Figs. 2c–g), suggesting that the blends 

became more ductile. This could be due to the nylon 6 that 

toughened the RPET. In addition, a phase separation is quite 

evident as the nylon 6 loading increased to 40 and 50 wt% 

(Figs. 2f and g) due to coalescence. 
 

 
 

 
 

Fig. 2 Representative SEM images (2,000× magnification) 

of (a) RPET, (b) nylon 6 and (c–g) RPET/nylon 6 blends 

with nylon 6 at (c) 10 wt%, (d) 20 wt%, (e) 30 wt%, (f) 40 

wt% and (d) 50 wt%. 

The fractured surface of RPET/nylon 6 nano- 

composite with lower OMMT content (1 phr) was more 

uniform and less porosity (Fig 3a). The uniformity was 

attributed to the homogeneous dispersion of OMMT in 

polymer matrix. As the OMMT content increased to 3 and 5 

phr, the nanocomposites showed large pores and large nylon 

6 dispersed phase domain as well as nylon 6 particles that 

were pulled out from the RPET matrix during breaking, 

indicating poor interfacial adhesion (Figs 3b and 3c). In 

addition, the addition of OMMT caused an increase in the 

viscosity of the matrix [15], and thus the nylon 6 was too 

difficult to form a continuous phase with RPET. 
 

 
 
Fig. 3 Representative SEM images (2,000× magnification) 

of  the  70/30/x  RPET/nylon  6/OMMT  nanocomposites, 

where x = (a) 1 phr, (b) 3 phr and (c) 5 phr. 
 
 
4. Conclusions 
 

A series of RPET/nylon 6 blends were prepared by 

melt mixing on a twin screw extruder, followed by an 

injection molding. The addition of nylon 6 to R-PET 

improved the IS, TS and EB, but at the expense of reducing 

the E (stiffness). The 70/30 RPET/nylon 6 blend was 

selected for preparing nanocomposites with three loadings 

of OMMT (1, 3 and 5 phr), due to its good combination of 

mechanical properties and cost. The nanocomposites were 

then characterized for their structures, mechanical properties, 

crystallization behaviors and morphology. The XRD patterns 

of the nanocomposites revealed a possible exfoliation, as 
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verified by the absence of any diffraction peaks. However, 

only the RPET/nylon 6 nanocomposite that filled with 1 

phr of the OMMT exhibited higher mechanical 

properties than the neat 70/30 RPET/nylon 6 blend. The 

crystallization behaviors of the RPET/nylon 6 blends 

evaluated by DSC showed that nylon 6 did not accelerate 

the crystallization of RPET. Moreover, a decreased χc of 

RPET in RPET/nylon 6 nanocomposites indicated that 

the OMMT could not serve as a heterogeneous 

nucleating agent for RPET. 
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Abstract 

 In this work, modified cashew nut shell liquid (CNSL) oils were studied as bio-additives for Natural Rubber 

(NR).  Cure characteristics, mechanical properties and heat deterioration of NR vulcanizates compounded with 

modified oils were comparatively studied with conventional paraffinic oil.  First, CNSL was decarboxylated at 140-160 

˚C for 30-60 min to obtain decarboxylated CNSL (DCNSL) with high %cardanol.  Epoxidized DCNSL (EDCNSL) and 

epoxidized cardanol (EC) were carried out with peracetic acid formed in-situ in the presence of an ion exchange resin 

catalyst.  It was found that modified oil structures can be confirmed by FTIR spectra and iodine values.  Then modified 

oils (5 phr) and other additives were compounded by using internal mixer and shaped into samples by compression 

molding.  It was revealed that NR compound with CNSL derivatives showed similar cure characteristics but lower 

Mooney viscosity.  Higher tensile properties after aging were found as compared with paraffinic oil.  NR modified with 

EC showed the best improvement on processability and tensile properties after heat deterioration. 

 

Keywords: cashew nut shell liquid (CNSL), cardanol, decarboxylation, epoxidation, natural rubber, bio-additives 

 

1. Introduction  

 In rubber compounding, rubber additives play a 

crucial role in rubber processing and properties.  Bio-

based additives have been paid more attention since 

resource depletion and environmental hazard concerns.  

Vegetable oils have been studied as extender oils or 

processing oils in rubber compounding replacing 

aromatic oils containing carcinogenic PAHs.  

 Cashew nut shell liquid (CNSL) is a by-product 

from agricultural renewable resources. Main constituents 

of CNSL are phenolic compounds with aliphatic side 

chains such as anacardic acid, cardanol, cardol and 2-

methyl cardol as shown in Fig. 1. 

 Cashew nut shell liquid (CNSL) oils and their 

derivatives can be used as bio-additives for rubber 

compounding such as plasticizer, antioxidant and 

tackifier [1-2].  Natural rubber (NR) modified with CNSL 

and CNSL-formaldehyde (CNSLF) improved 

processability by decreasing in melt viscosity and power 

consumption during mixing, tensile properties and 

thermal stability [1].  

                               
Figure 1.  Structures of CNSL constituents. 

 
EPDM/NR plasticized with CNSL improved mechanical 

properties due to CNSL increased interaction between 

two rubber phases with improved resistance to heat and 

weather [2].  However, use of CNSL as an additive for 

natural rubber exhibited a lower rate of cure because of 
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high acidity of CNSL.  To improve this property, CNSL 

can be decarboxylated to convert anacardic acid into 

cardanol.  

 In this study, CNSL was modified by 

decarboxylation yielding decarboxylated CNSL 

(DCNSL).  DCNSL was then epoxidized to get 

epoxidized DCNSL (EDNSL).  Pure cardanol was also 

modified and studied comparatively as epoxidized 

cardanol (EC).  Modified oils were used as NR additives 

compared with conventional rubber oil (paraffinic oil).  

Effects of modified CNSL and controlled cardanol were 

comparatively studied on cure characteristics, 

processability and mechanical properties. 

 

2. Experimental 

 
2.1 Materials 

 CNSL was purchased from Mah Boonkrong 

Sirichai 25 Industrial (Thailand).  Cardanol was obtained 

from Satya Cashew Chemicals (India).  Amberlite IR 

120H ion exchange resin was produced from Dow 

Chemical (USA).  Glacial acetic acid (99.5%) was 

obtained from Avantor Performance Materials (USA).  

30% Hydrogen peroxide and Toluene (analytical reagent) 

were received from Carlo. 

 
2.2 CNSL modification  

Decarboxylation 

 CNSL was decarboxylated by heating at 

temperatures of 140 and 160 ˚C for 30 and 60 min.  

Products after decarboxylation were characterized by Gas 

chromatography–mass spectrometry (GC-MS). 

Epoxidation 

 Epoxidized cardanol (EC) and epoxidized DCNSL 

(EDCNSL) were carried out by reacting with peracetic 

acid.  The acid was formed in-situ from acetic acid and 

hydrogen peroxide in the presence of an ion exchange 

resin as a catalyst.  Mixture of oil, toluene, Amberlite IR 

120H and glacial acetic acid in three-neck round bottom 

flask was stirred under N2 for 30 min.  Molar ratio of 

ethylenic unsaturation (oil) : acetic acid : hydrogen 

peroxide was controlled at 1:0.5:1.5.  30% aqueous 

hydrogen peroxide was added slowly within 30 min.  

After the peroxide addition, the reaction was continued 

for 5 hr at 65 ˚C.  The sample was filtrated to remove the 

catalyst and washed with saturation NaCl solution until 

acid-free.  The remaining solvent and water were 

removed under reduced pressure by a rotary evaporator 

[3].  Epoxidized oil was characterized for iodine value, 

acid value and functional groups by FTIR. 

 
2.3 Rubber compounding 

 Formula of NR compound was shown in Table 1.  

Oil types were varied such as cardanol, DCNSL, EC and 

EDCNSL, including conventional paraffinic oil at a 

constant dosage (5 phr).  Compounds were prepared in an 

internal mixer with a chamber temperature of 50 ˚C at a 

rotor speed of 35 rpm.  Vulcanized samples were 

prepared by compression molding at 150 ˚C.  

 
Table 1.  Formula of NR compound 

Ingredients Manufacturer phr 

NR (STR 5L) Thaihua rubber (Thailand) 100 

Silica (UR-T) 
Tokuyama Siam Silica 

(Thailand) 
50 

Si-69 
Evonik Industries 

(Germany) 
4.5 

PEG 4000 Caldic (Netherlands) 3 

Oil*  5 

ZnO Global Chemicals (Thailand) 5 

Stearic acid 
PT. Cisadane Raya 

Chemicals (Indonesia) 
2 

CBS 
General Química S.A. 

(Spain) 
0.8 

TMTD Taminco N.V (Belgium) 0.2 

Sulfur 
Sahapaisal Industry 

(Thailand) 
2 

* Paraffinic oil (White oil; WO) from Fisher Scientific International 
(USA) 

    Cardanol from Satya Cashew Chemicals (India) 

    DCNSL, EC and EDCNSL were synthesized in this study. 

 
2.4 Characterization 

Cure characteristics 

 Cure characteristics of the compound were 

measured at 150 ˚C using Moving die rheometer (MDR) 

according to ASTM D5289.  Mooney viscosity (ML 1+4 
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at 100°C) was studied by using Mooney viscometer 

according to ASTM D1646. 

Swelling 

 Vulcanized samples (1x1x0.2 cm3) were immersed 

in toluene at 23 ˚C for 22 hr. 

Bleeding 

 Test specimens were placed in close contact with 

two sheets absorbing oil at 70 ˚C for 24 hr with 5 kg 

loading on top specimen.  Loss in mass of the test 

specimen was measured according to ISO 177. 

Tensile properties 

 Specimens were prepared using C-type dumbbell 

specimens and aged at 100 ˚C for 7 days in an air oven as 

ASTM D573.  Tensile properties were measured before 

and after aging according to ASTM D412 using a 

universal testing machine (UTM) at test speed of 500 

mm/min. 

 

3. Results and discussion 

 CNSL was highly acidic due to anacardic acid 

which was a main composition.  Decarboxylation of 

CNSL decomposed anacardic acid into cardanol and CO2.  

Fig. 2 shows that decarboxylation at 160 ˚C for 30 min 

exhibits the highest yield of cardanol. The temperature 

(140 ˚C) might result in incomplete decarboxylation 

whereas longer time at high temperature (160 ˚C for 60 

min) could result in deterioration of cardanol [4]. 

 

 
Figure 2.  Percentage of cardanol at different 

 decarboxylation processes 

 
 Disappearance of carboxylic groups during 

decarboxylation process and formation of epoxy groups 

replacing at unsaturated carbon (C=C) positions were 

confirmed as seen in FTIR spectra (Fig. 3).  The presence 

of carbonyl groups (C=O) in CNSL appeared at 1643 cm-

1.  Epoxy groups (C-O-C) of EC and EDCNSL indicated 

by the peak at 825 cm-1 were related to the peaks of 

representing unsaturation (=C-H) in EC and EDCNSL at 

3009 cm-1 disappeared.  This agreed well with the 

decrease of iodine value as shown in Table 2. 

 

 
Figure 3.  FTIR spectra of CNSL, Cardanol, EC, DCNSL 

 and EDCNSL. 

 
Table 2.  Iodine and acid values of synthesized oils 

Oil Iodine value Acid value 

CNSL 184.26 113.65 
Cardanol 234.19 5.73 
DCNSL 238.98 4.89 

EC 138.43 3.40 
EDCNSL 91.81 4.55 

 Cure characteristics of NR compounded with 

different oils are shown in Fig. 4 and Table 3.  Minimum 

torque (ML), scorch time (ts2), optimum cure time (tc90) 

and cure rate index (CRI) were insignificantly different 

except maximum torque (MHF).  NR with modified CNSL 

yielded lower Mooney viscosity.  This might be 

explained by the effect of oil on mastication efficiency or 

slippage during process.  This indicated a better 

plasticization enhancing processability of NR 

compounds. 
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Table 3.  Mooney viscosity and cure characteristics of NR compounds 

 

 
Figure 4.  MDR curves at 150 ˚C of NR compounded 

with  different oils. 

 

 
Figure 5.  Bleeding of vulcanized rubber with different 

 oils. 

 
 Fig.5 shows the bleeding amount of oil out of NR 

samples.  The results of all samples were within the 

standard limit which is less than 0.45 g. 

 %Swelling of vulcanized NR in toluene with 

different oils are given in Fig.6.  NR modified with 

CNSL derivatives exhibited higher %swelling since steric 

effects of aliphatic side chains could prevent 

vulcanization reaction resulting in lower crosslink density 

compared with WO [5].  Swelling of NR modified with 

cardanol, DCNSL and EDCNSL were similar except that 

of EC.  This result was related to the lowest CRI and MHF 

of EC.  It might result from interfering of vulcanization 

reaction of the functionalized oil. 

 
Figure 6.  Swelling of vulcanized rubbers with different 

 oils. 

 
 Tensile properties of vulcanizates are shown in 

Figs. 7-9.  NR modified with cardanol, DCNSL and 

EDCNSL showed improved tensile strength and 

percentage of elongation at break except modified with 

EC.  Lower rubber modulus (M100) of NR modified with 

CNSL derivatives might be resulted from lower degree of 

crosslink density. 

 

 
* Number indicates % change in tensile strength 

Figure 7.  Tensile strength of vulcanized rubber before 

 and after aging with different oils. 

 
 

Oil Mooney viscosity ML (dNm) MH (dNm) ts2 (min) tc90 (min) CRI (min-1) 

WO 45 6 43 1.6 2.9 76.92 
Cardanol 35.8 6 39.5 1.5 2.8 76.42 
DCNSL 35.1 5 36.5 1.5 2.8 70.92 
EC 36.2 6 36 1.3 2.9 62.5 
EDCNSL 34.7 7 42 1.35 2.8 68.97 
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After aging at 100 ˚C for 7 days, decreases in tensile 

properties were clearly seen.  NR modified with CNSL 

derivatives showed significant improvement in tensile 

properties indicated by lower % change in tensile strength 

and elongation at break compared with that of paraffinic 

oil.  It might be due to the formation of crosslinking 

between unsaturated aliphatic side chains and rubber 

related with an increasing of M100.  More unsaturated 

chains related to higher iodine values were shown in   

Table 2.  Unsaturated structures caused more thermal 

decomposition yielding a decrease in tensile strength.  

Therefore, NR with EC and EDCNSL provided better 

tensile properties after aging than NR modified with 

cardanol and DCNSL. 

 

 
     * Number indicates % change in M100 
Figure 8.  M100 of vulcanized rubber before and after 

 aging with different oils. 

 

 
     * Number indicates % change in elongation at break 

Figure 9.  Elongation at break of vulcanized rubber 

 before and after aging with different oils. 

 

4. Conclusion 

 In this work, it was shown that modified CNSL 

could be used as bio-based rubber oils for NR.  NR 

modified with CNSL derivatives showed improvement in 

processability without affecting on cure characteristics as 

indicated by decreased Mooney viscosity and enhanced 

tensile properties retention after aging compared with 

conventional paraffinic oil.  NR modified with EC 

provided the best improvement compared to others. 
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Abstract 

 Wood plastic composites (WPCs) represent a glowing class of materials used by construction and furniture 

industry.  One of disadvantages of WPCs was its high fire risk.  In this research, calcium dihydrogen phosphate 

monohydrate (Ca(H2PO4)2⋅H2O; CaHP) flame retardants were prepared by a simple precipitation method using mussel 

shell waste and phosphoric acid.  Synthesized CaHPs were characterized by x-ray powder diffraction (XRD) and fourier 

transfer infrared (FTIR) spectroscopy.  Thermal properties were investigated by using thermal gravimetric analysis 

(TGA).  WPCs were prepared from High density polyethylene (HDPE) mixed with coir fibers (controlled loading at 50 

php).  CaHP loading (0-40 php) was studied.  Raw materials were compounded by an internal mixer and then shaped by 

an injection molding machine.  WPCs samples were characterized for flammability according to UL-94 (vertical 

testing), horizontal burning rate test, limiting oxygen index (LOI) and mechanical properties.  It was found that the 

CaHP was synthesized successfully as confirmed by XRD and FTIR.  By adding CaHP into WPCs, reduced burning 

rate and increased LOI of WPCs were observed.  LOI of WPCs with 40 php CaHP was close to that of WPCs with 

commercial APP.  By increasing CaHP loading, flexural strength and impact strength of WPCs were decreased but 

flexural modulus was increased. 

Keywords: calcium dihydrogen phosphate monohydrate, mussel shell waste, phosphorus containing flame retardant, 

wood plastic composites 

 

1. Introduction 

Wood plastic composites (WPCs) are materials 

consisting of wood fibers in combination with                           

a thermoplastic matrix.  Common thermoplastics used in 

WPCs include polyethylene (PE) and polypropylene 

(PP).  WPCs have been used in variety of applications.  

Their most popular applications include in construction 

and furniture, such as, outdoor bench, beach chaise and 

decking.  One big disadvantage of WPCs is its high fire 

risk.  To reduce the fire in WPCs, flame retardant 

additives are used to improve flame retardancy. Due to 

environmental concerns, halogen-free flame retardants 

are preferred.  Ammonium polyphosphate (APP), 

phosphorus containing flame retardant, is one of the most 

popular flame retardants in WPCs.  In a heated 

environment, APP forms char foaming, creating a barrier 

that prevent heat and oxygen from the flammable surface.  

However,              a disadvantage of APP is its cost that 

limits its use. 

Calcium dihydrogen phosphate monohydrate 

(Ca(H2PO4)2⋅H2O; CaHP) flame retardant can be 

prepared by a rapid and simple precipitation method as 

investigated by Boonchom. [1]  Effects of CaHP on 

flammability of cotton fabric were investigated by 

Mostashari et al. [2]  As it was deposited into cotton 

fabric, it showed a tendency towards flame and glow 

retardancy.  

In this work, mussel shell waste was used to prepare 

a cheap phosphorus containing flame retardant in WPCs. 

CaHP loading (0-40 php) affecting flammability and 

mechanical properties of WPCs was studied. 

 

mailto:kjittipo@kmitl.ac.th
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2. Experimental 

2.1 Materials 

- Materials for synthetic CaHP 

Mussel shell waste was received from Klongdan 

district, Samutprakan, Thailand.  Mussel shells were first 

cleaned in 10% v/v sodium hydroxide (Merck, laboratory 

grade) for 1 hour and then washed with distilled water 

until neutral.  Mussel shells were dried overnight in oven 

at 100°C.  Then, they were milled into small particles in 

the range of 100-150 mesh.  70% v/v phosphoric acid 

(Gammaco (Thailand)) and acetone (Cenpoint 

(Thailand)) used in this work were commercial grade. 

- Materials for compounding WPCs 

High density polyethylene (HDPE) in granule 

form (HD1600J, PTT Global Chemical (Thailand)) with 

melt flow index 12 g⋅10 min-1 (190°C/2.16 kg) was used 

as the polymer metric.  Coir fibers were purchased from 

WPC design in Thailand.  It was cut into an approximate 

length of 2.3 mm.  The compatibilizer was a maleic-

anhydride grafted polyethylene (PE-g-MA) with MA 

content of 2% (NB 1016PE, Optimal Tech (Korea)).  

Polyethylene wax; lubricant #1 (SQT (Thailand)) and 

unsaturated fatty acid soaps with zinc and calcium; 

lubricant #2 (Wel-in enterprise (Taiwan)) were used.  

Phenolic antioxidant; antioxidant #1 and phosphite 

antioxidant; antioxidant #2 (Chemnular (Thailand)) were 

commercial grade.  Ammonium polyphosphate; APP 

(Clariant Chemicals (Thailand)) was studied 

comparatively as commercial phosphorus containing 

flame retardant.  

 
2.2 Preparation of CaHP 

CaHP compounds were prepared by precipitation 

method using CaCO3 from mussel shell waste and 70% 

v/v phosphoric acid as starting materials.  10 mL of 

acetone was added to 1.008 g of CaCO3.  Next, 5 mL of 

70% v/v phosphoric acid was added to the suspension.  

The mixture was then mechanically stirred at ambient 

temperature about 15 minutes.  Finally, white precipitates 

of CaHP were filtered out by suction pump, washed with 

acetone until free of phosphate ion and dried in air.[1]  

Reaction can be shown in equation (1). 

CaCO3(s) + 2H3PO4(l) → Ca(H2PO4)2⋅H2O(s) + CO2 (g)      (1) 

 
2.3 Preparation of WPCs 

HDPE, Coir fibers and additives were 

compounded in an internal mixer. (Mx500-D75L90, 

Chareon Tut (Thailand)) Table 1 showed formulas of 

WPCs with and without CaHP.  WPCs with commercial 

APP were also prepared for comparative study.  Mixing 

was carried out for 15 minutes at 185°C and 45 rpm.  

First, HDPE was added into the mixing chamber to pre-

melt for 3 minutes.  Next coir fibers and other additives 

were added within 5 minutes.  After that, the compounds 

were cut in small granules using a plastic grinder (5HP, 

Bosco engineering (Thailand)). 

WPC specimens were prepared by using an 

injection molding machine (TTI200/80, Pathankitthavorn 

(Thailand)) at 185°C with molding temperature of 10°C.  

Prior to injection, WPCs compounds were dried in an 

oven at 105°C for 24 hours. 

 
2.4 Characterization 

Structures and crystalline sizes of the prepared 

CaHP were study by X-ray powder diffraction using a D8 

Advanced powder diffractometer (Bruker AXS, Krusuhe 

(Germany)) with Cu Kα radiation (λ=0.1546 nm), a 

scanning angle range from 10-60 degrees at scanning rate 

of 2 degrees⋅min-1.  FT-IR spectra were recorded in range 

of 4000-400 cm-1 with 10 scans on Perkin-Elmer 

Spectrum GX FT-IR with the resolution of 4 cm-1 using 

KBr pellets. 

 
2.5 Thermal properties 

Thermal properties of CaHP were investigated on 

thermal gravimetric analyzer (Tarsus, Netzch). About 10 

mg of samples were heated over the temperature range 

from room temperature to 900°C with the heating rate of 

10°C⋅min-1 under a N2 atmosphere using aluminum pan. 

 
2.6 Morphology 

Morphology of the prepared CaHP was examined 

with scanning electron microscope (SEM, JJM5410 LV) 

after gold coating. 
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Table 1. Formulas of WPCs studied in this work 

Formulas 

Composition based on weight (php*) 

HDPE Coir 
PE-g-MA 

(wt% of fiber) 

Antioxidant Lubricant Flame retardant 

#1 #2 #1 #2 APP CaHP 

WPC 100 50 3 0.05 0.05 4 2 - - 
WPC-APP25 100 50 3 0.05 0.05 4 2 25 - 

WPC-CaHP20 100 50 3 0.05 0.05 4 2 - 20 
WPC-CaHP25 100 50 3 0.05 0.05 4 2 - 25 
WPC-CaHP30 100 50 3 0.05 0.05 4 2 - 30 
WPC-CaHP35 100 50 3 0.05 0.05 4 2 - 35 
WPC-CaHP40 100 50 3 0.05 0.05 4 2 - 40 
* Parts per hundred parts of polymer. 

2.7 Flammability 

- UL-94 measures the self-extinguish time of the 

vertically oriented polymer specimen.  Top of test 

specimen was clamped to a stand and the burner was 

placed directly below the specimen.  The flame was 

brought into contact with test specimen for 10 seconds 

after which the burner was removed.  In UL-94 vertical 

rating, material is rated as V-0 if the flame extinguishes 

within 10 seconds after removal of the burner.  The V-1 

and V-2 ratings are rated that the flame extinguishes after 

30 seconds removal the burner. The V-2 rating allows the 

cotton indicator was ignited by flaming particles. 

- For horizontal burning test according to ASTM 

D635, a sample was held horizontally and a flame fueled 

by natural gas was applied to light one end of the sample.  

The time for flame reach from the first reference mark 

(25 mm from the end) to the second reference mark 

which is at 100 mm from the end, was measured.  Three 

specimens for WPCs were tested and calculated. 

- Limiting oxygen index test (LOI) is tested 

according to ASTM D2863.  The sample was held in 

vertically in the glass chamber, where there was 

controlled flow of O2 and N2.  The top end of the sample 

was ignited and time to burn 10 seconds.  The test was 

measured under various concentration of O2 and N2 to 

determine the minimum concentration of O2 needs for 

burning the sample.  Five specimens for WPCs were 

tested and calculated. 

 
2.8 Optical microscopy 

In order to examine the char forming of WPC 

specimens before and after the burning test, optical 

microscopy was performed using a Digital portable 

microscope (VT 300, Vitiny) 

 
2.9 Mechanical properties 

Flexural test was performed according ASTM 

D790 using three-point bending mode of the universal 

testing machine (UTM LR5K, Lloyd instrument 

(Thailand)) with load cell of 5 kN, crosshead speed of 10 

mm⋅min-1 and support span length of 49 mm.  

Izod impact test was performed on notched WPCs 

according to ASTM D256 using Izod impact tester 

(Yasuda199311, Yasuda Seiki Seisahusho (Japan)). 

 

3. Results and discussion 

3.1 Characterization of CaHP 

FT-IR spectra of the synthesized CaHP shown in 

Fig. 1 were similar to those observed by Boonchom. [1]  

O-H stretching of H2PO4
- ion gave rise to a complex 

feature (A, B, C trio) of which only two former 

components were clearly visible.  Two bands centered at 

2959 cm-1 and 2347 cm-1 in FT-IR spectra were referred 

as bands A and B, respectively.  The third component 

(band C) was observed around 1740-1600 cm-1.  Intense 

band about 1240 cm-1 was due to the in plane P-O-H 

bending (A2), while the out of plane bending (A1) 

vibration was observed at about 861 cm-1. A strong band  

at about 1087 cm-1 in FT-IR spectra was assigned to PO2 

asymmetric stretching (B1).  FT-IR frequency of the 

P(OH)2 asymmetric stretching (B2) showed the strong 
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band at 959 cm-1.  The weak band at about 863 cm-1 was 

assigned P(OH)2 symmetric stretching mode (A2).  A 

weak band at approximately 674 cm-1 was assigned to 

rocking mode involving water molecules.  O-H stretching 

modes of water molecules appear at 3245 cm-1 and 3467 

cm-1 

 

 
Fig. 1. FTIR spectra of the synthesized CaHP 

 
XRD pattern of the synthesized CaHP was shown 

in Fig. 2.  All detectable peaks of the sample were 

indexed as Ca(H2PO4)2·H2O structure which was 

identified using 2 theta data of PDF #0903047 [3] of 

15.059, 15.731, 18.101, 20.052, 22.911, 24.194, 29.802, 

30.521, 33.006, 33.532, 35.376, 36.056, 45,479, 49.428 

and 53.116.  The 2 theta of synthesized Ca(H2PO4)2·H2O 

was close to those of standard data.  These result 

indicated the crystal structure (Fig. 3) was in monoclinic 

system with particle sizes in the range of 5-15 µm. 

 

 
Fig. 2. XRD pattern of the synthesized CaHP 

 
Fig. 3. SEM micrograph of the synthesized CaHP 

 
3.2 Thermal properties 

Fig. 4. showed TGA thermal degradation curves of 

CaHP under N2 atmosphere.  Elimination of water was 

observed in three areas: 110-145°C, 180-225°C and 290-

430°C, which involved the dehydration of the 

coordinated water molecules (1 mol H2O) and 

intramolecular deprotonated phosphate groups and 

phosphate condensation (2 mol H2O) as shown in 

equations (2) 

 
                  Ca(H2PO4)2·H2O → CaP2O6 + 3 H2O          (2) 

 

 
Fig. 4. TGA curve of the synthesized CaHP 

 
3.3 Flammability tests of WPCs 

Results of limiting oxygen index (LOI) test were 

shown in Fig. 5.  50 php of coir fiber/HDPE composites 

showed the lowest LOI.  For WPCs with CaHP, LOI of 

WPCs was slightly increased with increased loading of 

CaHP.  LOI of WPCs with 35 and 40 php of CaHP were 

very close to those of WPCs with commercial flame 

retardant (APP).  Efficiency of phosphorus flame 

retardant was reported by Schartel. [4]  Phosphorus 

containing flame retardant incorporated with wood flour 
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formed charred layers and inhibited the heat and mass 

transfer between surface and melting polymer, resulting 

in the increase of fire resistance of WPCs.  This indicated 

that CaHP in high loading could be used as a flame 

retardant for WPCs.   

 

 
Fig. 5. Oxygen index of WPCs with flame retardant 

 
Table 2 summarized the horizontal burning rates 

and the vertical burning test (UL-94) of WPCs with and 

without CaHP.  The burning rates were decreased with 

increasing loading of CaHP.  Dripping of WPCs was not 

observed.  

 
Table 2. Burning rate and flame classifications of WPCs 

and WPCs with flame retardants. 

Formula 
Burning rate   
(mm/min) 

Class Based on 
 UL94 (Vertical) 

WPC 52.81 HBa 
WPC-APP25 - V-1b 

WPC-CaHP20 45.46 HB 
WPC-CaHP25 38.83 HB 
WPC-CaHP30 33.44 HB 
WPC-CaHP35 30.78 HB 
WPC-CaHP40 28.21 HB 

a Burning rate < 75 mm/min and sample is burnt.  
b The flame extinguishes within 30 seconds after removal 
of the burner. 

 

In vertical burning test (UL-94), WPCs with APP 

showed self-extinguish properties after 30 seconds 

removal the burner (classified as V-1).  In contrast, WPCs 

with CaHP were burnt which was classified as HB.  

However, the burning rate of WPC-CaHP was drastically 

decreased as compared to WPCs without flame retardant. 

It was presumed that difference of foaming 

properties generated the difference of flammability  

between APP and CaHP. (Fig. 6.) It was investigated by 

Arao et al. [5] the phosphorus containing flame retardant 

did not improve the fire performance of PP, on the other 

hand it could give excellent fire performance for WPCs. 

Synergy effect between wood flour and phosphorus 

containing flame retardant was apparently confirmed.  

Especially, Nicole et al. [6] and Supakorn et al. [7] 

reported that phosphorus containing flame retardant 

showed better fire retarded properties compared to other 

flame retardants, such as zinc borate and Al(OH)3. 

 
 

 
Fig. 6. Test specimen before burning test (a), after the 

burning test (b) WPC-CaHP and (c) WPC-APP 

 

 

3.4 Mechanical properties 

Mechanical properties of WPCs were reported in 

Figs. 7-9.  For the WPCs with the CaHP, the flexural 

modulus of WPCs was slightly increased with increasing 

CaHP loading; because the CaHP had a higher stiffness 

than HDPE and coir fibers.  On the other hand, the 

flexural strength and impact strength of WPCs were 

slightly decreased with increasing loading of CaHP; 

Because CaHP-HDPE matrix interfaces were weak and 

could act as defects in WPCs yielding lower strengths 
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Fig. 7. Effect of amount of flame retardants on the 

flexural modulus of WPCs. 

 
Fig. 8. Effect of amount of flame retardants on the 

flexural strength of WPCs. 

  

 
Fig. 9. Effect of amount of flame retardants on the impact 

strength of WPCs. 

 

4. Conclusion 

Calcium dihydrogen phosphate monohydrate 

(Ca(H2PO4)2⋅H2O; CaHP) was successfully synthesized 

by a simple precipitation method from mussel shell waste 

(CaCO3) and phosphoric acid (H3PO4) in acetone media.  

By adding CaHP flame retardant into WPCs, 

flammability of WPCs was reduced.  However, efficiency 

and burning rate of WPCs with CaHP cannot surpass 

those of WPCs with APP.  Nevertheless, LOI of WPC-

CaHP40 very closed to WPC-APP25.  Flexural modulus 

of WPCs with CaHP was improved with increasing CaHP 

loading.  In conclusion, CaHP prepared in this work 

showed a promising performance as a flame retardant for 

WPCs.  More research work of CaHP in intumescent 

flame retardant (IFR) system will be carried out. 
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Abstract 

The biodegradable thermoplastic poly(lactic acid) (PLA) that has restricted its application due to its high 
brittleness. Toughness properties of PLA can be developed by blending with natural rubber (NR) and epoxidized natural 
rubber (ENR). Glycidyl methacrylate grafted natural rubber (NR-g-GMA) and Glycidyl methacrylate grafted 
epoxidized natural rubber (ENR-g-GMA) were used as a compatibilizer for PLA/NR and PLA/ENR blend, respectively. 
Blending PLA with NR and ENR were prepared at various compositions from 0-30% by weight. Morphology, thermal 
properties and mechanical properties of blends were investigated. The experimental result showed that the rubber phase 
of NR was dispersed in the continuous PLA matrix with small droplet. When increasing of NR content, the large droplet 
size of rubber. However, the partially compatible between PLA and ENR was responsible for coarse surface that 
showed very fine particles of ENR dispersion. The addition of NR-g-GMA and ENR-g-GMA in blending, the sizes of 
rubber phase were decreasing and more dispersed. In the case of the thermal properties, the addition of NR or ENR it 
reduced crystallization ability and thermal resistance of PLA both not a compatibilizer and addition a compatibilizer. 
The addition of NR-g-GMA in PLA/NR blend significantly improved elongation at break of PLA/NR blend when 
compared with that of neat PLA and PLA/NR blend without NR-g-GMA. At the same time, the addition of ENR-g-
GMA in PLA/ENR blend improved elongation at break when composition of ENR over 20% by weight.
 
Keywords: Poly (lactic acid), Natural Rubber, GMA grafting, Polymer blend 
 
1. Introduction 

Recently, biodegradable polymers derived from 
renewable resource have much interested that can bean 
alternative to petroleum based polymers as well as a 
solution to waste disposal problems. Hence, 
thedevelopment of materials is an important issue in 
order to decrease the environmental impact from 
theplastic production and waste. 

Polylactic acid (PLA) is synthetic aliphatic polyester 
derived from biomass. Because of its renewability, 
biodegradability, and greenhouse gas neutrality, it has 
been emerging as an alternative to conventional 
petroleum-based polymeric materials. However, the 
inherent brittleness, low-melt viscosity, and low heat 
distortion temperature of PLA led to its restricted 
applications.To improve its property, it isnow common 
practice to modify PLA by physical blending. Natural 
rubber (NR) and epoxidized natural rubber (ENR) are 
renewable resources that exhibit a unique combination of 
toughness, flexibility, biocompatibility and 
biodegradability with its low cost makes it was an 
alternative to improvethe toughness of PLA. Referable, 
rubber has been used as a second phase polymer to 
toughen brittle thermoplastics. The rubber particles 
behave as stress concentrators enhancing the fracture 
energy absorption of brittle polymers and ultimately 
results in a material with improved toughness [1 ]. In case 
of PLA/NR blend, the difference in the polarity and 
molecular weight of PLA and NR may result in the poor 
compatibility between PLA and NR. This may lead to the 
poor impact strength of PLA and NR blend. Thus, the 
compatibility between PLA and NR need to be improved 
to obtain the blend with higher impact property. In 
general, there are two ways to improve compatibility of 

polymer blend. One is to induce achemical reaction, 
leading to a modification of thepolymer interface in two-
phase blends. Another way is to add a third component 
called compatibilizer, which increases the interaction 
between immiscible phases. The third component can be 
block, homopolymer or graft copolymer, which can 
interact with both phases. Moreover, grafted copolymers 
of GMA were used as compatibilizer in other polyester 
blends such as PET/PP blend [2]. It is usually believed 
that epoxy groups of GMA can react with carboxyl or 
hydroxyl groups of polyester. GMA was successfully 
grafted onto NR by solution system to obtain glycidyl 
methacrylate-grafted natural rubber (NR-g-GMA) and 
glycidyl methacrylate-grafted epoxidized natural rubber 
(ENR-g-GMA). 

This work aims to compare the mechanical 
properties, thermal properties and morphology of 
thermoplastic elastomer that prepared from Poly(lactic 
acid) (PLA)/Natural Rubber, Poly(lactic 
acid)(PLA)/Epoxidized Natural Rubber (ENR) when 
addition Glycidyl methacrylate grafted natural rubber 
(NR-g-GMA) and Glycidyl methacrylate grafted 
epoxidized natural rubber (ENR-g-GMA) as 
compatibilizer. 
 
2. Experimental methods 
2.1 Materials 
 Natural rubber (STR 5L), Epoxide Natural 
rubber (25% epoxide) manufactured by Thavorn Rubber 
Industry Co., Ltd., Thailand. A commercial grade of PLA 
(Ingeo TM Biopolymer 4043D) from Nature works and 
was supplied by BC polymers marketing (Thailand). NR-
g-GMA and ENR-g-GMA about 15% grafting were 
prepared in our laboratory by solution system.  
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2.2 Sample preparation 
 The melt blending of PLA/NR and PLA/ENR 
blends were prepared using internal mixer (Barbender 
Plasti-corder Lab Station model) at 170°C, with a rotor 
speed of 50 rpm for 10 min.The blend ratios were as 
follow: 90/10, 80/20 and 70/30 both not a compatibilizer 
and addition a compatibilizer. The obtained compounds 
were formed to sheet with the dimension of 0.8×140×150 
mm using compression molding machine (FOR LP-5-50 
model from Lab Tech Engineering Co. Ltd.) under 1200 
psi, at 170°C for 5 minutes then compressed sample was 
cooled for 3 minutes. 
2.3 Characterization 
 The cryogenic fractured surface of PLA/NR and 
PLA/ENR were coated with platinum in vacuum before 
being examined under SEM (Hitachi S-3400N) in order 
to investigate morphology of the specimens. 
 Thermal degradation behaviors of PLA/NR and 
PLA/ENR were studied by followed the loss of weight of 
the sample under thermal degradation using TGA 
(TGA/DSC1 Module, METLER TOLEDO (Switzerland) 
Co., Ltd.). The sample of ENR/LDPE TPVs around 5-10 
mg was heated from 50 – 600°C with heating rate at 
10°C/minute. 
 PLA/NR and PLA/ENR5-10 mg were put in 
aluminum pan and then the test was processed in DSC 
(TGA/DSC1 Module, METLER TOLEDO (Switzerland) 
Co., Ltd.) in non-isothermal mode, under condition of 
nitrogen gas at flow rate about 50 mg/min. In the first 
heating step, the temperature would increase from 20°C 
to 200°C with heating rate about 3°C/minute. Then, 
specimen was cooled down from 200°C to 20°C with the 
same rate. In the second heating step, specimen was 
heated from 20°C to 200°C with the same rate. 

The degree of crystallinity (𝜒c) of LDPE in 
compound can be determined by using Eq. (1): 

𝜒𝑐 = 𝐻𝑚−𝐻𝑐𝑐
𝐻0

× 1
𝑥𝑐

× 100  (1) 
 Where Hm is the heat of fusion of sample; H0 is 
the heat of fusion for 100% crystalline material that is 
93.6 J/g5; xc is weight fraction of PLA in compound. 
 The dumbbell shaped specimens of the samples 
were cut using Pneumatic cutter (CHAREON TUT Co, 
Ltd) according to, ASTM D638, DIE C. The tensile 
testing was performed at a crosshead speed of 50 
mm/minute. At least 15 specimens were tested and the 
average values were reported. The instrument used was 
universal testing machine, INSTRON model 5960 Series. 
 
3. Results and Discussion 
3.1 Morphology of PLA/NR and PLA/ENR. 
 The SEM micrographs of fractured surfaces of 
PLA/NR blends are shown in Figure 1. As can be seen, 
all the PLA/NR blends shows phase separated 
morphology where the rubber particles dispersedly 
occurred as small droplets in PLA matrix. The phase 
morphology apparently showed weak interfacial adhesion 
evident by the empty spherical grooves on the 
surface.When the increasing of NR content, showed the 
large droplet size of rubber. This generally occurred in an 
immiscible binary polymer blend, where the size of 
dispersed phase increase with increase amount of the 
minor phase in the blend [2, 3]. The non-polar NR was 

immiscible with the polar PLA and led to phase 
separation [4]. The micrographs of the addition NR-g-
GMA showed two phases with irregular domain smaller 
size and shape. This indicates that PLA/NR blends are 
completely immiscible, where NR domains are dispersed 
in PLA matrix [5]. 
 

 

 
Figure 1. Cryogenic fractured surface morphology of 
PLA/NR with ratio 90/10 (1), 80/20(2) and 70/30(3) 
when not addition NR-g-GMA (a) and addition NR-g-
GMA (b) as compatibilizer 
 

 

 
Figure 2. Cryogenic fractured surface morphology of 
PLA/ENR with ratio 90/10(1), 80/20(2) and 70/30(3) 
when not addition ENR-g-GMA(a) and addition NR-g-
GMA(b) as compatibilizer. 
 Consider PLA/ENR blendare shown in Figure 2, 
the morphology of these blends was different from the 
previous system. As can be seen, the better compatibility 
between PLA and ENR than the former system. The 
partially compatible between PLA and ENR was 
responsible for coarse surface, i.e. very fine particles of 
ENR dispersion. It was chemical interaction probably 
occurred between oxirane ring on ENR with hydroxyl 
group in PLA which can be attributed to their 
compatibility [3, 4]. Theaddition ENR-g-GMA hardly 
affects the morphology of these blends. 
3.2 Thermal Properties 
 Differential scanning calorimetry is carried out 
to analyze the crystallization behavior of PLA blending. 
The results were showed in Figure 3 - 6 and summarized 
in Table 1. It is showed that crystallization temperature 
and melting temperature of PLA. On the first heating 
scan, the cold-crystallistion exothermic peak was 
observed in both PLA/NR and PLA/ENR blends. These 
results suggest that the incorporation of NR and ENR 
would enhance thec rystallization PLA [3]. The presence 
of cold crystallization of PLA in the blends could be 
explained into two aspects. First, it implied that the 
rubber acted as a nucleating agent. Second, molecular 
weight of PLA decreased after blending and the relatively 

(a1)           (a2)      (a3)  

(b1)            (b2)       (b3)
  

(a1)           (a2)       (a3)  

(b1)            (b2)        (b3)
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short chains of PLA were able to crystallize during 
heating above Tg, likewise other polyesters[6]. It is also 
observed that increasing rubber content could result in the 
formation of larger droplets and cause a lower interfacial 
contact area. The crystallinity was therefore decreased [1, 
3]. 

 
Figure 3. DSC Thermograms of PLA/NR obtained from 
first heating scan compared with neat PLA 

 
Figure 4. DSC Thermograms of PLA/ENR obtained 
from first heating scan compared with neat PLA 
 The addition NR-g-GMA and ENR-g-GMA as 
compatibilizer for blending, the Double melting 
phenomenon became to single melting peak. However, 
the crystallinity of the compatibilizer addition was 
increased due to compatibility affect to crystal form.  
The double-peak melting point of PLA was reported 
previously by Sarasua et al [7]. They explained that the 
melting peak at higher temperature (Tm2) belongs to more 

perfect crystalline structure than that atlower temperature 
(Tm1). 

 
Figure 5. DSC Thermograms of PLA/NR obtained from 
second heating scan compared with neat PLA 

 
Figure 6. DSC Thermograms of PLA/ENR obtained 
from second heating scan compared with neat PLA 
 At the second heating scan, all of PLA/ NR and 
PLA/ENR blends showed double melting phenomenon 
and crystallinity deceased due to PLA in the blends 
became more amorphous and less degree of crystallinity 
was in agreement with enhanced phase dispersion of the 
form, which display lower dispersed particle size [2]. 
However, the increased crystal Tm2 showed that occurred 
perfect crystalline structure [6]. The blends exhibited Tcc 
at lower temperature with both additions of NR-g-GMA 
and ENR-g-GMA. This showed more compatibilization 
between NR and PLA.  
 

 

Table 1. Thermal properties of PLA obtained from DSC 1st heating scan of PLA/ NR and PLA/ENR blends 

 
Tg (°C) Tcc (°C) Tm1 (°C) Tm2 (°C) χc (%) 

PLA 56.24 99.18 146.45 155.72 34.27 
PLA90NR10 61.28 95.09 - 155.84 25.08 
PLA80NR20 60.70 98.33 148.19 156.61 27.50 
PLA70NR30 60.05 101.08 150.67 157.56 31.17 

PLA90NR10-5%C 51.60 - 152.03 156.41 28.37 
PLA80NR20-5%C 52.71 94.74 150.09 157.03 30.14 
PLA70NR30-5%C 55.87 96.68 147.61 157.51 31.56 

PLA90ENR10 57.06 113.76 144.71 155.51 25.81 
PLA80ENR20 58.84 113.33 149.46 155.27 29.55 
PLA70ENR30 62.02 97.31 149.46 154.27 32.20 

PLA90ENR10-5%C 53.87 101.34 150.61 155.41 35.43 
PLA80ENR20-5%C 52.21 92.53 - 155.12 36.04 
PLA70ENR30-5%C 52.33 93.26 - 154.87 37.07 
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Table 2. Thermal properties of PLA obtained from DSC 2nd heating scan of PLA/ NR and PLA/ENR blends 

 
Tg (°C) Tcc (°C) Tm1 (°C) Tm2 (°C) χc (%) 

PLA 58.44 99.18 146.45 155.72 34.66 
PLA90NR10 60.53 110.10 144.45 151.69 27.27 
PLA80NR20 60.76 112.03 143.55 155.18 28.38 
PLA70NR30 60.93 114.51 142.75 155.38 30.07 

PLA90NR10-5%C 59.46 117.12 149.35 155.93 21.49 
PLA80NR20-5%C 59.14 113.52 147.82 155.45 24.71 
PLA70NR30-5%C 59.05 110.86 142.54 154.01 28.25 

PLA90ENR10 47.56 115.26 148.99 155.00 27.35 
PLA80ENR20 59.91 114.84 148.94 155.11 30.22 
PLA70ENR30 60.20 114.24 148.54 154.11 35.38 

PLA90ENR10-5%C 56.56 114.94 149.27 155.18 20.45 
PLA80ENR20-5%C 55.48 115.37 149.30 154.48 23.09 
PLA70ENR30-5%C 55.21 118.94 150.39 153.60 29.23 

 
 
 

Table 3.Peak result from DTG Thermogram. 

Sample 

Peak result 
1st step 2nd step 

Onset 
(oC) 

Inflect. Pt. 
(oC) 

Endset 
(oC) 

Onset 
(oC) 

Inflect. Pt. 
(oC) 

Endset 
(oC) 

PLA 343.35 363.68 373.78 - - - 
NR 357.84 382.25 412.67 

   PLA90NR10 344.04 362.68 374.23 - - - 
PLA80NR20 337.06 357.14 370.27 - - - 
PLA70NR30 337.88 357.21 370.92 404.07 404.77 425.91 

PLA90NR10-5%C 334.51 348.54 363.74 - - - 
PLA80NR20-5%C 339.99 362.19 377.74 - - - 
PLA70NR30-5%C 317.72 344.24 355.86 372.51 377.14 405.4 

ENR 369.99 391.44 430.59 
   PLA90ENR10 316.95 349.41 364.42 364.42 417.30 453.79 

PLA80ENR20 308.80 334.42 349.03 383.85 385.06 438.47 
PLA70ENR30 302.99 329.11 337.40 374.13 385.36 435.37 

PLA90ENR10-5%C 310.03 345.90 364.21 - - - 
PLA80ENR20-5%C 286.13 319.23 334.50 367.31 377.61 432.91 
PLA70ENR30-5%C 274.21 305.76 323.51 360.95 385.00 435.17 
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Figure 7, 8 and show the DTG thermograms of 
PLA, NR, ENR and the blends.  

 
Figure 7. DTG thermogram of PLA/NR blends 

 
Figure 8. DTG thermogram of PLA/ENR blends 

The thermal degradation characteristic values 
obtained from the investigation were concluded in Table 
3.Due to the degradation of PLA during mixing in the 
internal mixer [3-4], the degradation onset temperature 
(Tonset), as well as rapidest degradation temperature 
(Inflect. Pt.), of PLA in the blends were shifted to low 
temperature, about 20°C lower that the virgin one. 
Thermal resistance of PLA blending both not a 
compatibilizer and addition a compatibilizer deceased. 
3.3 Tensile Properties 
 PLA is a rigid polymer with high modulus and 
breaks after yield without necking. 

 
Figure 9. Young’s Modulus of PLA, PLA/NR and 
PLA/ENR blends atvarious NR and ENR contents. 

Figure 9 shows the Young's modulus of PLA neat 
and in the blends. The value tends to decrease with 
increasing NR and ENR content due to the flexibility of 
NR or ENR and the low crystallinity of PLA in the 
blends. In comparison, at the same content of rubber, NR 
did suffer modulus of PLA less than the ENR. This could 
be due to the compatibility simultaneously, low 

crystallinity and degradation induction by the ENR[3]. 
On the other hand, Young's modulus of PLA/NR with 
compatibilizer at various ratios are similar [2], the same 
case of PLA/ENR. 

 
Figure 10. Tensile strength of PLA, PLA/NR and 
PLA/ENR blends at various NR and ENR contents. 
 In term of tensile strength, it is normal that the 
tensile strength of the polymer was drop by the 
incorporation of soft materials. For this particular case, 
tensile strength of materials, shown in Figure 10 was also 
dropped with the content of the soft phase rubber. In 
most semicrystalline polymer, crystallinity contained in 
the bulk should give rise to high tensile strength. The 
crystallinity of PLA in PLA/ENR blend was suppressed 
and this resulted in lower tensile strength than the 
previous system[3, 7]. When addition NR-g-GMA and 
ENR-g-GMA as compatibilizer exhibited tensile strength 
increased when content of NR increased. On the other 
hand, tensile strength decreased when content of ENR 
increased. 

 
Figure 11. Elongation at break of PLA, PLA/NR and 
PLA/ENR blends at various NR and ENR contents. 
 The elongation at break, under tension, of the 
blends in comparison with neat PLA is shown in Figure 
11. As mentioned earlier, PLA is a rigid and brittle 
polymer. It is therefore possesses low elongation. 
Addition of NR and ENR, the softness and flexibility of 
these polymers would increased the elongation of the 
blend [6]. However, the ability to elongate is very much 
dependent upon dispersion and size distribution of rubber 
particle. As the particle size increased the discontinuity 
of the PLA matrix was intense, therefore elongation was 
suffered. However, the degraded of PLA in PLA/ENR 
system should be responsible for the shorter elongation at 
break of the blends [3]. 
 The addition of NR-g-GMA and ENR-g-GMA 
as compatibilizer exhibited a significant increase in 
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elongation at break of PLA. At PLA/NR ratio of 80/20 
with NR-g-GMA, elongation at break was at 143%. It 
must be very important to concentrate on the PLA/NR 
system with the content of 80/20 where the elongation at 
break is very much enhanced. Moreover, it showed 
necking and whitening zone during tensioning for 
PLA/NR with NR-g-GMA all ratios [5]. The 
improvement compatibility between PLA and NR or 
PLA and ENR were confirmed. With the addition of NR-
g-GMA and ENR-g-GMA, better dispersion and 
distribution of NR or ENR in PLA [8]. This led to a 
significant increase in elongation at break of PLA. 
 
4. Conclusion 
 Toughness of PLA can be improved by blending 
with NR but blending with ENR would reduce 
mechanical properties of blends. However, NR-g-GMA 
and ENR-g-GMA were shown to be an effective 
compatibilizer for PLA/NR and PLA/ENR blend, 
respectively. Compatibility between PLA and NR when 
additionaNR-g-GMA was better dispersion and 
distribution of NR in PLA matrix can be observed by 
SEM micrographs. This led to a significant increase in 
elongation at break, likewise in case of ENR. The 
crystallization ability of PLA in blends was decreased 
with the present of NR or ENR. This indicated the 
compatibilized between PLA and NR or ENR and the 
rubber obstructed the crystallization of PLA. 
Furthermore, the thermal stability of blends was found to 
be decreased with addition of NR and ENR. PLA/NR 
blends have more thermal stability than PLA/ENR blends 
due to small molecules of ENR can lead to chain scission 
of PLA, during mixing, and this can decrease molecular 
weight of PLA hence deceasing of thermal stability. 
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Abstract 

 Epoxy composites reinforced with acid-treated silk fabric were prepared by hand lay-up technique. Silk fabric 

was treated with formic acid and phosphoric acid at various times. The surface morphology of acid-treated silk fabrics 

and change in crystallinity were characterized by scanning electron microscopy (SEM) and x–ray diffraction (XRD), 

respectively. The results showed that acid-treated silk fabric surfaces became rougher arising from swellability of silk 

fabric in acid media, resulting fabric shrinkage. As a consequence, acid treatment time was the important factor to 

maintain fabric structure as well as to achieve surface roughnessity. Due to the surface roughness by acid treatment, 

adhesion between epoxy resin and silk fiber was enhanced which was revealed by SEM analysis. It would expect that 

epoxy composite reinforced with acid-treated silk fabric is likely to exhibit improved impact toughness when compared 

to epoxy composite reinforced with untreated silk fabric. 

 

Keywords: epoxy composites, acid-treated silk, surface roughness, adhesion ability 

 

1. Introduction 

 Composite materials are widely used for high 

performance applications because of their highly specific 

stiffness and strength. They consist of two main 

component materials which are matrix and reinforcement. 

The matrix materials hold the reinforcement materials 

and the reinforcements support the matrix properties. 

Thus, the properties of composite materials are superior 

to each individual material, however, the properties of 

composites are influenced by the proportions of the 

matrix and reinforcement. 

 A fiber reinforced polymer has become 

indispensable in many fields like automotive, aerospace, 

naval structures, constructions and sport goods. The main 

advantages of these composites include increased specific 

strength to weight ratio, specific stiffness, weight 

reduction and good in energy absorption [3-5]. The 

reinforcements are dispersed in matrix material and 

transferred the load to the fiber from the matrix more 

effectively. Generally, the matrix polymer can be 

classified into two classes, thermoplastic and 

thermosetting. Epoxy resin is thermoset polymers used as 

a matrix in structural and specialty composite 

applications such as adhesive in the aerospace industry, 

binder in coating and casting materials [6-7]. Epoxy resin 

has well the overall properties such as high modulus and 

tensile strength, good creep resistance, excellent chemical 

and solvent resistance, and thermal stability [8]. 

However, epoxy resin is brittle and has poor crack 

resistance due to high crosslinking densities when they 

were cured by hardener. Therefore, the reinforcements 

are required to overcome the limitation. 

 Many reinforcement materials have been used for 

epoxy composites, both synthetic fibers and natural 

fibers. Nowadays, natural fiber composites have gained a 

growing interest owing to their eco-friendly materials [9]. 

Natural fibers can be derived from minerals, plants or 

animals [10]. There are inexpensive, renewable, 

lightweight and biodegradable [11]. Silk, as an animal 

based fibers, are receiving more interest compared with 

other natural fibers because of its properties such as high 

strength, elasticity [12-14] and highly crystalline with 

well-aligned structure. Silk is a protein fiber produced as 

a continuous filament by a large variety of insects. The 

most 
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importance of these is the common silk worm, Bombyx 

mori. The silk consists of fibroin and sericin. The sericin 

should be removed from the surface of the fibers via 

degumming process before using. Fibroin is composed of 

β-sheet crystallites and amorphous regions [15]. The 

structure of crystallite regions are the polypeptide chains 

which are fixed together by strong hydrogen bonds [16] 

so these interactions can contribute to the high strength of 

the silk. [17-19]. As the surface of silks are hydrophilic it 

can get along well with the epoxy resin. In addition, 

woven fabric is the best of reinforcement due to its 

simplicity for lay-up process, moreover, the mechanical 

properties of woven fabric composites are behaved 

anisotropic, that is the reasons why woven silk fabric can 

become as the reinforcement. 

 Thus, this work aims to employ silk fabric as 

reinforcement for epoxy composites. The composites are 

prepared via hand lay-up technique. The effect of 

untreated silk fabric and acid-treated silk fabrics on 

mechanical properties are investigated. It is expected that 

silk fabric reinforced epoxy composites have improved 

impact toughness. 

 

2. Experimental methods 

 
2.1 Materials 

 Resin, EP-085, was used as epoxy resin matrix. 

Polyamide resin, HP-085, was used as hardener. Silk 

fabric was used as reinforcement material. For absolute 

formic acid and 85% phosphoric acid were used as 

treatment agent for silk fabric. 

 

2.2 Preparation of Epoxy Composites 

 Silk fabrics were cut into a square piece of 20 cm 

x 20 cm and dried in an oven at 60 °C for 24 h to remove 

moisture. A set of 3 fabric pieces was treated in absolute 

formic acid for 2, 4, and 6 h, respectively. A separate set 

of 3 fabric pieces was treated in phosphoric acid in a 

similar manner. Then acid-treated silk fabrics were 

washed with distilled water and dried in an oven at 60°C 

for 24 h to remove moisture. 

 Neat epoxy was prepared by mixing EP-085 resin 

and HP-085 hardener with a weight ratio of 100:35. The 

composite specimens were prepared by hand lay–up 

technique. Fabrics were stacked layer by layer and then 

epoxy resin was applied onto stacked fabrics. Upon 

standing at room temperature for 24 h, epoxy resin was 

completely cured and became hard. After that, samples 

were cut for analysis and testing.  

2.3 Characterizations 

 X–ray diffraction (XRD): The crystalline structure 

and crystallinity of the untreated silk fabric and acid-

treated silk fabrics were studied using X-ray powder 

diffractometer. XRD diffractograms were obtained using 

Cu Kα radiation with a wavelength of 1.541 Å. The 

relative intensities were recorded within the range of 4°– 

40° (2θ). The scanning rate was 2.4°/min at 40 kV and 40 

mA. 

 Scanning electron microscopy (SEM): Surface 

morphology of the untreated silk fabric, acid-treated silk 

fabric and impact fractured epoxy composite specimens 

were observed by SEM (JEOL JSM-5410 LV) under an 

accelerated voltage of 5 kV. The samples were observed 

after sputter coating with gold to avoid electrostatic 

charges during examination. 

 Tensile testing: Tensile properties of silk fabrics 

were determined in accordance with ASTM D5034. The 

tensile testing was performed using a universal testing 

machine. The load cell capacity and crosshead speed 

were 5 kN and 300 mm/min, respectively. The untreated 

silk fabric and acid-treated silk fabric were tested in both 

warp and weft direction. The values of tensile strength, 

Young’s modulus and elongation at break were averaged 

from at least five specimens. 

 Impact testing: The impact test of composites 

were performed according to ASTM D256 using an 

impact tester with 1 Joules hammer. At least five 

specimens were tested. 

 

3. Results and Discussion 

3.1 Crystallinity of silk 

 XRD analysis has been used to study crystalline 

structure. The X-ray diffractograms of untreated silk 



  298 
fabric and acid-treated silk fabrics are shown in Fig. 1. 

All samples showed three diffraction peaks, a very broad 

peak at 2θ = 20.2 ̊ and a little peak at 2θ = 9.6 ̊ and 24.1 ̊. 

The shape and intensity of the crystalline peak were 

similar among the samples. It indicated that the using of 

formic acid and phosphoric acid as treatment had a little 

effect on the crystallites of silk. The results suggested that 

the untreated silk fabric and acid-treated silk fabric 

exposed to different treatment all had β-sheet crystallites 

of silk and the acid treatment process did not change the 

conformation of silk. The toughness of silk fabrics were 

dependent on β-sheet structure. The main component of 

crystallite regions were polypeptide which arranged in an 

anti-parallel conformation with hydrogen bonds. 

 

3.2 Effect of acid treatment on silk surfaces 

 The morphology of silk fabrics are illustrated in 

Fig. 2. The untreated silk fabric surface was rather 

smooth (Fig. 2a). By contrast, in all cases of acid 

treatment, the surface morphology of silk fiber was 

changed. The acid-treated silk fabrics exhibited coarse 

surface. The swollen fiber was observed in case of 

phosphoric acid. As a result, the phosphoric acid-treated 

fabric became brittle due to the fact that peptide 

molecules lost their anisotropic characteristic. As seen in 

Fig. 2e-2g, phosphoric acid-treated silk fibers were 

swollen significantly, leading to the film formation 

phenomenon. In case of formic acid, the swellability of 

formic acid was much lower. Thus, anisotropic 

characteristic of formic acid-treated silk fiber remained 

intact. 

 

3.3 Mechanical properties of silk fabrics 

 Table 1-4 display the tensile properties in terms of 

tensile strength, elongation at break and Young’s 

modulus, of the untreated silk fabric and acid-treated silk 

fabrics. The mechanical performance of the silk fabrics in 

warp and weft direction were insignificantly different. 

Phosphoric acid treatment showed a considerable 

decrease in the tensile strength, elongation at break and 

Young’s modulus. Whereas, tensile strength of 6 h formic 

acid-treated silk fabric was higher than untreated silk 

fabric and there was lowered in other case. The 

elongation at break of all formic acid-treated silk fabric 

was higher than untreated silk fabric. 

 The tensile strength of the untreated silk fabric 

was 49.27 MPa for warp direction and 97.73 MPa for 

weft direction. The tensile strength of formic acid-treated 

silk fabric for 2 h is reduced to 42.84 and 87.43 MPa, for 

warp and weft direction, respectively. While phosphoric 

acid-treated silk fabric showed the lowest of the tensile 

strength as phosphoric acid is a strong acid. The Young’s 

modulus of all phosphoric acid-treated silk fabric 

decreased.  It was attributed to the bond breakage and 

partial damages of peptide chain during the treatment. 

Hence, some fibers were etched. On the other hand, the 

tensile strength of formic acid-treated silk fabric for 4 and 

 
Fig. 1. The X-ray diffractograms of silk from different treatment.
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Fig.2. SEM images showing the surface morphologies of 
(a) untreated SF, (b) 2 h formic acid-treated SF, (c) 4 h 
formic acid-treated SF, (d) 6 h formic acid-treated SF, (e) 
2 min phosphoric acid-treated SF, (f) 4 min phosphoric 
acid-treated SF and (g) 6 min phosphoric acid-treated SF. 
 

Table 1  
Effect of treatment time on mechanical properties of 
formic acid-treated silk fabrics in warp direction. 
 

Time 
(h) 

 

Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa) 

0 49.27 17.09 493.60 

2 42.84 55.88 251.11 

4 44.91 68.00 171.34 

6 62.89 71.31 159.80 
 

6 h slightly increases from 44.91 MPa to 62.89 MPa in 

warp, respectively. The strength in weft direction was 

found in a similar manner. The tensile strength was related 

to anisotropic orientation of the crystalline region along 

fiber direction. The crystalline structures were rotated 

during the stretching and shrinking processes to form a 

parallel orientation to the fiber axis. Moreover, the 

amorphous domains were extended under a tensile 

loading, partly amorphous structure could be crystallized 

that became a rigid and greatly orientation. Thus, the 

amorphous regions also improved the strength of silk. 

 
Table 2  
Effect of treatment time on mechanical properties of 
formic acid-treated silk fabrics in weft direction. 
 

Time 
(h) 

 

Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa) 

0 97.73 13.52 1481.98 

2 87.43 33.61 454.72 

4 90.65 35.30 451.63 

6 100.09 39.37 315.65 
 
 
Table 3  
Effect of treatment time on mechanical properties of 85% 
phosphoric acid-treated silk fabrics in warp direction. 
 

Time 
(h) 

 

Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa) 

0 49.27 17.09 493.60 

2 7.18 6.15 224.91 

4 5.00 4.76 132.02 

6 2.38 3.44 124.33 
 
 
Table 4  
Effect of treatment time on mechanical properties of 
phosphoric acid-treated silk fabrics in weft direction. 
 

Time 
(h) 

 

Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young’s 
modulus 
(MPa) 

0 97.73 13.52 1481.98 

2 5.17 3.73 420.32 

4 4.39 2.85 334.45 

6 4.37 1.50 178.84 
 

The elongation at break was found to be higher in 

case of  formic acid-treated silk. The addition of time to 

immersion also caused an increase in the elongation at 

break but the Young’s modulus decreased. This could be 

related to the fiber flexibility which enhances the 

toughness albeit low modulus. During formic acid 
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treatment silk fabric was stretchable, resulting in an 

increase in polymer chains orientation along the stretching 

direction. As a consequence, mechanical properties were 

improved. 

 

3.4 Impact fracture analysis 

 Fig. 3 represents the impact fracture of silk 

fabric/epoxy composites. For neat epoxy, Fig. 3a displays 

smooth fracture surface under impact loading, indicating 

the brittleness characteristic. The fracture surface revealed 

mirror zone and radial striation zone. The mirror region 

exhibited smooth area with crack. The crack velocity in 

the mist region was higher than that of the mirror region. 

The striation zone appeared to be rougher. 

   An impact on fiber reinforced epoxy caused 

various types of damages including matrix cracking, 

matrix splattering, delamination, fiber breakage and fiber 

pull-out. For untreated silk fabric/epoxy composites (Fig. 

3b), it can be seen that the combination of delamination 

and matrix cracking caused a cavity and a pull out fiber 

from the matrix.  The pulled out fibers had circular cross-

section with smooth surface. These indicated that the 

interaction between epoxy matrix and the fabric surface 

was weak and the fiber was easily pulled out from epoxy. 

In addition, the delamination could not resist the stress 

from external force. 

 As SEM micrograph of all formic acid-treated silk 

fabrics/epoxy composites demonstrated in Fig. 3c-3e, a 

part of fiber was still remained in epoxy. The acid-treated 

silk surface became rough then displayed an improved 

interfacial adhesive and the treated fibers formed the 

higher packing density.   

The impact strengths of the neat epoxy and 

silk/epoxy composites were compared in Table 5. The neat 

epoxy displayed low impact strength of 4.16 kJ/m2 due to 

crack propagation of epoxy. In case of composites, silk 

fabrics acted as energy absorber, hence preventing crack 

propagation. The acid-treated silk fabric/epoxy composites 

exhibited significant improvement in impact strength when 

compared to untreated silk fabric/epoxy composite (impact 

strength of 4.93 kJ/m2). It was found that an increase in 

acid treatment time led to an increasing impact strength of 

the composite which is 8.71, 17.75 and 35.50 kJ/m2 for 

treatment time of 2, 4 and 6 h, respectively.  It could be 

said that an improved impact strength was related to the 

good adhesion between treated silk and epoxy matrix; the 

higher the surface area, the better the interphase 

interaction.  

 
Fig.3. SEM images of impact fractured surfaces of 
composites: (a) neat epoxy, (b) untreated SF/epoxy, (c) 2 h 
formic acid-treated SF/epoxy, (d) 4 h formic acid-treated  
SF/epoxy and (e) 6 h formic acid-treated SF/epoxy. 
 
Table 5   
Effect of formic acid-treated silk fabrics on impact 
strengths of neat epoxy and formic acid-treated silk/epoxy 
composites. 
 

Samples 
 

Impact strength 
(kJ/m2) 

neat epoxy 4.16±0.61 

untreated SF/epoxy 4.93±1.12 

2 h formic acid-treated SF/epoxy 8.71±1.23 

4 h formic acid-treated  SF/epoxy 17.75±1.36 

 6 h formic acid-treated  SF/epoxy 35.50±1.42 
 

4. Conclusion 

In summary, the formic acid treatment was 

helpful to improve the adhesive between silk and epoxy. 

SEM confirmed that treated silk surface exhibited 

roughnessity. Moreover, formic acid also increased the  

resiliency of fabric remarkably. In contrast, 85% 

phosphoric acid was too strong acid to treat silk, causing 
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the loss of silk anisotropic property. As a consequence, 

phosphoric acid treated silk fabric lost its strength which 

was not suitable for preparing composite. 

 

References 

[1] Malkapuram, R., Kumar, V. and Yuvraj, SN., 
“Recent development in natural fibre reinforced 
polypropylene composites”, Journal Reinforced 
Plastics and Composites, 28: 1169-1189 (2009). 

[2] Wambua, P., Ivens, J. and Verpoest, I., “Natural 
fibres: can they replace glass in fibre reinforced 
plastics”, Composites Science Technology, 63: 1259–
1264(2003). 

[3] Joosten, M., Dutton, S., Kelly, D. and Thomson, R., 
“Experimental evaluation of the crush energy 
absorption of triggered composite sandwich panels 
under quasi-static edgewise compressive loading”, 
Composites Part A: Applied Science and  
Manufacturing, 41:1099-1106 (2010).  

[4] Mamalis, AG., Manolakos, DE., Ioannidis, MB. and 
Papapostolou, DP., “Crash worthy characteristics of 
axially statically compressed thin-walled square 
CFRP composite tubes: experimental”, Composite 
Structures, 63: 347-360 (2004).  

[5] Einde, LVD., Zhao, L. and Seible, F., “Use of FRP 
composites in civil structural application”, 
Construction and Building Materials, 17: 389-403 
(2003).  

[6] Byung, C. K., Sang, W. P. and Dai, G. L., “Fracture 
toughness of the nanoparticle reinforced epoxy 
composite”, Composite Structure, 86: 69–77 (2008).  

[7] Rosu, D., Cascaval, C. N., Mastata, F. and Ciobanu, 
C., “Cure kinetic of epoxy resins study by non-
isothermal DSC data”, Themochimica. Acta, 383: 
119-127 (2002).  

[8] Ruamcharoen, P., Umaree, S. and Ruamcharoen, J., 
“Relationship between tensile properties and 
morphology of epoxy resin modified by epoxidised 
natural rubber”, Journal of Materials Science and 
Engineering, 5: 504-510 (2011). 

[9] Ataollahi, S., Taher, ST., Eshkoor, RA., Ariffin, AK. 
and Azhari, CH., “Energy absorption and failure 

response of silk/epoxy composite square tubes: 
experimental”, Compoites Part B: Engineering, 43: 
542–548 (2012). 

[10] Bledzki, AK. and Gassan, J., “Composites reinforced 
with cellulose based fibres”,  Progress in Polymer 
Science, 4: 221-274 (1999).  

[11] Riedel, U. and Nickel, J., “Natural fibre-reinforced 
biopolymers as construction materials - new 
discoveries”, Die Angewandte Makromolekulare 
Chemie, 272: 34-40 (1999).  

[12] Gosline, J. H., Guerette, P. A., Ortlepp, C. S. and 
Savage , K. N., “The mechanical design of spider 
silks: from fibroin sequence to mechanical function”, 
Journal of Experimental Biology, 202: 3295–3303 
(1999).  

[13] Yao, J., Masuda, H., Zhao, C. and Asakura, T., 
“Artificial spinning and characterization of silk fiber 
from Bombyx mori silk fibroin in hexafluoroacetone 
hydrate”, Macromolecules, 35:6–9 (2001). 

[14] Perez-Rigueiro, J., Viney, C., Llorca, J. and Elices, 
M., “Silkworm silk as an engineering material”, 
Journal of Applied Polymer Science, 70: 2439-2447 
(1998).  

[15] Gatesy, J., Hayashi, C. and Lewis, R., “Extreme 
diversity, conservation, and convergence of spider 
silk fibroin sequences”, Science, 291: 2603–2605 
(2001).  

[16] Zhou, CZ., Confalonieri, F., Jacquet, M., Perasso, R., 
Li, ZG. and Janin, J., “Silk fibroin: structural 
implications of a remarkable amino acid sequence”, 
Proteins, 44: 119 – 122 (2001).  

[17] Brookes, VL., Young, RJ. and Vollrath, F., 
“Deformation micromechanics of spider silk”, 
Journal of Materials Science, 43: 3728 – 3732 
(2008).  

[18] Krasnov, I., Diddens, I., Hauptmann, N., Helms, G., 
Ogurreck, M., Seydel, T., Funari, SS. and Muller, M., 
“Mechanical properties of silk: interplay of 
deformation on macroscopic and molecular length 
scales”, Physical Review Letters, 100: 1-4 (2008).  

[19] Cetinkaya, M., Xiao, S., Markert, B., Stacklies, W. 
and Grater, F., “Silk fiber mechanics from multiscale 
force distribution analysis”, Biophysical Journal, 
100:  1298–1305 (2011).  

 
  



  302 
RUBCOM-P11 
 

Study of the effect of L-quebrachitol on the basic characteristics and storage hardening 
phenomenon of natural rubber 

 
Teerawan Wannuch1, Adun Nimpaiboon2, Porntip Rojruthai3, and Jitladda Sakdapipanich1,2* 

1Department of Chemistry and Center of Excellence for Innovation in Chemistry (PERCH-CIC), Faculty of Science, 
Mahidol University, Rama VI Rd., Bangkok 10400, Thailand. 

2Institute of Molecular Biosciences, Mahidol University at Salaya Campus, Nakornpathom, 73170, Thailand. 

3Division of Industrial Chemical Process and Environment, Faculty of Science, Energy and Environment, King Mongkut’s 
University of Technology North Bangkok, Rayong 21120, Thailand. 

Phone +66 2889 3116, Fax +66 2889 3116, *E-Mail: jitladda.sak@mahidol.ac.th 
 
 

Abstract 
 

Natural rubber (NR) latex is a colloidal dispersion of mostly cis-1,4 polyisoprene particles and non-rubber 

components such as proteins, lipids, carbohydrates, and inorganic salts in an aqueous serum. The presence of proteins and 

lipids have been believed to bring about the outstanding mechanical and physical properties such as high green strength, 

high tensile strength and low heat build-up, which cannot be obtained from its synthetic counterpart. Apart from proteins 

and lipids, carbohydrates also exist in NR latex; nevertheless, there are a few researches investigating the effect of 

carbohydrate on the properties of NR. Forms of carbohydrates existing in the NR latex are knownas L-quebrachitol (LQ), 

glucose, fructose, galactose, pentose, sucrose, etc. Among these components, LQ is the most abundant form of 

carbohydrate in the NR latex. There are approximately 1.5% of the LQ in the aqueous serum phase. The LQ has high value 

and can be applied as drug derivatives. Thus, this work is an attempt to investigate the effect of the LQ on the basic 

characteristics of NR comparing to other kinds of sugar . The sugar-free purified NR latex (PNR) was incorporated with 

the LQ at various concentrations to investigate the effect of the LQ on the basic characteristics of NR, i.e., gel content, 

molecular weight distribution, and Mooney viscosity. Moreover, the effect of LQ on the so-called storage hardening was 

also investigated under accelerated condition using phosphorus pentoxide (P2O5). The results revealed that the LQ has no 

substantial effect on those properties, while glucose showed a strong effect on the Mooney viscosity of NR. Furthermore, 

it was found that the LQ was not responsible to the storage hardening phenomenon of NR. This might be because the 

hydroxyl functional groups of LQ have no chemical reaction and ability to from networks in NR. This finding supports 

our previous work that the storage hardening occurred as a result of the association of phospholipids at the chain ends of 

rubber molecules during storage. 

 
Keywords: L-quebrachitol, natural rubber, basic characteristic, storage hardening 

 
 

1. Introduction 
 

There are about 6% of non-rubber components 

presented in NR latex, i.e., proteins, lipids, carbohydrates 

and inorganic salts [1]. Numerous studies have been 

reported the role of non-rubber components in NR latex, 

especially proteins and lipids. The association of them with 

 
 
NR molecules was proposed to bring about the excellent 

properties of NR which cannot be obtained from any 

synthetic latex such as high green strength [2, 3], high 

tensile strength [4], high crack growth resistance [5] and 

low heat build-up. 

mailto:jitladda.sak@mahidol.ac.th
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Although carbohydrates are also present in NR latex, 

there are a few researches investigating their effect on 

properties of NR. Carbohydrates presented in NR latex 

consist of LQ glucose, fructose, galactose, pentose and 

sucrose. 

However, LQ is the most abundant in NR latex. The 

NR latex contains about 1.5% of quebrachitol in the 

aqueous phase (serum) [6]. LQ is an optically active 

cyclitol, a cyclic polyol. Therefore, it is reasonable to study 

the effect of quebrachitol on the properties of NR. 

In this work, LQ at various concentrations will be 

added into the sugar free purified natural rubber latex 

(PNR) to investigate the effect of the LQ on the basic 

characteristics of unvulcanized NR, i.e., gel content, 

molecular weight distribution, and Mooney viscosity. 

Moreover, the effect of the LQ on storage hardening 

phenomenon of NR were also investigated. 
 
 

2. Experimental 
 

2.1 Materials 
 

Fresh NR (FNR) latex, which contains 

approximately 30% dry rubber content (DRC), was freshly 

tapped from Hevea brasiliensis trees and preserved with 

0.6% (v/v) of NH3. FNR latex was donated by Thai Rubber 

Latex Co. Ltd (Chonburi). The LQ used in this work was 

extracted from skim NR latex [7]. 

Each preparation of rubber latex was cast into thin film and 

dried at 70°C for 24 h. 

The PNR incorporated with various concentrations 

of glucoses was also prepared by the same procedure as 

mentions above. In this experiment, glucose was used as a 

model to study the effect of other kind of sugar on the 

properties of NR. The reasons of using glucose are based 

on the fact that glucose is the one of endogenous sugar 

obtained from NR latex and it is the most common 

carbohydrate as a simple sugar (monosaccharide) which 

associates with biosynthesis pathway of NR. 
 
 
2.4 Accelerated storage hardening test 
 

The accelerated storage hardening test was carried 

out on the rubber samples under low humidity condition 

by using phosphorus pentoxide (P2O5) as a drying agent to 

remove water from NR [8]. The desiccator was preheated 

(to 60°C, 30 min), then P2O5 was placed in preheated 

desiccator. The desiccator was seal and placed in an oven 

at 60°C. The accelerated rubbers were collected at 48 h. 
 
 
2.5 Characterizations 
 

The FNR after purification by centrifugation and 

the addition of sugar were characterized by Fourier 

transform infrared  (FTIR)  measurements (Jasco  

FT/IR4100). The spectra were obtained from an average 

of 200 scans. 

 
2.2 Preparation of purified NR (PNR) latex 

 

The PNR latex was prepared by the following 

method. FNR latex was stabilized with 1% (w/v) of 

sodium  dodecylsulphate  (SDS),  followed  by 

centrifugation at 13,000 rpm for 30 min. The cream 

fraction was redispersed in distilled water. Then the 

procedure was repeated 3 times to remove the soluble 

substances. 
 

2.3   Preparation   of   PNR   incorporated   with   various 

concentrations of LQ 

The PNR latex was adjusted to 30% DRC and then 

was incorporated with 0, 1, 3 and 5 parts of LQ per hundred 

of rubber (phr) at room temperature (RT) by stirring for 1h. 

The content of fatty acid ester group per weight of 

rubber was determined by the intensity ratio of the peaks 

at 1739 cm-1 (C=O) to 1664 cm-1 (C=C). 

Nitrogen content of the sample was analyzed by a 

Leco Nitrogen Analyzer (model FP 528) with the 

sensitivity of 0.001%. 

Gel content was determined by solubility 

measurements. Each rubber sample was cut into a small 

piece and dissolved in dried toluene at 0.1% (w/v) without 

stirring for one week at RT. The solution was then 

centrifuged at 13,000 rpm for 30 min to separate the gel 

fraction. The gel fraction was coagulated with methanol 

and dried under vacuum at 40°C. The gel content was 

determined as the weight percentage of the gel fraction 

against the total weight of the rubber sample. 
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Sample 
 

Gel content (% w/w) 

NR 
PNR + 1 phr quebrachitol 
PNR + 3 phr quebrachitol 
PNR + 5 phr quebrachitol 

4.73 
4.86 
4.83 
4.54 

 

The molecular weight distribution of rubber 

samples was determined by size exclusion 

chromatography (Jasco-Borwin) with two cross-linked 

polystyrene gel columns with exclusion limits of 2.0×107 

and 4.0×105. A 0.05% (w/v) rubber solution was prepared 

by dissolving rubber samples in tetrahydrofuran (THF), 

HPLC grade) and filtered through a Millipore®  prefilter 

and 0.45 µm membrane filter (Alltech). THF was used as 

the eluent with a flow rate of 0.5 mL/min at 35±0.01°C. 

Calibration was carried out using synthetic a poly (cis-1, 

4-isoprene) standard (Polymer Standard Service GmbH, 

Germany). 

Mooney viscosity (MS2+4) was determined using a 

TECHPRO Mooney viscometer based on ISO 289-1. The 

temperature of die and groove rotors was set at 100°C. The 

small rotor was used to measure viscosity at a strain rate 

of about 1 s-1. The rubber samples were pre-heated for 2 

min followed by continuous shear for 4 min. The decay of 

torque was subsequently measured after stopping the rotor. 

Wallace plasticity was determined by Wallace 

plastimeter, according to ASTM D3194-99. The rubber 

pellet was pressed by a constant compressive force at 10 ± 

0.1 kgf for 15 sec. The thickness of specimen at the end 

was measured as the plasticity value. 
 
 

3. Results and discussion 
 
 

FNR 
 
 
 

PNR 
 
 
 

PNR + 1 phr quebrachitol 

FTIR spectroscopy was used to confirm the 

purification of PNR and the change of PNR after addition 

of LQ. The spectrum of FNR shows a stretching vibration 

band of O-H at 3450 cm-1 which is assigned to be the signal 

of sugar, but after purification, it was disappeared from the 

spectrum of PNR. The result indicates that sugar was 

successfully removed by several times centrifugation. 

Accordingly, PNR can be used as the rubber sample 

without the interference of endogenous sugars. The 

spectrum of PNR treated with 1 phr of the LQ again 

presented the peak for sugar at 3450 cm-1. This confirms 

the incorporation of LQ into PNR after direct addition of 

LQ to PNR latex. 

 
Table 1 Nitrogen and ester contents of FNR and PNR 
 

 
 

Sample 

 

Nitrogen 
content 

(% w/w) 

 

Ester content 
(mmol/kg 
of rubber) 

 

FNR 
PNR 

 

0.95 
0.06 

 

28.3 
28.1 

 
Table 1 shows nitrogen and ester contents of FNR 

before and after purification. It was found that the nitrogen 

content of FNR decreased from 0.95% w/w to 0.06% w/w 

after purification. The reduction of nitrogen content 

confirmed the removal of soluble proteins from FNR 

through this process. However, there was no remarkable 

change in the ester content observed in PNR. This implies 

that purification by centrifugation can remove both sugars 

and proteins, whereas phospholipids still remained in PNR 

latex. 
 

Table 2 Gel content of rubber samples treated with various 

concentrations of quebrachitol. 
 
 

Pure quebrachitol 
 
 
 
 

4000  3500  3000  2500  2000  1500 
 

Wave number (cm-1) 
 

Fig.1. FTIR spectra of FNR, PNR, PNR treated with 1 

phr of quebrachitol, and pure quebrachitol. 

 
 
 

An insoluble fraction of NR in rubber solvent was 

mentioned as gel, which consists of branched molecules 

originated from the interaction between proteins and 

phospholipids  at  the  terminal  chain  ends  of   rubber 
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molecules [9, 10]. Moreover, the gel fraction could be 

decreased after treatment with polar chemicals, leading to 

change in molecular weight distribution (MWD) of NR 

[11]. Owing to the fact that LQ is also a polar chemicals, 

the addition of LQ into PNR might be affect the gel content 

and MWD of rubber. Nevertheless, there was a negligible 

change in both gel content and MWD of PNR after 

incorporation of LQ as shown in Table 2 and Fig.2, 

respectively. This might be due to the structure of LQ that 

is difficult to relocate to the terminal chain of rubber to 

interrupt the branch point. 
 
 
 
 

PNR + 5 phr LQ 

PNR + 3 phr LQ 

The measurement of Mooney viscosity was 

necessary due to this parameter implies the information on 

the mixing of rubber. As shown in Fig. 3, PNR treated with 

various concentrations of the LQ showed no significant 

change in Mooney viscosity, compared to untreated PNR. 

In contrast, the Mooney viscosity of PNR after treatment 

with glucose was remarkable decreased with increasing 

glucose content. The decrease in the Mooney viscosity can 

be explained that glucose acts as a lubricant between the 

rubber chains of unvulcanized PNR [12]. The constant 

Mooney viscosity of PNR after treatment with LQ was 

consistent with the results of gel content and MWD. This 

confirms that the LQ has no substantial effect on the basic 

characteristics of NR. 
 
 
Table 3 Change in Wallace plasticity values of FNR, PNR, 

and PNR treated with various concentrations of LQ after 

accelerated storage. 
 

Wallace Plasticity (P0) 
 
 

PNR Sample before 
storage 

after 
storage increase 

 

4.0  4.5  5.0  5.5  6.0  6.5  7.0 
 

Log (Molecular weight) 
 
 

Fig.2. Effect of quebrachitol on MWD of PNR treated 

with various concentrations of quebrachitol. 

 

FNR 
PNR 

PNR + 1 phr LQ 
PNR + 3 phr LQ 
PNR + 5 phr LQ 

 

66.00 
57.50 
57.00 
56.50 
53.00 

 

88.00 
82.00 
79.50 
80.00 
79.00 

 

22.00 
24.50 
22.50 
23.50 
26.00 

 
 

55 
PNR treated with glucose 

50  PNR treated with quebrachitol 

 
 

45 
 
 

40 
 
 

35 
 
 

30 
 
 

25 
0  1  2  3  4  5 

Sugar content (phr) 
 
 

Fig.3. Mooney viscosity of PNR treated with various 

concentrations of glucose and quebrachitol. 

Although   NR   shows   many  advantages   which 

cannot be obtained from any synthetic rubbers, there is a 

drawback of NR observed during storage period which is 

the hardening of rubber, known as storage hardening 

phenomenon [13, 14].  In this study, the storage hardening 

in the rubber was indicated by the change in Wallace 

plasticity values of the rubber samples after accelerated 

storage under P2O5 at 60°C as shown in Table 3. The 

plasticity value of FNR and PNR increased about 20 units 

after storage for 48 h. This indicates that both proteins and 

sugars removed from PNR did not affect the storage 

hardening of NR. The plasticity value of PNR treated with 

various concentration of LQ was found to increase with 

storage time. These findings suggest that the addition of the 

LQ into PNR did not affect the hardening phenomenon. 

Consequently,  it  can  be  deduced  that  LQ  and  soluble 
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proteins are not the major factor for the storage hardening 

of NR. The formation of hardening of NR in this study 

might be influenced by the fatty acid ester groups in 

phospholipids which still remain in all rubber samples. 

As can be seen in Table 1, the ester content of PNR was 

almost the same as that of FNR. This finding supports our 

previous work that the phospholipids play an 

important role in the storage hardening of NR [13]. 
 

4. Conclusion 
 

Although LQ is also present in NR latex as the most 

abundant carbohydrate, it has no substantial effect on the 

basic characteristics of the raw NR as well as storage 

hardening phenomenon of NR. The results support our 

previous work that proteins and lipids are presumed to be 

the keys of the outstanding properties of NR. 
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Abstract 
 

Silica is well-known as an attractive filler for the rubber compounds in aspects of low energy consumption and 

low rolling resistance tires. An incorporation of silica to natural rubber (NR) is considered to be difficult due to the large 

polarity difference between NR and silica caused by the presence of silanol groups (Si—OH) on the surface of silica. In 

this work, we focused on the convenient method by grafting silane coupling agent onto the NR chain in latex state via 

ultraviolet (UV) irradiation. Skim NR (SNR) latex, applied as a starting material, was concentrated by creaming method 

and then saponified by an alkali treatment in order to remove non-rubber components. The grafting reaction was exposed 

to UV irradiation in the presence of a photo-initiator and silane coupling agent. FTIR analysis confirmed the success in 

grafting reaction. The optimized condition was found to be affected by non-rubber components, silane coupling agent 

concentration, initiator concentration and UV irradiation time. It was found that the grafted silane coupling agent content 

on the SNR molecule was yielded to 0.64 part per hundred of rubber (phr) using 1 phr of silane coupling agent, 5 phr of 

benzoyl peroxide (BPO) under 8 min of UV irradiation time. Additionally, gel content of the grafted rubber was also 

obtained. 
 
 

Keywords: Skim natural rubber, Silica, Grafting, Compatibility. 
 
 

Introduction 
 

In silica-filled natural rubber (NR) compounds, the 

compatibility between NR and silica is the main problem, 

affecting   the   mechanical   properties   of   the   rubber 

products [1]. The cooperation of a silane coupling agent 

into  the  system  is  a  common  practice  for  enhancing 

silica-rubber interaction and dispersion, leading to better 

mechanical  properties  of  the  resulting  rubber 

compounds [2, 3]. Silane coupling agents are bifunctional 

compounds developed to improve the compatibility 

between the rubber and silica as well as to prevent the 

adsorption of accelerators on the silica surface. It consists 

of hydrolyzable alkoxy groups which can chemically react 

with the silanol groups on the silica surface and the 

organo-functional groups which are more compatible with 

non-polar rubber molecules. Chemical modification of NR 

by grafting reaction utilizing ultraviolet (UV) irradiation is 

another  possible  approach  to  improve  the  polarity  of 

NR [4]. The reaction is not only easy to handle, but also 

fast and clean. Accordingly, it is interesting to modify NR 

by grafting silane coupling agents onto NR molecules 

using UV irradiation. It was envisaged that this 

methodology could be a convenient way to improve 

compatibility between NR and silica in the mixing process. 

mailto:jitladda.sak@mahidol.ac.th
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Skim NR (SNR) composes of only 5-10% w/w of 

the rubber content and very high content of non-rubber 

components. In the rubber industry, SNR is usually 

considered to be waste with poor mechanical properties 

due to the large amount of non-rubber components. 

Nevertheless, linear molecular structure of SNR is 

attractive for chemical modifications [5]. Compared to the 

branched molecule of regular NR, the linear molecule of 

SNR should react more easily for steric reasons. In this 

work, SNR would be modified by grafting reaction in 

order to increase its benefits and to improve its properties 

for use in the mixing process. It is necessary to purify the 

SNR latex before the modification using creaming method 

in the presence of sodium alginate and then saponified by 

an alkaline treatment in order to eliminate non-rubber 

components [6, 7]. Silane coupling molecules were grafted 

onto SNR in the latex state using a photo initiator under 

UV irradiation. The effects of concentrations of the silane 

coupling agent and the photo initiator and UV irradiation 

time were studied. The optimal condition was also 

determined. The obtained grafted rubber was expected to 

use as a compatibilizer in the mixing process between 

STR 5L and silica, as proposed in Figure 1. 
 
 

Mixing 

neutralized with 10% v/v HCl and diluted with distilled 

water to 10% DRC. 
 
 
 
 

 
 

Figure 2 Chemical structure of KBM-502. 
 

The grafting reaction was conducted according to 

the   following   steps.   Benzoyl   peroxide   (BPO)   and 

KBM-502 were used as a photo initiator and silane 

coupling agent, respectively, in the emulsion form. A BPO 

mixture was prepared by adding water (7 mL) into a 

solution of BPO (0.25 g) in toluene (3 mL). KBM-502 

(250 µL) was dispersed in water (10 mL). Both mixtures 

were     freshly    emulsified     using     a     homogenizer 

(Sonics UH-3C) separately. Emulsions of KBM-502 and 

BPO were used as stock reagents to study the effect of their 

amounts by adding to the SSNR latex (10 g) and stirred for 

1.5 h at room temperature. Each rubber mixture was then 

transferred to a petri dish and exposed under a high 

pressure mercury UV A lamp (RUV lamps with the power 

of 1,000 W) to obtain the grafted SSNR (G-SSNR) latex. 

The G-SSNR latex was coagulated using acetone and dried 

at 50 °C. The samples were further purified in order to 

remove    the    ungrafted    silane    coupling   agent    by 
Rubber chain  

 
OH   HO 

Si 

 
 
OH   HO 

Si 

 
a reprecipitation in toluene/methanol and dried at 50 °C 
 

until its weight was unchanged. The variable parameter 
 

Figure 1 Schematic illustration of silane coupling agent 

grafted on NR chain. 

 
2. Experiments 

 

2.1 Sample preparation 
 

SNR latex was provided by Thai Rubber Latex Co., 

Ltd. and all reagents were analytical grade. SNR latex was 

preliminarily concentrated by mixing with 0.37% w/w 

sodium alginate and stirring for 1 h, then left to stand for 

24 h to get a creamed SNR at the upper fraction. 

Saponified SNR (SSNR) latex was prepared by the 

treatment of the obtained 27% dry rubber content (DRC) 

of SNR latex with 1.0% w/w NaOH in the presence of 

1.0% w/w SDS and stirred at 70 °C for 3 h. The latex was 

 

affecting grafting efficiency of silane coupling agent onto 
 

SSNR molecule was studied, as presented in Table 1. 
 
 
Table 1 Experimental conditions to study the parameters 

affecting grafting efficiency of the silane coupling agent. 
 

Parameter Variable 
KBM-502 1, 3, 6 and 9 phr 
BPO 1, 2, 3, 5, 6 and 9 phr 
UV irradiation time 2, 4, 6, 8, 10 and 12 min 

 
 
2.2 Characterization 
 

The structure of the purified G-SSNR was analyzed 

by FTIR spectrometer (JASCO: FT-IR 4100) in attenuated 

total reflection (ATR) mode. Each sample was prepared on 
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a germanium (Ge) disk and analyzed with 100 scans at 

a resolution of 4 cm-1. 

The quantity of grafted KBM-502 on G-SSNR 

molecules was examined using FTIR analysis based on a 

calibration     curve     constructed     using     KBM-502 

(0, 3, 6 and 9 phr) in synthetic cis-1,4-polyisoprene as a 

standard. The mixtures were then analyzed using FTIR 

spectrometer in ATR mode. The intensity ratios of the 

purification   in   methanol/toluene   was   dried   and   its 

chemical structure was characterized by FTIR experiment. 
 
 
 
 
 

(a) 

(b) 
 

carbonyl (C=O) absorption peak of KBM-502 at 1721 cm-1 

(A1721) to that of the methyl (CH3) of NR at 1375 cm-1 

(A1375) against 4 known concentration of KBM-502 was 

obtained (Figure 3). In order to observe the amount of the 

grafted KBM-502 on the G-SSNR molecules, the intensity 

ratio of each purified G-SSNR was recorded by FTIR and 

then converted to KBM-502 content using equation (1) [8]. 

The percentage of grafting efficiency was calculated in 

order to compare the capability of KBM-502 grafting onto 

the rubber molecules in various loading of KBM-502 using 

equation (2). 

Y = 0.0539X (1) 
 

where Y = A1721/A1375 
 

X = quantity of KBM-502 content (phr) 

1721  1664 
 

1900  1800  1700  1600  1500 
Wavenumber (cm-1) 

 
Figure 4 FTIR spectra of (a) SSNR (b) G-SSNR. 

 
FTIR spectra of SSNR and G-SSNR are shown in 

Figure 4. The important characteristic band of SSNR 

appear at 1664 cm-1, which is assigned to C=C stretching 

of NR structure. The new absorption band at 1721 cm-1, 

which correlated to C=O stretching of KBM-502 

molecules can be observed in the spectrum of G-SSNR. 

From these evidences, it could be indicated that KBM-502 

was successfully grafted onto SSNR molecules. 
 
 
3.2 Effect of reaction parameters on grafting content 
 

3.2.1 Effect of KBM-502 content 
grafting eff (%) = 

grafted KBM - 502 content 
× 100 

KBM - 502 loading 
(2) 
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Figure 5 Grafted KBM-502 content (phr) and grafting 

efficiency (%) at various KBM-502 loadings. 

 
Figure 3 Standard calibration curve for quantifying the 

grafted KBM-502 content of G-SSNR by FTIR. 

 
3. Results and discussion 

 

3.1 Structural characterization of G-SSNR 
 

The grafting reaction of KBM-502 onto SSNR 

molecules was performed in the latex state in the presence 

of BPO as a photo-initiator. The obtained G-SSNR after 

 

The grafting reaction was carried out by treatment 

of 10% DRC of SSNR latex with various contents of 

KBM-502 between 1 and 9 phr in the presence of 3 phr of 

BPO for 8 min of UV irradiation time. It was found that 

KBM-502 could be grafted on the rubber backbone when 

it was added. However, an increase in KBM-502 loading 

did not significantly affect the grafted KBM-502 content, 

as shown in Figure 5. Since a quantity of grafted KBM-502 
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was quite low, this limitation might be due to a stearic 

effect which very few KBM-502 molecules could be 

grafted onto one unit of rubber. Accordingly, the 

concentration of silane coupling agent was not the 

influential parameter for this grafting reaction. 

In order to investigate the optimum condition for 

studying other reaction parameters, a percentage of 

grafting   efficiency   was   determined.   Grafting 

efficiency (%)  was  found  to  decrease  with  increasing 

KBM-502 loading (Figure 5). The highest percentage of 

grafting efficiency was observed at 1 phr of KBM-502 

loading. Consequently, the concentration of KBM-502 for 

studying the effect of other parameters on grafting reaction 

was at 1 phr. 
 
 

3.2.2 Effect of the initiator content 
 

1.2 
 

1 
 

0.8 

brought about the increase in gel content, as observed in 

Table 2. 
 
 
Table 2 Gel content of G-SSNR (3.2.2). 
 

 

Sample Gel content 
(% w/w)   

SSNR 23 
3 phr BPO 21 
5 phr BPO 31 
6 phr BPO 27 
9 phr BPO 26 

 
 

3.2.3 Effect of UV irradiation time 
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Figure 7 Grafted KBM-502 content (phr) 
 

at various time of UV irradiation. 

Figure 7 shows the effect of UV irradiation time on 

the grafting reaction performed with 1 phr of KBM-502, 
Figure 6 Grafted KBM-502 content (phr) 

 

at various BPO loadings. 
 

The influence of initiator concentration on the 

grafting degree of KBM-502 on rubber molecule was 

determined. The grafting reaction was performed by 

incubation of 10% DRC of SSNR latex with 1 phr of 

KBM-502 in the presence of 1 to 9 phr of BPO under 8 min 

UV irradiation time. As presented in Figure 6, the results 

reveals that the amount of KBM-502 content on rubber 

backbones tended to increase with increasing BPO 

concentration from more than 2 to 9 phr. This could be 

explained by the fact that an increase in the amount of the 

initiator results to more occurrence of the radical active 

sites on the rubber molecules, leading to more possibility 

of the interaction between KBM-502 and the rubber 

molecules. However, the more radical active site also 

caused the crosslinking as a side reaction to occur, which 

and 5 phr of BPO. The grafting reaction was found to 

initially occur after 2 min of UV irradiation time. The 

amount of incorporated KBM-502 on the rubber molecule 

increased with increasing irradiation time and  reached 

a maximum  at  8  min  and  decreased  thereafter.  This 

suggests that the longer UV irradiation time led a greater 

occasion of more collision between the radical species 

took place. Nevertheless, too long irradiation time may 

result to the reversion of the grafting reaction. The 

chemical bonding of grafted KBM-502 on SSNR 

molecules was dissociated when the irradiation was 

continued. Therefore, it could be indicated that 8 min of 

UV irradiation time was sufficient for grafting reaction of 

KBM-502 on SSNR backbone. The longer reaction time 

did not improve the grafting efficiency, but increased the 

crosslinking reaction which was observed from an increase 

of gel content. 
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Table 3 Gel content of G-SSNR (3.2.3). 
 

 

Sample Gel content 
(% w/w)   

0 min 23 
4 min 10 
6 min 7 
8 min 31 

10 min 31 
12 min 32 

 
The grafting reaction of silane coupling agent 

onto SNR molecules was successful, affecting by 1 phr 

of KBM-502 and 5 phr of BPO under 8 min of UV 

irradiation time. Based on these results, the obtained 

grafted rubber in this experiment could be applied as a 

compatibilizer in mixing process. 
 

4. Conclusion 
 

KBM-502 was successfully grafted onto SNR 

molecules in the latex state by the treatment of SSNR 

latex with KBM-502 in the presence of BPO under UV 

irradiation. The presence of grafted KBM-502 was 

confirmed by FTIR analysis. The important 

characteristic band of G-SSNR appears at 1721 cm-1 

which are assigned to the C=O stretching of KBM-502 

molecules. The best reaction condition was obtained 

when the grafting reaction of SSNR latex was affected 

by 1 phr of KBM-502 and 5 phr of BPO under 8 min 

of UV irradiation time. The yield of grafting under the 

optimized condition were 0.64 phr of silane coupling 

agent content. This amount of grafted KBM-502 was 

considered that the content of a silane coupling agent 

was sufficient to improve the compatibility between NR 

and silica. 
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Abstract 

Natural rubber (NR) latex obtained from Hevea brasiliensis tree has very high molecular-weight (MW), providing 

excellent physical properties such as high strength, good resilience and fatigue resistances. On the other hand, NR cannot 

be easily dissolved in several kinds of solvent and it is difficult to react with other molecules due to no reactive functional 

group. Therefore, the modification of NR by reduction its MW and introducing some functional groups into the rubber 

chain is very interesting. The present work is an attempt to prepare the functionalized low MW NR (FLNR) latex via the 

photochemical degradation process using TiO2-coated hollow glass bead (TiO2-HGB) as a photocatalyst. Deproteinized 

NR latex in the presence of H2O2 and TiO2-HGB was exposed to UVA-irradiation for 30 min. The successful coating of 

TiO2 film on the HGB was confirmed by scanning electron microscopy (SEM) fitted with an energy dispersive X-ray 

spectroscopy accessory (EDX). The crystal form of TiO2 film was determined by X-ray diffraction (XRD) technique. The 

photosensitivity of TiO2-HGB was investigated by monitoring the decolorization of methylene blue (MB) using UV/vis 

spectrophotometry. The structural characterization of the resulting FLNR was analyzed by FTIR and NMR techniques. 

The average MW of resulting FLNR, obtained from the photochemical degradation reaction of deprotenized NR latex 

(10% DRC) in the presence of 30 phr of H2O2 and 25 pieces of TiO2-HGB under UVA-irradiation for 30 min, was found to 

be to 0.34×105 g/mol. 

 
Keywords:  Natural rubber latex, Low molecular-weight natural rubber latex, Photochemical degradation process, 

Titanium oxide. 
 

1. Introduction 

Natural rubber (NR) latex, commercially obtained 

from Hevea Brasiliensis tree is composed of mostly cis-

1,4-polyisoprene. Moreover, non-rubber constituents such 

as proteins, lipids, carbohydrates, sugars, and metal ions 

are found in NR latex. The high molecular-weight (MW) 

of NR makes it possesses excellent physical properties, 

i.e., resilience, strength, fatigue resistances, etc. These 

properties let NR becomes one of the most important 

materials for tires, gloves and other rubber products. On 

the other hand, owing to the very high MW of NR, it 

cannot be easily dissolved in several kinds of solvent. In 

addition, NR molecules are difficult to react with other 

molecules because it has no reactive functional group. 

These limitations restrict the use of NR. Therefore, the 

modification of NR by reduction its MW and introducing 

some special functional groups into the rubber chain is 

very interesting. Functionalized low molecular weight NR 

or FLNR is able to use as chain extension and crosslinker 

to make three dimensional polymer networks [1]. 

Furthermore, a degraded and shorter NR chains has been 

shown to be useful as reactive plasticizers [2], adhesive [3] 

and coating [4].  

Previously, it has been reported that FLNR can be 

prepared by various methods such as redox [5], oxidation 

[6], and photochemical degradation processes [7]. 

However, the photochemical degradation process is 

expected to be a clean method consuming low energy for 
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preparation of FLNR. The end groups of FLNR could be 

designated such as carbonyl-terminated NR (CTNR) and 

hydroxyl terminated NR (HTNR). 

Titanium oxide (TiO2), a well-known semi-

conductor, is widely used as a photocatalyst in 

photocatalytic reaction. It occurs in three polymorphs, i.e., 

anatase, rutile and brookite which exhibits different 

properties. The photocatalytic activity of TiO2 is known to 

be applicable in a range of important technological areas 

such as self-cleaning coatings and water treatment [8]. The 

photocatalytic reaction on TiO2 surface begins when the 

electron (e─) in valence band is excited by UV-light in the 

290–380 nm wavelength range and leaves behind a 

positive charged hole (h+) to the conduction band, as 

shown in equation (1)-(4). The reactive oxygen radical 

species can be generated and are important in the 

decomposition of organic compounds. 

 
  TiO2  +  hν  hVB

+  +  eCB
-  (1) 

 eCB
-    +  O2 absorbed    •O2

-  (2) 

 hVB
+   + H2Oabsorbed  H+ + •OH (3) 

 hVB
+   + OH-

absorbed  •OH  (4) 

   

In the previous work, Sakdapipanich J. T. and co-

workers have successfully prepared hydroxylated LNR by 

photochemical degradation process of deproteinized NR 

(DPNR) latex using transparent TiO2 film coated on petri 

dish as a photocatalyst [9]. Nevertheless, a drawback for 

this system was that the surface area of active site of TiO2 

film was limited by petri dish.  

In the present work, TiO2 coated on hollow glass 

bead (TiO2-HGB) was used as a photocatalyst instead of 

TiO2 film coated on the petri dish. The reaction was 

carried out via photochemical degradation process under 

UVA-irradiation in the presence of H2O2. TiO2-HGB was 

expected to be a practical photocatalyst having more active 

site as well as convenient for separation from the latex. 

    

2. Experimental methods 

2.1 Preparation of TiO2-HGB 

The TiO2 precursor sol was prepared by mixing 9.0 

ml of tetrapropyl orthotitanate (Fluka), 100.0 ml of H2O 

and 1.0 ml of HNO3 (70% w/w). After stirring for 24 h at 

room temperature, the sol was aged for 6 h at 55 °C. The 

milk-like TiO2 precursor sol could be obtained.  

Hollow pyrex glass beads (HGB) with an   average 

diameter of 7 mm was carefully cleaned by ultrasonication 

in acetone for 1 h. Then, the beads were immersed in the 

TiO2 precursor sol. The samples were then dried and 

calcined at 550 °C for 1 h. 

 

2.2 Characterization of TiO2-HGB 

The surface morphology of TiO2-HGB were 

studied using the scanning electron microscope (SEM, 

JEOL-JSM5410LV) working at 20 kV fitted with an 

energy dispersive X-ray (EDS) accessory. The XRD 

pattern of TiO2 film on TiO2-HGB was carried out using 

X-ray diffractrometer (XRD, PANalytical: EMPYREAN) 

with CuKα1 radiation (λ = 0.15405980 nm). 

 

2.3 Photosensitivity determination of TiO2-HGB 

The photosensitivity of TiO2-HGB was evaluated 

by monitoring the degradation of 75 ppm of methylene 

blue (MB). The reaction was exposured under a high-

pressure mercury UVA lamp (RUV lamps with the power 

of 1,000W) from 0 to 30 min. After the irradiation, the MB 

mixture was subjected to UV/vis spectrophotometer in 

order to determine the absorbance at 664 nm. Finally, the 

percentage (%) of residual absorbance of UV-exposed MB 

was calculated by the following equation. 

     (5) 

 

2.4 Functionalization of low molecular-weight NR latex 

using TiO2-HGB as a photocatalyst 

2.4.1 Preparation of DPNR latex  

0.3% v/v ammonia preserved fresh field latex was 

treated with 0.1% w/v of urea in the presence of 1% w/v of 

sodium dodecyl sulfate (SDS) with stirring at room 

temperature for 2 h. The latex was centrifuged twice with 

the rate of 13,000 rpm at 25 °C for 30 min, the cream 

fraction was redispersed in distilled water and 1% w/v 

SDS to obtain DPNR latex with dry rubber content (DRC) 

of 30%.  

100  
MB initial of Absorbance

MB degraded of Absorbance
  MB Residual % ×=
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2.4.2 Preparation of FLNR latex 

The preparation of FLNR was carried out in the 

UVA chamber. A mixture of 10% DRC of DPNR latex, 30 

phr of H2O2 and 25 pieces of TiO2-HGB were added into 

the round bottom flask. Then, it was irradiated under a 

UVA lamp (1,000 W) for 30 min. After irradiation, the 

FLNR was coagulated with acetone and dried under 

vacuum at 40 °C for 72 h. 

2.4.3 Characterization of FLNR latex 

The dried FLNR samples were purified by a 

reprecipitation in toluene and methanol. Then, their MW 

were characterized by GPC (Jassco: Borwin-CO 1560) 

with RI (RI-5130) detector. The microstructure was 

determined by FTIR (JASCO: FTIR-460 plus) as well as 
1H-NMR (BRUKER 500 UltraShieldTM). In addition, the 

gel contents of samples were determined by solubility test. 

 

3. Results and discussion 

3.1 Characterization of TiO2-HGB 

XRD pattern of TiO2-HGB is shown in Figure 1. 

The pattern presents the characteristic reflections of both 

anatase and rutile TiO2 phases. Diffraction peaks (2θ) were 

observed around 25.3, 37.8, 38.5 and 48.0 degrees 

corresponding to (101), (004), (112) and (200) reflections 

of the anatase phase of TiO2, respectively. Moreover, 

the diffraction peak also revealed the rutile phase at 27.2, 

36.0, 41.2 and 50.3 degrees assigned to (110), (101), (111) 

and (211), respectively. The mixed phase crystalline was 

appeared due to the transformation of some parts of 

anatase to rutile phase during the calcination process. 

 
Figure 1 XRD pattern of TiO2 film-coated HGB. 

 

Recently, it has been reported that the mixed phase 

of TiO2, anatase and rutile, exhibited higher photocatalytic 

performance than either pure phase alone [10]. This 

implies that our current method might be suitable for TiO2-

HGB preparation. It could provide the mixture of anatase 

and rutile phases of TiO2 that possibly give the effective 

photo-activity for photochemical degradation of organic 

compounds.  

 
Figure 2 SEM image and EDS spectrum of TiO2-HGB. 

 

The SEM image at a magnification of x1000 of 

HGB surface after coating the TiO2 film is shown in 

Figure 2. It can be seen that the fracture of TiO2 film were 

found due to a contraction as well as a stress on drying. 

Moreover, the different thermal coefficients of the 

overlayer and the glass substrate might be the reason of 

fractured appearance during the calcination process. 

Additionally, the EDS spectrum of the film illustrates that 

the titanium is one of the major components on HGB. 

 

3.2 Photosensitivity determination of TiO2-HGB 

An organic dye, methylene blue (MB), was chosen 

as the model to examine the photosensitivity of TiO2-

HGB. Figure 3 presents the % residual MB evaluated by 

UV/vis spectrometry.  

In the presence of both TiO2-HGB and H2O2 under 

UVA-irradiation, it shows the highest photoactivity for 

MB degradation. The % of residual MB significantly 

decreased from 100% to around 5% after irradiation for 20 

min. After that, the residual MB became almost zero after 

irradiation for 25 min. This indicates that TiO2-HGB was 

an effective photocatalyst. 

The degradation of MB in this case was due to the 

plenty of OH• generated in the system. The OH• 

generation could be described by three possible and the 

direct reduction by the electron (ecb
─) of TiO2, as shown in 

the following equations [11]. 
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TiO2 (hvb

+) + H2O2   TiO2 + H2O + OH• (8) 

TiO2 (ecb
─) + H2O2 OH─ + OH•  (9) 

 

 
Figure 3 The % residual MB under various conditions. 

 

It can be summarized that the most appropriate 

system for the photocatalytic degradation of MB was the 

use of H2O2 and TiO2-HGB under UVA-irradiation. 

Therefore, in the present work, the photocatalytic 

degradation reaction of NR latex was carried out using the 

combination of H2O2 and TiO2-HGB under UVA-

irradiation. 

 

3.3 FLNR characterization 

3.3.1 The reduction of molecular-weight  

From Table 1, in the presence of 30 phr of H2O2 

under UVA irradiation for 30 min, the wM dramatically 

decreased to 3.95×105 g/mol and the nM  also decreased 

from to 1.49×105 g/mol. However, when the TiO2-HGB 

were introduced, the wM and nM  of sample further 

decreased to 1.48×105 and 0.34×105 g/mol, respectively. 

This suggests that the TiO2-HGB could accelerate the 

photodegradation of DPNR. 

 

Table 1 ,  and gel content of samples. 

Samples 

Molecular-weight 

(×105 g/mol) 
Gel 

content 

(% w/w)   

DPNR 11.31 9.48 5.31 

DPNR+H2O2 3.95 1.49 1.35 

DPNR+H2O2+ 
TiO2-HGB 

1.48 0.34 0 

3.3.2 Gel content of samples  

Besides the chain-scission of NR, the crosslinking 

might be occurred during the photodegradation process; 

therefore, the content of gel fraction was also evaluated to 

study this assumption. The gel contents are shown in Table 

1. It was found that in the presence of H2O2 under UVA-

irradiation, the gel contents decreased to 1.35% w/w. It 

indicates that the gel fraction of NR was decomposed. 

Moreover, in the presence of TiO2-HGB, the gel content 

became zero indicating the absence of crosslinking during 

the reaction. 

 

3.5 Structural characterization 

FTIR spectra of DPNR and FLNR samples are 

shown in Figure 4. All spectra exhibited the important 

characteristic peaks of NR at 1664, 1375 and 836 cm−1 

which were assigned to C=C stretching, ─CH3 

asymmetric and =C─H deformations, respectively. From 

the spectrum of FLNR sample, the new broad bands were 

appeared at 3450, 1716 and 873 cm−1, corresponding to the 

hydroxyl (─OH), carbonyl (C=O) and epoxide groups, 

respectively.  

 
Figure 4 FTIR spectra of samples. 

 

The structure of DPNR and FLNR were further 

characterized by 1H-NMR, as shown in Figure 5. Besides 

the characteristic signals of cis-1,4-isoprene units appeared 

at 1.71, 2.09, and 5.16 ppm corresponding to the methyl 

(─CH3), methylene (CH2─C=C), and vinylic proton, 

respectively were observed, the new signals between the 

chemical shift of 3.4 and 4.2 ppm were also found 

assigned to the ─OH groups on NR chain. The presence 
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of methylenic and methylic protons of the epoxide ring 

was indicated by a signal at 2.70 and 1.29 ppm, 

respectively. Furthermore, there is an additional signal at 

2.17 ppm and small signals at 9.4 and 9.8 ppm indicating 

the presence of C=O groups which had shifted far 

downfield because of the anisotropy of C=O groups. These 

signals were not found in DPNR spectrum. 

 

 

 

Figure 5 1H-NMR spectra of DPNR and FLNR. 

 

The formation of C=O and epoxide groups might 

occur through the side reaction during the 

photodegradation process.  

 

4. Conclusion 

TiO2-HGB was an effective photocatalyst, which 

could be used for the preparation of FLNR via 

photochemical degradation reaction, a clean and energy-

efficient method. The FLNR with the nM  of about 

0.34×105 g/mol was prepared from the reaction of 

deprotenized NR latex (10% DRC) in the presence of 30 

phr of H2O2 and 25 pieces of TiO2-HGB under UVA-

irradiation for 30 min in the latex state. Moreover, the 

hydroxyl, carbonyl and epoxide groups were appeared 

after the functionalization of DPNR.  
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Abstract 
 

Ammonia-catalyzed hydrolysis is an automatically enhancing mechanism of colloidal stability of natural rubber 

(NR) latex. This hydrolysis may occur in ammonia-preserved NR latex resulting in a production of long-chain fatty acid 

soaps (LCFAs), which are expected to stabilize NR particles. So far, an origin of LCFAs is still unclear whether to 

come from ammonia-catalyzed hydrolysis of phospholipids attached to NR molecules or phospholipids existing in the 

serum. Therefore, the aim of this work is an attempt to clarify the origin of LCFAs on NR particles d uring storage under 

ammonia preservation. The correlation between amount of LCFAs and mechanical stability time could be important 

supporting evidence to explain the effect of LCFAs on stability of NR particles. Moreover, the combination of 

fluorescent labelling technique and confocal fluorescent microscopy was also applied to acquire fluorescent images of 

LCFAs on NR particles as direct evidence. The fluorescent intensities of LCFAs on NR particles were monitored at 

various storage times to follow up the presence of LCFAs on the surface of NR particles. The result showed that the 

emission intensities of LCFAs in ammonia-preserved NR latex increased with increasing storage time, implying that 

there are ammonia-catalyzed hydrolysis in NR latex and LCFAs themselves act as colloidal stabilizer to stabilize NR 

particles. 

 
Keywords:  Natural rubber latex, Long-chain fatty acid soaps, Fluorescent labelling technique, Phospholipids, Stability. 

 
 

1. Introduction 
 

Natural rubber (NR) latex derived from Hevea 

brasiliensis tree is a commercial feedstock for production 

of dipping products such as gloves, condoms, etc. In 

general, the NR latex is composed of about 30-40% by 

weight of rubber and 6% of non-rubber components. It 

has been known that chemical structure of one NR 

molecule consists of ω- and α-terminals. The ω-terminal 

of the NR molecule was proposed to link with modified 

dimethylallyl group, which is derived from biosynthesis 

 
 
of Hevea rubber tree [1]. Moreover, it was found that this 

modified dimethylallyl group is also associated with 

proteins. For α-terminal, its structure was postulated to be 

composed of mono- or di- phosphate group linked to a 

phospholipid molecule through a hydrogen bonding or 

ionic linkage [2]. Recently, the surface structure of NR 

particles has been revealed by using the fluorescent 

labelling technique and atomic force microscopy. It was 

found that the NR particles are a core-shell structure, the 

mailto:jitladda.sak@mahidol.ac.th
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core of which is cis-1,4-polyisoprene and the surface of 

which is mixed monolayer of proteins and phospholipids 

[3]. After tapping within few hours, coagulation and 

putrefaction always take place by volatile fatty acids 

(VFAs), derived from microorganisms [4]. This event 

involves in destabilization of phospholipid–protein layer 

on NR particles and it restricts the use of NR in latex 

form.   Therefore,   to   prevent   the   coagulation,   it   is 

important to add preservatives acting as bactericides. The 

preservation technique widely used in production of 

concentrated NR latex is long-term preservation. It can be 

subcategorized into low and high ammonia latices. The 

high  ammonia  latex  is  normally  composed  of  0.6%- 

0.7%v/v ammonia. For the low one, it is comprised of 

only 0.2-0.3%v/v ammonia in the presence of tetra- 

methylthiuram disulfide and zinc oxide (TMTD/ZnO) [5]. 

It has long been believed that addition of ammonia as a 

preservative results in a production of long-chain fatty 

acid soaps (LCFAs), derived from hydrolysis reaction of 

phospholipids. The relationship between mechanical 

stability  and  LCFAs’  concentration  of  ammonia- 

preserved NR latex was reported that both of the two 

factors increased  with storage time  [6].  This  indicated 

that LCFAs played a role in stabilization of the NR latex. 

However,  so  far,  an  origin  of  LCFAs  have  not  been 

clearly identified whether it came from ammonia- 

catalyzed hydrolysis of phospholipids attached to NR 

molecule or phospholipids existing in serum. Therefore, 

this work is an attempt to investigate the origin of LCFAs 

and changes of phospholipid–protein layer during storage 

under  ammonia  preservation  by  using  fluorescent 

labeling technique to monitor the presence of LCFAs on 

NR particles. 
 
 

2. Experimental 
 
 

2.1 Latex preservation 
 

Freshly-tapped  NR  latex,  having  approximately 
 

30-40% dry rubber content (DRC), was purchased from 

Thai Rubber Latex Co., Ltd. (Chonburi). After tapping, 

the latex was separated into two parts and then preserved 

with  different  chemicals,  i.e.,  (i)  0.6%v/v  ammonia- 

preserved   and   (ii)   0.1%v/v  ammonia   together   with 
 

0.1%w/w tetramethylthiuram disulfide and zinc oxide 

(TMTD/ZnO). These were abbreviated as FNR-A and 

FNR-TZ, respectively. 
 
 
2.2 Preparation of deprotenized NR (DPNR) latex 
 

FNR-A was deprotenized by treatment  with 1% 

w/v urea in the presence of 1%w/v Triton® X-100 for 1 h, 

followed by centrifuged at 13,000 rpm to separate NR 

particles. The cream fraction of NR was resuspended in 

DI water. This process was repeated for further two times 

to ensure that soluble non-rubbers in the latex and by- 

products of the reaction were completely removed. 
 
 
2.3 Determination of mechanical stability time (MST) 

Mechanical stability of NR latex was determined 

by measuring time before coagulation would be observed 

under shear force. The testing was carried out using latex 

with 30%w/w total solid content (TSC) under high speed 

agitation at 14,000 rpm at 35oC. The end point of testing 

was observed of first signs of flocculation on dispersion 

layer spreading on Petri dish in the RO water. 
 
 
2.4   Determination  of   long-chain   fatty  acid   number 
 

(LCFAs) 
 

The experiment was performed according to the 

method of Chen [6]. Approximately 10 ml of NR latex 

was separately dropped on four filter papers (Whatman 

no. 542, 12.5 cm) which have been desiccated over 

concentrated sulfuric acid. Then, they were dried at room 

temperature (RT) for 24 h and kept over concentrated 

sulfuric acid atmosphere for at least 16 h. The mass of 

total solid on the resulting papers was weighed. After that, 

they  were  combined  and  extracted  with  acetone  in 

Soxhlet apparatus for 24 h in the dark. After solvent 

evaporation, the obtained residue was dissolved with 22 

ml of 0.1 M KOH to collect LCFAs and acidified by 

1%v/v HCl to pH 2. The mixture solution was extracted 

with 30-50 ml of diethyl ether trice. The diethyl ether 

extract was washed with 50 ml of 3%w/v NaCl at least 

seven  times  until  the  pH  closed  to  pH  of  the  NaCl 

solution.    The    residual    soaps    obtained    from    the 



  319 
evaporation of the ether extract was dissolved in 30 ml of 

warm ethanol, approximately 70oC, and filtered through a 

Whatman number 541 filter paper. The solution was 

titrated with a standardized 0.01 M KOH in the presence 

of a phenolphthalein indicator. For blank titration, 30 ml 

of distilled water was acidified to pH 2 and followed 

extraction process. The titrated volume of LCFAs was 

subtracted with titrated volume of the blank. The LCFAs 

number was calculated from the following equation; 
 
 

LCFAs number = [(5.61)*(a)*(b)]/(c) (1) 
 
 

a = Molar concentration of KOH 
 

b = Volume of KOH (ml) 
 

c = Grams of total solid 
 
 

2.5 Determination of LCFAs on NR particle by laser- 

scanning confocal microscopy (LSCM) 

1 ml of the latex was centrifuged at 13,000 rpm to 

remove serum and redispersed in the DI water. Then, the 

latex were incubated with 1 ml of 1 mM Nile Red in 

dimethyl sulfoxide for 1 h. The excess dye was removed 

by using dialysis membrane with a molecular weight cut- 

off 50 kDa at RT for 24 h. The incubated latex was 

dropped on glass slide and closed with glass slit before it 

was subjected to LSCM analysis. Imaging of fluorescent 

labeling was performed by using an Olympus FV-1000 

confocal microscope equipped with four-laser systems 

(Multi AR laser, HeNe G laser, HeNe R laser, and 

LD405/440 laser diode) and transmitted light, DIC. 

Fluorescent images were captured with oil-immersion 

objective lens (60x) and processed by integrated image 

analysis software systems (Olympus Fluoview software). 

The optimal sampling z-thickness was fixed at 550 

nm/slice. The filter set which is TRITC was used for Nile 

Red in order to detect fluorescent signal of LCFAs 

(yellow) at 550 nm [7]. The fluorescence intensities of 

Nile red on the NR particles were determined from the 

images and subtracted from that of the background. Then, 

the intensities were divided by the size of particle and 

averaged with those of other particles. 

2.5 Determination of surface charge on NR particle 
 

Surface charge of NR latex would be represented 

by using zeta-potential value. 250 µl of the latex sample 

was dropped into 20 ml of a DI water. Then, pH of the 

dispersion  was  adjusted  by  0.1%w/v  KOH  to  pH  10. 

After that, the diluted latex was injected into the sample 

handling   for   re-flush   and   measurement.   The   zeta- 

potential value was determined by using MALVERN 

S4700 version 1.27. 
 
 
3. Result and Discussions 
 
 

Stability of NR latex is generally represented to 

mechanical stability time (MST). Table 3.1 shows MST 

of various types of NR latex. FNR-A and DPNR were 

preserved with 0.6%v/v ammonia, while FNR-TZ was 

preserved with 0.1%v/v ammonia and 0.1%w/v 

TMTD/ZnO. The result shows that the MST of the FNR- 

A progressively increased from 42 to 190 s with the 

increasing of storage time from 0 to 35 days under high 

ammonia content, while that of FNR-TZ preserved under 

ultra-low ammonia system had little change from 25 to 38 

s.   On   the   other   hand,   the   MST   of   DPNR,   the 

phospholipids and non-rubbers of which were removed 

by non-ionic surfactant during chemical treatment, 

remained  constant  at  17  s,  even  though  it  was  stored 

under high ammonia system for 35 days. The fact that the 

MST   of  highly  ammoniated   latex   increased   during 

storage may result from a production of LCFAs, derived 

from hydrolysis of phospholipids in NR latex [4]. 

Moreover, the constant MST of DPNR indicates that 

stability of the purified NR particles was not enhanced 

although it was stored in high ammonia content. 
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Storage time 
(days) 

Zeta-potential (mV) 

FNR-A FNR-TZ DPNR 

1 -67.7 -68.6 -86.7 

7 -72.9 -68.1 -86.5 

14 -74.5 -68.3 -86.1 

21 -77.2 -68.1 -86.4 

28 -79.7 -68.3 -86.5 

35 -79.3 -67.9 -86.5 

 

 

Storage time 
(days) 

LCFAs number 

FNR-A FNR-TZ DPNR 

1 0.042 0.019 0.037 

7 0.118 0.044 0.034 

14 0.171 0.047 0.035 

21 0.223 0.051 0.037 

28 0.231 0.063 0.037 

35 0.238 0.064 0.036 

 

Table 3.1 Correlation between MST of various types of 
 

NR latex and storage time 

Table 3.3 Changes of zeta-potential of various types NR 
 

latex during storage 
 

 

Storage time 
(days) 

Mechanical stability time (s) 

FNR-A FNR-TZ DPNR 

1 42 ± 2.5 25 ± 2.2 18 ± 3.0 

7 77 ± 3.2 30 ± 2.5 15 ± 2.3 

14 105 ± 3.9 30 ± 2.1 16 ± 2.6 

21 133 ± 2.8 34 ± 2.3 18 ± 2.4 

28 153 ± 3.2 37 ± 2.3 18 ± 3.0 

35 190 ± 2.7 38 ± 2.0 17 ± 2.3 
 

 
The LCFAs in NR latex were determined by 

titration between KOH and LCFAs, according to Chen’s 

method. Therefore, we used his technique to verify the 

presence of ammonia-catalyzed hydrolysis and determine 

the degree of hydrolysis of phospholipids in NR latex. 
 
 

Table   3.2   Relationship   between  LCFAs   number   of 

various types of NR latex and storage time 

Zeta-potentials of FNR-A, FNR-TZ and DPNR 

during storage are shown in Table 3.3. It was found that 

the electrical charge on surface of the NR particles in 

FNR-A remarkably changed from -67.7 to -79.3 mV 

during storage for 35 days. On the contrary, the zeta- 

potentials of FNR-TZ and DPNR were stable at -68.1 and 

-86.1 mV, respectively. The fact that the DPNR had large 

numbers of anions on surface of the particles may be due 

to accumulation of potassium ions at the electrical double 

layer [8]. From this result, it can be deduced that the 

ammonia-catalyzed hydrolysis of phospholipids occurred 

in high ammonia NR latex. The degree of hydrolysis 

depends on concentration of ammonia and the presence 

of phospholipid existing in serum. 
 
 
 
 
 
 
 
 

Table 3.2 shows LCFAs number of FNR-A, FNR- 

TZ and DPNR latex at different storage time. It can be 

clearly seen that LCFAs number of FNR-A significantly 

rose from 0.042 to 0.238 during 21-day storage period, 

and thereafter became constant at 0.238. Meanwhile, the 

LCFAs number of FNR-TZ, which was much lower than 

that of FNR-A, slightly changed from 0.019 to 0.064 

during 35-day storage period. For DPNR, it was constant 

at 0.037, although it was stored under 0.6%v/v ammonia. 

 
 
 
 

Figure 3.1 Fluorescent images of LCFAs adsorbed on 
 

FNR-A and FNR-TZ preserved for 35 days 
 
 

To reveal the location of LCFAs in latex as direct 

evidence, the LCFAs in NR latex were labeled with Nile 

Red, a fluorescent dye. The fluorescent intensity was also 

measured at various storage times. Figure 3.1 shows 

fluorescent images of labeled FNR-A and FNR-TZ latices. 

The fluorescent labeled bright spots of LCFAs were 

detected on the NR particles of both FNR-A and FNR-TZ. 
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Table 3.4 Average fluorescent intensities of LCFAs on 
 

NR particles of FNR-A and FNR-TZ during storage 
 

 

Storage time 
(days) 

Fluorescent intensities (a.u.) 

FNR-A FNR-TZ 

1 646.18 ± 182.07 664.00 ± 119.37 

7 767.32 ± 159.69 661.74 ± 120.20 

21 942.43 ± 193.23 659.24 ± 106.61 

35 1213.08 ± 195.63 655.31 ± 118.46 
 
 

Table 3.4 shows average fluorescent intensities of 

labeled  LCFAs  on  NR  particles.  At  the  first  day  of 

tapping, FNR-A had the same intensities as the FNR-TZ. 

After stored for 35day, the intensities of FNR-A were 

much higher than that of FNR-TZ. This finding correlates 

with  the  increase  of  LCFAs  number  and  MST  with 

storage time. The results suggest that the LCFAs were 

derived from hydrolysis of phospholipids and they 

themselves stabilized NR particles. Hence, we propose 

the mechanism of ammonia-catalyzed hydrolysis in NR 

latex as following. Ammonia reacts with water to form 

ammonium hydroxide. The hydrolysis reaction occurs 

between free phospholipids adsorbed on the NR particles 

and hydroxide anions in aqueous media. The LCFAs, 

produced from hydrolysis reaction, adsorb and stabilize 

on the surface of NR particles in the form of anions. 
 
 

4. Conclusion 
 

Ammonia-catalyzed  hydrolysis  of  phospholipids 

in the serum can take place in NR latex. The results from 

fluorescent labeling technique reveals that LCFAs were 

originated from the hydrolysis reaction of phospholipids 

in serum and acted as stabilizer to enhance stability of 

ammonia-preserved NR latex. 
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Abstract 
 

In this study, the mechanical properties, water uptake, morphology and biodegradability of poly(lactic acid) 

(PLA)/ethylene vinyl acetate copolymer (EVA) blend composites containing wood flour (WF) and/or wollastonite (WT) 

were investigated. The 90/10 (w/w) PLA/EVA blend was selected for preparing composites with a fix filler content of 30 

parts per hundred parts of resin (phr), and the WF/WT (w/w) was 30/0, 15/15 and 0/30. The addition of either WF or WT 

to the 90/10 (w/w) PLA/EVA blend remarkably increased the tensile strength (TS) and elastic modulus (E) compared to 

those of the neat blend, but at the expense of the impact strength (IS), and no significant change in the elongation at break 

(EB). Among the three composites, a single filler composite containing 30 phr WF exhibited the highest TS, while a 

single filler composite containing 30 phr WT exhibited the highest E. This indicated that there was no synergistic effect 

of these two fillers on the investigated mechanical properties. However, the hybrid filler composite containing 15/15 

WF/WT had a compromise in these mechanical properties. In addition, all the composites had a higher IS and E but a 

lower TS than the neat PLA. Morphological study on the fractured surface of the tensile test specimens revealed a low 

interfacial adhesion between the filler particles and the polymer matrix, and so empty holes and the pulled out filler 

particles were observed in the fractured surfaces.Moreover, the water uptake and the biodegradability of the composites 

were found to be increased with increasing WF loadings. 
 

Keywords: Poly(lactic acid), Ethylene vinyl acetate copolymer, Wood Flour, Wollastonite, Hybrid composite 
 
 

1. Introduction 
 

The production and use of polymeric materials 

derived from biomass have received much attention in 

recent years, due to their potentially alternation to 

petroleum-based plastics in the future [1,2]. Among them, 

poly(lactic acid) (PLA), a biodegradable aliphatic 

polyester, has been used in many applications due to its 

good processing performance, biocompatibility and clarity 

[1–6]. PLA is a compostable thermoplastic derived entirely 

from renewable resources by the fermentation of plant 

crops, such as corn starch and sugar feed stocks [3,4]. 

However, with a glass transition temperature (Tg) ranging 

from 55 to 65 °C, PLA is too stiff and brittle for application 

at room temperature (RT), leading to a limited application 

as a common plastic material [1,5,6]. In general, melt 

mixing of PLA with flexible plastics is a straight forward 

and relatively simple method to improve the toughness and 

impact strength (IS) of PLA. Numerous researchers have 

modified properties of PLA by the inclusion of second 

polymeric minor phase such as polycaprolactone [7], 

linear low density polyethylene [2], ethylene vinyl acetate 

copolymer (EVA) [1] and poly(butylene succinate) [8]. 

Among these polymers, EVA is extensively used in many 

fields ranging from adhesive to cable insulators, due to its 

toughness, chemical resistance, flexibility, ease of 

processing andrelatively inexpensive [9,10]. In this study, 

EVA was used as a partial replacement for PLA and so a 

series of PLA/EVA blends ranging from 100/0 to 50/50 

w/w were prepared and investigated for their properties. 

The blend having a good combination of mechanical 

properties was then selected for preparing hybrid 

composites with either wood flour (WF) or wollastonite 

(WT). The filler content was fixed at 30 parts per hundred 

parts of resin (phr) and the WF/WT (w/w) was 30/0, 15/15 

mailto:tomiotommy@gmail.com
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and 0/30. WF, an organic filler, has been widely used since 

it offers several advantages such as low cost, low density, 

acceptable specific strength, non-abrasive, biodegradability 

and non-toxic [11]. WT, an inorganic filler, comprised 

chemically of calcium, silicon and oxygen (CaSiO3) with 

a needle-shaped crystal structure and an aspect ratio of 10– 

20 [12]. WT has many desirable properties, including high 

chemical and thermal stability, low coefficient of thermal 

expansion, high level of whiteness and harmless to human 

health and low cost [12]. Moreover, addition of less costly 

fillers to the expensive resins results in a reduced overall 

cost of the composites. In this study, the mechanical 

properties, morphology, water uptake and biodegradability 

of the hybrid composites were examined. 
 
 

2. Experimental 
 

2.1 Materials 
 

The PLA (4032D), with a density of 1.24 g/cm3 and 

melt flow index (MFI) of 6.9 g/10 min (2.16 kg, 210 °C), 

was obtained from NatureWorks LLC., while the EVA 

(EscaoreneTM Ultra UL), with a vinyl acetate content of 19 

wt%, density of 0.937 g/cm3  and MFI of 520 g/10 min 

(2.91 kg, 210 °C), was obtained from Exxon Mobil. The 

WF (Lignocel C120) with a bulk density and grain size of 

1–1.35 g/cm3 and 70–150 μ m, respectively, was supplied 

by J. Retenmaier&Sohne Co., while WT with particle size 

of 5 μm was supplied by H&J Mineral Fiber Technology 

Co., Ltd. 
 
 

2.2 Blending and sample preparation 
 

Prior to blending, PLA and EVA were dried in an 

oven at 65°C for 24 h, whereas WF and WT were dried at 

70°C for 24 h to remove any trace of moisture. First, 

PLA/EVA was melt blended at five weight ratios (90/10, 

80/20, 70/30, 60/40 and 50/50) on a twin screw extruder 

(Labtech®) operated at a temperature range of 110–170°C 

with a screw speed of 50–60 rpm. The extrudates were 

pelletized and then injection molded into the standard test 

specimens at a temperature range of110–170°C using an 

injection molding machine (Battlefield®). 

The PLA/EVA hybrid composites were prepared by 

melt mixing and injection molding processes as described 

above but with the addition of fillers at 30 phr, and the 
 

WF/WT (w/w) was 30/0, 15/15 and 0/30. 
 
 
2.3 Characterization 
 

The Izod impact test was conducted on a notched 

impact specimen according to ASTM D256 using an impact 

tester (CEAST®Resil Impactor). The tensile test was 

performed on a dumbbell-shaped specimen according to 

ASTM D638 type I using a universal testing machine 

(Instron® 5500R) at the load cell capacity and cross-head 

speed of 10 kN and 50 mm/min, respectively. The average 

values of the mechanical properties were obtained from at 

least five specimens. 

Morphology of the fractured surface of tensile test 

specimens was analyzed by a scanning electron microscopy 

(SEM; JEOL-JSM-6480LV) under an accelerated voltage of 

15 kV. The sample was observed after sputter coating with 

a thin layer of gold to increase the surface conductivity. 

The water uptake was determined as follow: the fully 

dried sample was weighed (W0), and then immersed in a 

water bath at RT. The sample was periodically taken out 

of the bath, the water was removed from its surface by 

tissue paper, and then weighed (W1). The water uptake at 

time, was calculated using Eq. (1), 

Water uptake (%) = [(W1 – W0)/ W0] × 100       (1) 

Biodegradability of the sample was examined by soil- 

burial test. The sample was buried at 30 cm below the 

surface of the compost. After burial for 2 months, the 

specimen was taken off from the compost, washed in water 

and dried in an oven at 50 °C for 24 h prior to observing 

their surface morphology by SEM. 
 
 
3. Results and Discussion 
 

The mechanical properties of all the samples are 

listed in Table 1. It is seen that PLA is a kind of brittle 

plastic due to its very low impact strength (IS) (2.7 kJ/m2), 

whereas EVA exhibited soft and tough behavior due to its 

much higher IS (11.9 kJ/m2). From the table, the addition 

of 10 and 20 wt% EVA to PLA resulted in an increase in 

the IS, which were 107.4 and 66.7% higher than PLA, 

respectively. This may be due to the higher IS and 

flexibility of EVA molecules that reduced the brittleness 
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of the blends. However, at higher EVA loadings (30, 40 

and 50 wt%), a decreased IS could be observed, suggesting 

a lower stress transfer across each polymer phase due to 

the agglomeration of EVA. This can be confirmed later by 

the SEM observation. In contrast, the tensile properties of 

all the PLA/EVA blends were not improved compared to 

those of the PLA. The decrease in both the tensile strength 

(TS) and Young’s modulus (E) of the blends with 

increasing EVA loadings may be attributed to the very low 

TS and E of EVA compared to those of  the PLA, and also 

the poor interfacial interaction between PLA and EVA. 

Nevertheless, the PLA/EVA blend containing 10 wt% 

EVA exhibited the highest TS and E compared to that of 

the other blends. In addition, the EVA-dose-dependent 

decrease in the elongation at break (EB) of the blends is an 

unexpected result. This may be due to the low interfacial 

adhesion between PLA and EVA. 
 

Table 1Mechanical properties of the samples. 
 

 
Sample 

IS 

(kJ/m2) 

TS 

(MPa) 

E 

(MPa) 

EB 

(%) 

PLA 2.7±0.4 67.2±1.4 2912±54.3 4.1±0.5 
EVA 11.9±1.5 4.2±0.1 29±0.7 342±43 

PLA/EVA 

90/10 5.6±0.6 39.9±5.9 2317±66.6 2.7±0.2 

80/20 4.4±0.6 28.6±0.2 1809±45.7 3.5±0.2 

70/30 2.3±0.2 15.5±0.5 1233±39.2 2.5±0.1 

60/40 2.4±0.2 8.8±0.4 755±20.8 2.4±0.2 

50/50 2.6±0.2 6.8±0.2 518±7.89 2.7±0.2 

PLA/EVA/WF/WT 

90/10/0/30 3.8±0.1 43.4±0.9 4184±84.1 2.8±0.2 
90/10/15/15 3.0±0.1 51.6±0.3 4091±46.4 2.7±0.2 

90/10/30/0 2.8±0.1 54.9±0.7 3866±57.1 2.4±0.2 
 
 

From the IS data, the 90/10 (w/w) PLA/EVA blend 

was selected for preparing hybrid composites with a fix 

filler content of 30 phr and the WF/WT (w/w) was 30/0, 

15/15 and 0/30. From Table 1, the IS of all composites was 

lower than that of the neat 90/10 (w/w) PLA/EVA blend. 

This can be due to the high stiffness of WF and WT 

particles that hindered the mobility of the polymer chains. 

However, among the three composites, the WT-composite 

(0/30 WF/WT) had the highest IS, followed by the hybrid 

composite (15/15 WF/WT) and the WF-composite (30/0 

WF/WT), indicating that the IS decreased with increasing 

WF contents. This is because WT has smaller particles 

size, higher surface area and more contact area with 

polymer matrix than WF, and thus allowed higher stress 

transfer across the phase of polymer and filler. It is 

interesting that the TS and E of the composites were both 

improved in a WF/WT dose-dependent manner, due to the 

orientation ability of the fiber-like WF and WT particles 

during injection-molding process where the tensile 

properties were measured in this direction. In contrast, the 

TS of the composites increased with increasing WF content, 

while the E increased with increasing WT content. This is 

because WF has a higher interfacial adhesion with polymer 

matrix than MT, while WT has higher stiffness than WF. 

However, the EB of the composites was not significantly 

changed with the addition of high stiffness fillers as 

compared to that of the neat 90/10 (w/w) PLA/EVA blend. 

This may be due to the increased free volume in the 

PLA/EVA matrix that could retain their EB. 

 

 
 
Fig. 1 SEM images (×1,500) of (a) PLA, (b) EVA and (c–g) 

PLA/EVA blends with EVA at (c) 10 wt%, (d) 20wt%, (e) 

30wt%, (f) 40 wt% and (g) 50wt%. 
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The morphology of the tensile fractured surface of 

the injection-molded specimens is shown in Figs.1 and 2. 

The PLA showed a flat and smooth fractured surface (Fig. 

1a) contributing to a brittle failure behavior, while the 
 

EVA exhibited some stripes on the fractured surface (Fig. 
 

1b), suggesting a more ductile material. The fractured 

surface of the PLA/EVA blends exhibited rough surfaces 

with a gross phase-separated morphology between the 

dispersed EVA and PLA matrix (Figs. 1(c–g)). However, 

the dispersed EVA particles of the 90/10 (w/w) PLA/EVA 

blend were smaller in size than those of the other 

PLA/EVA blends. In addition, the fractured surface of the 

90/10 (w/w) PLA/EVA blend was more uniform and less 

porosity. The large size of the dispersed phase is a result 

of the immiscibility of the blend components, leading to a 

decrease in the impact and tensile strength of the blends as 

previously mentioned. 

Fig.2 shows the SEM images of WF, WT and 90/10 

(w/w) PLA/EVA blend composites. It can be seen that 

both WF and WT naturally occur as aggregates of fiber- 

like or needle-shaped particles (Figs. 2(a and b)) with the 

high aspect ratio of about 5–15 and 10–20, respectively. It 

the neat EVA, and each of them had nearly the same water 

uptake. The maximum water uptake of EVA, PLA and 

 
 
Fig. 2 Representative SEM images of (a) WF (×500), (b) WT 

(×500), (c) WT composite (0/30 WF/WT)   (×1,500 ), (d) 

hybrid composite (15/15 WF/WT) (×1,500) and (e) WF 

composite (30/0) (×1,500). 
 

7.00   100/0/0/0 0/100/0/0 
is seen from Fig. 2c that the WT particles in the WT-   90/10/0/0   90/10/0/30 

 
composite (0/30 WF/WT) uniformly dispersed in the 

polymer matrix. The empty holes on its surface implied the 

WT pulled out from the polymer matrix during the tensile 

test caused by their low interfacial adhesion. The SEM 

image of the WF-composite (30/0 WF/WT) (Fig. 2e) 

showed the embedded WF particles in the polymer matrix. 

Moreover, the SEM image of the hybrid composite (15/15 

6.00   90/10/10/20        90/10/15/15 
 

5.00 
 
4.00 
 
3.00 
 
2.00 
 
1.00 
 
0.00 

 

WF/WT) showed many holes and also the pulled out WT 
 

particles on its fractured surface. 
 

Fig. 3 shows the percentage of water uptake of the 

neat PLA, neat EVA, their blends and composites at 

different periods of immersion (0–15 weeks). Initially, the 

water uptake of all the samples increased rapidly for the first 

week followed by a slower absorption until reaching a 

saturated point, which less water was absorbed and the water 

content in the samples approached a constant value over the 

period of 15 weeks. It is evident that the EVA had the lowest 

water uptake due to its hydrophobicity, while the PLA and 

90/10 (w/w) PLA/EVA blend had higher water uptake than 

0   1   2   3   4   5   6   7   8   9  10 11 12 13 14 
Week(s) 

 
Fig.3 Water uptake of the PLA and EVA and their blend 

and composites. 

 
90/10 (w/w) PLA/EVA blend were about 0.11, 0.74 and 
 

0.76%, respectively. However, the water uptake of all the 

composites was higher than that of the 90/10 (w/w) 

PLA/EVA blend, and also increased with increasing WF 

content. This is due to the space at the interface of the 

fillers and polymer matrix and also an increased free 

hydroxyl groups (OH), which interacted with water 

molecules  through  hydrogen  bonding,  leading  to  the 
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weight gain of the composites. This suggests that the 

composites   have   strong   tendency   to   degrade   by 

allowing the microorganism to penetrate into the 

products using water as a medium. 

Fig. 4 shows the SEM images of samples both 

before and after burial in the compost for 2 months. 

Before burial the samples exhibited a relative smooth 

and clear surface, and after 2 months in the compost the 

degradation surfaces of PLA and EVA had not changed 

 
(a)  (b) 
 
 
 
 
 
 
(c)  (d) 

 

(Figs. 4(b and d)), while the 90/10 (w/w) PLA/EVA 

blend showed a slight surface erosion (Fig. 4f), cause 

by the biodegradable PLA. However, many large holes 

and more cracks in the surface of the composites were 

(e) (f) 

 

observed (Figs. 4(h,j,l)) especially at high WF loading 

(Fig. 4(l)). This is because the WF consists of the 

biodegradable cellulose, hemicellulose and lignin and 

also due to their high water uptake as previously 

mentioned. 
 
 

4. Conclusion 
 

The result revealed that the addition of 10 wt % 

EVA to PLA caused the highest increase in the IS 

compared to the neat PLA. Therefore, the 90/10 (w/w) 

PLA/EVA blend was selected for preparing composites 

with a fix filler content of 30 phr, and the WF/WT (w/w) 

was 30/0, 15/15 and 0/30. The IS of all composites was 

not improved compared to that of the neat blend, but 

rather was lower, and also no significant change in their 

EB. However, a single filler composite containing 30 

phr of WF exhibited the highest TS, while a single filler 

composite containing 30 phr WT exhibited the highest 

E, while the hybrid filler composite containing 15/15 

WF/WT had a compromise in these mechanical 

properties. This implied that there was no synergistic 

effect of these two fillers on the mechanical properties. 

SEM analysis of the tensile fractured surface of the 

composites provided evidence of the empty holes and 

the pulled out filler particles according to a low 

interfacial adhesion between the filler particles and the 

polymer matrix. Moreover, the water uptake and the 

biodegradability of the composites were found to be 

increased with increasing WF loadings. 

 
(g)                                              (h) 

(i)                                               (j) 

(k)                                               (l) 

 
Fig. 4 Representative SEM images (×5,000) before burial 

in the compost of (a) PLA, (c) EVA, (e) 90/10PLA/EVA 

blend, (g) WT-composite (i) hybrid composite and (k) WF- 

composite and after burial in the compost of  (b) PLA, (d) 

EVA, (f) 90/10 PLA/EVA blend, (h) WT-composite (j) 

hybrid composite and (l) WF-composite. 
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Abstract 
 

This work was focused on studying bio-plasticizers for poly (vinyl chloride) (PVC), i.e., modified palm oil and 

modified orange oil which can be used to replace conventional petro-based plasticizers.  Dioctyl phthalate (DOP) and 

trioctyl trimelliate ( TOTM) were selected to represent phthalate and non-phthalate plasticizers respectively.  PVC and 

additives were compounded by a high-speed mixer and two-roll mill, and shaped into samples by compression molding 

technique.  Thermal stability and mechanical properties of plasticized PVC were investigated.  It was shown that the 

modified palm oil had the lowest contact angle indicating good wettability and compatibility with PVC compared to 

others.  Modified palm and orange oils showed short fusion times compared to DOP.  In tensile tests, tensile strength 

and %elongation at break of PVC samples were insignificantly different.   However, Young’s modulus of PVC with 

modified palm and orange oils were lower than that of DOP and hardness of PVC with DOP and modified orange oil 

seemed to be lower than the others.  In DMA results, it was found that PVC with different plasticizers showed similar 

DMA curves, except modified orange oil.  In bleeding tests, amounts of plasticizers bleeding were similar.  Modified 

orange oil had a maximum weight loss of plasticizers. However, it was still in the standard limit. 

. 
 

Keywords:  bio-plasticizers, PVC, DOP, TOTM, modified palm oil, modified orange oil 
 

1. Introduction 
 

Poly (vinyl chloride) ( PVC)  is one of the most 

popular and versatile plastics in the world.  Its products 

have been widely used in human life in both flexible and 

rigid products.    Plasticizers play a crucial role in 

improving  flexibility  and  processability  of  PVC  by 

lowing  the  glass  transition  temperature  (Tg)  and 

increasing its free volume.  Phthalate plasticizers, such as 

DOP, is the most commonly used plasticizers for soft 

PVC due to its cost and efficiency.  However, phthalate 

plasticizers have been recently drawn into attention and 

banned in several countries due to their potentially toxic 

effect   on   human   health   and   on   the   environment. 

Extensive research works on plasticizers based on 

renewable resources (bio-based plasticizers) to replace 

phthalate plasticizers have been carried out worldwide. 

Because   of   their    sustainability,   ready   availability 

and relatively low cost, there is growing  interest in the 

research  and  use  of  renewable  raw  materials. 

Researchers have reported synthesis and application of 

bio-plasticizers from renewable resources, such as, 

sunflower oil, safflower oil, glycerol, oleic acid, rice fatty 

acid,  cardanol,  soybean  oil,  epoxidized  sunflower  oil, 

palm oil and orange peel oil. [1-3] 

In this study, comparative study of PVC 

compounds with bio-plasticizers, i.e., modified palm oil 

and modified orange oil which can be used to replace 

conventional petro-based plasticizer.   Dioctyl phthalate 

(DOP) and trioctyl trimelliate ( TOTM) were selected to 

represent phthalate and non-phthalate plasticizers 

respectively.  Properties of PVC compounded with these 

plasticizers, such as, fusion behaviors, thermal and 

mechanical properties, bleeding, and thermo-mechanical 

properties, etc. were comparatively studied. 

mailto:kjittipo@kmitl.ac.th
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Material 

 Past per hundred of resin (phr) 

 DOP TOTM Modified 
palm oil 

Modified 
orange oil 

PVC 100 100   

Ca/Zn 
Stabilizer 

 
 

 
 

 
 

 
 

ESBO     
 

Plasticizers 
 

30 
 

 
 

 
 

 
 

2. Experimental 
 

2.1  Materials 
 

Poly (vinyl chloride) ( PVC)  (66 K value, Mw = 
 

62,500) was supplied by Thai Poly Chemicals Co., Ltd. 

Thermal stabilizer ( Ca/Zn) was provided by Adeka Fine 

Chemical Thailand Co., Ltd.   Epoxidized soy bean oil 

(ESBO) as a co-plasticizers was added, dioctyl phthalate 

( DOP) , and trioctyl trimelliate ( TOTM) as a plasticizers 

were purchased from South City Group.  Modified palm 

oil bio-plasticizer was supplied by Emerald Performance 

Materials,   LLC   whereas   modified   orange   oil   was 

procured from Jungbunzlaue Co., Ltd. 
 
 

2.2  Preparation of plasticized PVC test specimens 
 

PVC formula can be  shown in Table 1.    First, 

PVC, plasticizers, and other additives were mixed using a 

high speed mixer at 50 °C for 10 min.  The mixture was 

then compounded by a two roll mill at 160 °C for 3 min. 

PVC sheet samples were prepared by using a hydraulic 

press (CEAST type 6032) at 170 °C for 3 min. 
 
 

Table 1  Formulas of the PVC compounds. 

PVC   fusion   and   degradation   behavior   were 

studied  using  an  internal  mixer  (MX500-D75L90)  at 

165 °C for 5 min at 50 rpm. 
 

Tensile  strength,  %   elongation  at   break   and 

young’s modulus of PVC samples were obtained 

according  to  ASTM  D412  using  a  LR5K  Universal 

testing machine ( LLOYD instruments Co., Ltd) .  Cross- 

head speed was set at 50 mm/min.  Seven sample pieces 

were  prepared  from  each  group  to  obtain  an  average 

value. 

Hardness  was  measured  by  Shore  D  hardness 

tester followed by ASTM D2240 under ambient 

conditions. 

Thermogravimetric analysis ( TGA)  was carried 

out in a thermogravimetric analyzer (NETZSCH-TG 209 

F3,  Germany)  in  N2   atmosphere at  a  heating  rate  10 

°C/min. The samples were put into platinum pans and 

scanned from ambient temperature to 600 °C. 
 

Plasticizers bleeding was determined by UNI EN 

ISO 177 standard.   The tests were carried out at 70 °C 

under continuous air circulation for 24 hr with an 

arrangement composed by three layers.   Each layer 

consists on 2 un-plasticized polymer sheets (rigid PVC) 

separated by 1 plasticized polymer layer (flexible PVC 

compound, plastic  x  sample)  under  a  5  kg  weight  of 
 

   pressure. Specimens were  square with a  thickness of 
 

0.55–0.58 mm.  The bleeding test of plasticized samples 

was carried out three times for each sample and the data 

reported as percentage of weight variation. 

Dynamic mechanical analysis ( DMA) was studied 

using DMA-V (Rheometric Scientific Co., Ltd.) in a dual 

   cantilever mode with a frequency of 1 Hz.  Temperature 
 

was raised at a rate of 3 °C/min in the range of 30-90 °C. 
2.3  Testing 

 

Equilibrium contact angle (θ) between each 

plasticizers and PVC sheet (26 x 7 mm) was measured by 

sessile drop method using a contact angle goniometer. 

Drops were formed using a micro-syringe by volume of 

8 µL.  To avoid contamination, all surfaces were cleaned 

with acetone before and after each measurement, and 

allowed to dry for 1 min before starting a new 

measurement. 

 
 
3. Results and Discussion 
 

3.1  Contact angle 
 

Contact angle measurement is most important 

supplementary test  for  wettability alteration study. 

Contact angles between PVC surface and each plasticizer 

were  measured  to  demonstrate  wettability of  the 

plasticizer and the PVC surface as shown in Table 2.  It 

can be seen that the contact angle of the modified palm 
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oil had the lowest contact angle indicating that modified 

palm  oil  possessed  good  wettability and  compatibility 

with PVC compared to others. 

 
Table 2  Contact angle of plasticizers and PVC sheet. 

 
 

Sample 
 

θ (°) 

DOP 35.48 

TOTM 51.38 

Modified palm oil 31.34 

Modified orange oil 36.25 
 
 

3.2  PVC fusion behavior 
 

Melting  behaviors  of   PVC   compounds  wer 

monitored by collecting processing data during mixing i 

an  internal  mixer. Three  important  variables  in  this 

process are rotating speed, rotor torque and temperature. 

The temperature and rotating speed were fixed, and the 

torque data were collected and related directly to the melt 

viscosity.  The melt temperature remained approximately 

constant  during  processing. The  torque  rheological 

curves of PVC compounds and torque values of PVC 

compounds with plasticizers were shown in Figure 1 and 

Table  3  respectively. Maximum  torque  indicates  the 

starting  point  of  compound  mixing. The  torque  is 

decreased as the compound become more homogeneous. 

A first stable torque indicates suitable mixing and fusion 

time of PVC blends.  It was found that modified palm and 

orange oils showed short fusion times compared to DOP. 

However,  quick  drop  of   the  torque  was  found   in 

compound  with  the  modified  palm  oil  indicating  low 

thermal stability and risk of degradation. 

Table 3 Fusion behaviors of PVC compound with 

different plasticizers 
 

 
Sample Maximum Torque 

(N.m) 
Fusion time 

(min) 

DOP 165.05 3.30 

TOTM 191.58 2.60 

Modified palm oil 159.00 2.50 

Modified orange oil 172.01 2.50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

time (sec) 
 

 
Fig. 1 Torque rheological curve of PVC compounds with 

different plasticizers. 
 
 
3.3 Tensile properties 
 

Mechanical properties of PVC with different 

plasticizers were shown in Table 4.  It was revealed that 

tensile  strength  and  %elongation  at  break  of  PVC 

samples were insignificantly different.  Young’s modulus 

of PVC with modified palm and orange oils were lower 

than that of DOP, whereas, hardness of PVC with DOP 

and modified orange oil seemed to  be lower  than the 

others. 
Table 4  The tensile properties of PVC compound with different plasticizers. 

 
 

 
Sample Tensile strength 

(MPa) 
Elongation at break 

(%) 
Young’s modulus 

(MPa) 

 
Hardness (shore D) 

DOP 29.1±0.8 465±12 426.4±17.9 43.3±2.4 

TOTM 29.9±0.8 454±19 449.1±27.5 50.3±1.8 

Modified palm oil 28.2±0.6 419±18 383.8±18.7 49.0±2.6 

Modified orange oil 28.1±1.3 418±23 354.0±10.2 43.8±2.0 
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Sample 

 
DOP 

 
TOTM Modified 

palm oil 
Modified 
orange 

T10 (°C) 255.40 277.79 248.54 233.75 

T50 (°C) 291.06 313.96 288.82 304.82 
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3.4  Dynamic mechanical analysis (DMA) 
 

DMA results were shown in Figure 2 and Table 5. Glass 

transition temperature (Tg) of PVC was determined from 

the peak of tan δ values.   It was found that PVC with 

different plasticizers showed similar DMA curves, except 

modified orange oil. 
 
 

Table 5  Glass transition temperature (Tg) and tan δ of 
 

PVC compounds with different plasticizers. 

of polyene.  It can be observed that PVC with modified 

palm and orange oils had faster drop in %weight loss as 

seen as lower 10% weight loss temperature (T10) compared 

with conventional plasticizers (DOP and TOTM). It 

implied that PVC with modified oils had lower thermal 

stability. 

 
Table 6  T10 and T50 of PVC compounds with different 

plasticizers. 
 

 
Plasticizers 

 
tan δ 

 
Tg (°C) 

DOP 0.3712 46.10 

TOTM 0.4591 46.91 

Modified palm oil 0.4174 42.01 

Modified orange oil 0.4594 53.89 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Temperature (°C) 
 
 
 
 

Temperature (°C) 
 
 

Fig. 2  Loss factor (tan δ) for the PVC compounds with 

different plasticizers. 
 

3.5  Thermo gravimetric analysis (TGA) 
 

TGA was used to study thermal degradation of the 

plasticized PVC.  Table 6 and Figure 3 revealed that all 

PVC sheets exhibited a two-stage thermal degradation 

above 200 °C.   The first stage degradation is in the 

temperature range of 220-320 °C corresponding to 

dechlorination of PVC and thermal decomposition of 

plasticizers.  Second stage about 320-500 °C corresponds 

Fig. 3 TGA analysis of PVC compounds with different 

plasticizers. 
 
 
3.6 Bleeding test 
 

Bleeding of plasticizers from flexible PVC should 

not be higher than 0.45 g which is the limit of the 

international standard (UNI EN ISO 177, 2001).  Table 7 

shows results of bleeding.   It was seen that amounts of 

plasticizers bleeding were similar.   However, modified 

orange oil had a maximum weight loss of plasticizers but 

it was not higher than the standard. 
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Sample Weight  

 
Weight  

 

 0.00448 0.092 

 0.00454 0.094 

Modified palm oil 0.00536 0.096 

Modified orange oil 0.00666 0.126 

 

Table 7 Bleeding of plasticizers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.  Conclusion 

In this study, two bio-plasticizers, i.e., 

modifiedpalm oil and modified orange oil were studied 

comparatively with petroleum plasticizers (DOP and 

TOTM). It can be seen that the modified palm oil had the 

lowest contact angle indicating good wettability and 

compatibility with PVC compared to others. Modified 

palm and orange oils showed short fusion times compared 

to DOP.   However, quick drop of the torque was found 

in compound with the modified palm oil indicating low 

thermal stability and risk of degradation. This also was 

confirmed by TGA results.  In tensile tests, tensile strength 

and %elongation at break of PVC samples were 

insignificantly different. However, Young’s modulus and 

hardness of PVC with different oils were not agreed 

well. In DMA results, it was found that PVC with different 

plasticizers showed similar DMA curves, except modified 

orange oil. In bleeding tests, amounts of plasticizer 

bleeding were similar. Modified orange oil had a 

maximum weight loss of plasticizers. However, it was still 

in the standard limit. 

However, more works are needed in high plasticizer 

loading.  Extensive tests of PVC properties are required to 

guarantee to applications of bio-plasticizers. 
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Abstract 
 

In this study, two series of 80/20 natural rubber (NR)/styrene butadiene rubber (SBR) blend nanocomposites 

incorporating  with  a  small  amount  of  nanosized  titanium  dioxide  (nTiO2)  and  polystyrene-encapsulated  nTiO2 

(PS-nTiO2) (3, 5, 7 and 9 parts per hundred of rubber, phr) were prepared by a latex compounding method. The nanolatex of 

PS-nTiO2 was prepared by in situ differential microemulsion polymerization. The influence of the nanofillers on the 

tensile properties and tear strength of the nanocomposites were investigated. The results showed that the addition of either 

PS-nTiO2 or nTiO2  to the rubber blend even at a very low loading level increased the tensile strength, modulus at 300% 

strain and tear strength in a dose-dependent manner, while the elongation at break was deteriorated. However, the tensile 

and tear strength of the PS-nTiO2  nanocomposite were both optimal at 3 phr PS-nTiO2, while those of the nTiO2 

nanocomposites were optimal at 5 phr nTiO2.  In addition, the M300 of all the nanocomposites increased continuously 

with increasing nanofiller loadings. 

Keywords: Natural rubber, Styrene butadiene rubber, Nanotitanium dioxide, Polystyrene encapsulated nanotitanium 

dioxide, Differential microemulsion polymerization 
 
 

1. Introduction 
 

Nowadays, rubber blends and rubber composites 

have been developed to improve certain properties of 

rubber products [1]. The suitable blending of two or more 

rubbers can provide a new group of elastomeric materials 

with a wide range of desired properties. Natural rubber 

(NR) is a natural biosynthesis polymer that has been 

widely used for numerous applications because of its low 

cost and heat build-up and high mechanical properties, 

resilience and elasticity [2]. However, the application of 

NR is limited due to some drawbacks. Blending of styrene 

butadiene rubber SBR with NR was found to improve the 

abrasion resistance and thermal stability of NR [2]. 

Blending NR and SBR in a latex stage provides finer scale 

dispersion of the rubber components without phase 

separation or flocculation [1]. The latex blending offers 

many advantages such as low cost, mild condition and easy 

scale-up to industry. Additionally, the latex compounding 

can be carried out without a mastication step and thus the 

obtained product has superior properties than that 

compound in the dry stage. However, the rubbers generally 

require particulate reinforcing fillers to obtain the desired 

properties    for     a     variety     of     applications     [3]. 

It has been reported that conventional reinforcing fillers 

such as carbon black and silica can be used successfully in 

dry rubber, but they are not so effective for rubber latex [4]. 

To improve the mechanical properties of the products 

processed from rubber latex, the additional of inorganic 

nanofillers (nano-sized filler) at very low loading levels has 

been attempted [1,6,7]. Among the inorganic nanofillers, 

nano-titanium dioxide (nTiO2) has recently received much 

attention due to unique properties such as non-toxic, UV 

absorber, high performance properties, physicochemical 

stability, and self-cleaning [7,8]. However, the nTiO2 

possesses a very high specific surface area with a large 

number   of   hydroxyl   groups  (-OH)   on   its   surface, 

mailto:peeraphong.p@hotmail.com
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which causes a strong filler-filler interaction and a high 

tendency  for   self-aggregation  in   the   rubber  matrix. 

The uneven dispersion of nTiO2 leads to the unimproved 

mechanical properties and thermal stability of the rubber 

composites [9]. Thus, a number of efforts have focused on 

improving the dispersion of nTiO2  in the rubber matrix. 

Surface modification of TiO2 nanoparticles has been 

widely studied to limit or prevent their self-aggregation [8]. 

The encapsulation of nTiO2 particles by polymers through 

in situ polymerization of monomers has been found to be a 

relatively efficient process that can produce organic- 

inorganic     hybrid     nanocomposite     particles     with 

a core-shell morphology [8,10,11]. The polymer shell is 

expected   to   reduce   the   aggregation   and   improve 

the   compatibility   and   dispersion   of   the   nTiO2     in 

the rubber matrix. In this study, in situ differential 

microemulsion polymerization was used for preparing 

polystyrene (PS) encapsulated nTiO2 (PS-nTiO2), since 

this technique requires a much lower amount of surfactant 

than that used in the microemulsion polymerization 

[1,5,8]. The prepared PS-nTiO2 was then incorporated into 

the 80/20 NR/SBR blend by latex compounding to 

investigate the reinforcing efficiency of the nanofillers in 

the rubber blend nanocomposites. 

 
2. Experimental 

 

 
2.1 Materials 

 

NR latex (60 wt% dry rubber content, DRC), 

potassium oleate solution, potassium hydroxide (KOH) 

solution, aqueous dispersion of sulphur (S), zinc oxide 

(ZnO), zinc diethyl dithiocarbamate (ZDEC) and antioxidant 

(Wingstay L) were supplied by the Rubber Research 

Institute of Thailand. SBR latex (50.5% DRC) and styrene 

monomer were donated by Dow Chemical Co., Ltd. The 

nTiO2 with an average diameter of 20 nm and specific area 

of 140-180 m2/g were purchased from Jebsen & Jessen 

Technology Co., Ltd. Sodium dodecyl sulfate (SDS) 

provided by Cognis (Thailand) Co., Ltd. and 2,2’- 

azobisisobutyronitrile (AIBN) provided by Siam Chemical 

Industry Co., Ltd. were used as a surfactant and initiator, 

respectively. The γ-methacryloxypropyl trimethoxysilane 

(MPTMS) used as a coupling agent was purchased from 
 

Dow Corning Co., td. All materials were used as received. 
 
 
2.2 Preparation of MPTMS- nTiO2 
 

The surface of the nTiO2 particles was modified by 

MPTMS as follow: the dilute aqueous solution of MPTMS 

(0. 5% w/ v)  was prepared by adjusting the distilled water 

(800 mL)  to a pH of 4. 5 with acetic acid and then adding 

MPTMS (4 g) while stirring with a magnetic stirrer for a 

minimum of 30 min until a clear homogeneous solution was 

obtained.  Dry nTiO2  (13. 4 g)  was then added to the 

MPTMS solution with stirring for 30 min.  Thereafter, the 

mixture was dried in an oven at 120 oC for 12 h. 
 
2.3 Preparation of PS-nTiO2 
 

The PS-nTiO2 was prepared by in situ differential 

microemulsion polymerization as follow: distilled water 

(60 mL), SDS (8 g), AIBN (0.12 g) and the as-prepared 

MPTMS-nTiO2 (0.4 g) were mixed in a 500-mL Pyrex 

glass reactor, which was equipped with a double-jacket 

condenser, a nitrogen (N2) gas inlet, and a dropping funnel 

for monomer feeding. The system was heated up to 70 oC 

with stirring at 250 rpm using a magnetic stirrer under 

a N2 atmosphere. Once the temperature reached 70 oC, 

the styrene monomer (22.5 mL) was fed dropwise while 

stirring within 1 h and then maintained at 70 oC with 

constant agitation for an additional hour. After cooling, the 

obtained nanolatex was precipitated with methanol, 

filtered by Buchner funnel, washed with distilled water, 

and dried at 60 oC for 12 h. The dried product was further 

used for the characterizations. 
 
2.4 Preparation of rubber nanocomposites 
 

The NR and SBR latices were mixed with curing 

ingredients ( potassium oleate, KOH, S, ZnO and ZDEC) 

and Wingstay L at an ambient temperature according to 

the recipe given in Table 1 ( based on dry weight) , and 

stirred at 150 rpm with a mechanical stirrer for 30 min. 

The obtained rubber blend was then mixed with either 

nTiO2 or PS- nTiO2  at 3, 5, 7, or 9 parts per hundred parts 

of rubber, phr ( based on dry weight)  using a mechanical 

stirrer at 100 rpm for 30 min. The homogeneous latex was 

then kept overnight under mild  stirring at 50 rpm for 
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maturation. The nanolatex was then cast as a sheet with a 

uniform thickness on a glass mold (20 cm × 20 cm × 0.15 cm), 

air dried for 24 h and subsequently cured in an oven at 

110 oC for 1 h. 
 

 
Table 1 Formulation of the rubber compound (based on 

dry weight) 

 
Ingredients Amounts (phr) 

60% NR latex 
 

50.5% SBR latex 
 

10% Potassium oleate solution 
 

10% Potassium hydroxide solution 
 

50% ZDEC dispersion 
 

50% Sulphur dispersion 
 

50% Wingstay L dispersion 
 

50% Zinc oxide dispersion 

80 
 

20 
 

0.2 
 

0.5 
 

1.0 
 

1.5 
 

1.0 
 

1.0 
 

 
2.5 Characterizations 

The solid content ( % solid) of the nanolatex was 

determined by a weighing method, and calculated from 

Eq. (1): 

on an angle-shaped sample with the same universal testing 

machine at a strain rate of 500 mm/min. 

The morphology of the tensile fractured surface 

was observed by scanning electron microscopy ( SEM) 

on a Jeol JSM- 6480LV instrument under an accelerated 

voltage   of   15  kV   and   a   magnification   of   500× . 

The fractured surface was sputter coated with a thin layer 

of gold. 
 
3. Results and discussion 
 

The obtained nanolatex had a calculated solid 

content (using Eq. (1)) of about 22.3%, and the average 

diameter of PS-nTiO2 was determined to be about 42 nm 

from the particle size analyzer. Fig. 1 shows representative 

TEM image of the core-shell nanospheres of PS-nTiO2 

composite where the dark core is the cluster of nTiO2 and 

the light layer is the PS coating. 

%Solid = (W1/W2) x 100 (1) 

where W1 and W2 are the weights of dried nanoparticles 

and nanolatex, respectively. 

The particle size of the prepared PS-nTiO2 particles 

was measured using a dynamic light scattering analyzer 

(DLS, Nano-series ZX). The morphology of the prepared 

PS-nTiO2  and nTiO2 particles was observed using a 

transmission electron microscope (TEM, Jeol JEM-2100) 

at an accelerating voltage of 80 kV. Functional group 

analysis of the nTiO2, MPTMS-nTiO2, and PS-nTiO2 was 

carried out using Fourier transform infrared (FT-IR) 

spectrometry (Nicolet 6700) over a frequency range of 

4,000 to 400 cm-1. 
 

The tensile test of the sample was performed on 

the  standard dumb- bell  shaped specimen according to 

ASTM D412 using a universal testing machine (Series 

5843) with a 1 kN load cell and at a crosshead speed of 
 

500 mm/ min. At least five specimens were tested to obtain 

the average value for the tensile strength ( TS) , modulus 

at 300% strain (M300)  and elongation at break (EB) . 

The tear strength was measured according to ASTM D624 

 
 
 
 
 
 
 
 
Fig. 1 Representative TEM image of PS-nTiO2 particles. 

 
 

Fig. 2 shows the FT-IR spectra of nTiO2, MPTMS- 

nTiO2 and PS-nSiO2 composites. The FTIR transmittance 

spectrum within the range of 4000–400 cm-1  of nTiO2 

(Fig. 2a) showed peak at 3309 cm-1 attributed to the –OH 

stretching vibrations and the broad peak at around 665 cm- 

1 assigned to the vibration of Ti-O and Ti-O-Ti bonds [12]. 

In contrast, the additional peaks at 2923, 1726, 1641, 1138 

and 1037 cm-1 seen in the spectrum of MPTMS-nTiO2 

(Fig. 2b) corresponded to the stretching vibration of C-H, 

C=O, C=C, Si-O and Ti-O-Si bonds, respectively, 

indicating the binding of methoxy groups in MPTMS to 

the -OH groups on the nTiO2 surface to introduce a double 

bond onto the surface of nTiO2, which can further react 

with  the  styrene  monomer.  The  FT-IR  spectrum  of 

PS-nTiO2     (Fig.2c)   has   absorption   peaks   at   3024 
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(C-H arom.), 1596 (C=C arom.), 2917 (-CH3), 2850 (-CH), 

 

1492 (C=C), 1448 (-C6H5), 908 and 698 (-CH= arom.), 
 

1068 (Ti-O-Si) and 543 (Ti-O-Ti) cm-1, indicating the 

encapsulation of PS on the nTiO2 surface via in situ 

differential microemulsion polymerization. 

 
 

Fig. 2 FT-IR spectra of (a) nTiO2, (b) MPTMS-nTiO2 and 
 

(c) PS-nTiO2. 
 

The effect of nTiO2  and PS- nTiO2 loading on the 

tensile properties of the 80/20 NR/SBR blend and its 

nanocomposites is shown in Fig. 3. It can be seen that the 

TS for all nanocomposites was higher than that of the neat 

blend ( Fig. 3a) . The TS of the 80/ 20 NR/ SBR blend was 

about 24. 9 MPa ( Fig. 3a). The increase in the TS may be 

due to the reinforcing effect of the nanoparticles. However, 

the highest TS of the PS- nTiO2  nanocomposite could be 

achieved at 3 phr PS-nTiO2, which was 47.4% higher than 

that of the neat blend.  This suggests a better PS- nTiO2 

dispersion and a higher interaction between PS molecules 

grafted on the nTiO2  particles and SBR molecules in the 

SBR phase, and also a better stress transfer at the interface 

between the PS-nTiO2 and the SBR matrix. However, it was 

expected  that  the  PS- nTiO2   particles were  mainly 

distributed in the SBR phase. At higher PS-nTiO2 loadings 

(5, 7 and 9 phr), the TS seemed to decrease with increasing 

PS- nTiO2   loadings.   This  may  be  due  to  the  excess 

PS- nTiO2   that  mainly  located  at  the  phase  boundary 

between NR and SBR, leading to an incomplete network 

structure and poor crosslinking across the NR and SBR 

phase boundary, which lead to a decrease in the TS of the 

nanocomposites. In contrast, the highest TS of the nTiO2 

nanocomposite was achieved at 5 phr nTiO2, which was 
 

42. 6% higher than that of the neat blend.  Thereafter, 

the TS of the nTiO2 nanocomposites was remarkably 

decrease with increasing nTiO2 loadings. This may be 

attributed to the agglomeration of nTiO2 in the 

nanocomposites that provide a smaller surface area and so 

provided a weaker interaction between nTiO2 and rubber 

matrix and a poorer dispersion in the rubber matrix. 

 
 

 

 
 

Fig.  3 Tensile properties of 80/ 20 NR/ SBR blend and its 

nanocomposites with four loading levels of nTiO2  and 

PS-nTiO2: (a) TS, (b) M300 and (c) EB. 
 
 

The M300 of the 80/ 20 NR/ SBR blend was about 
 

3. 5 MPa ( Fig.  3b) . It is evident that the M300 of all the 

nanocomposites was higher than that of the neat blend and 

also  increased  continuously  with  increasing  nanofiller 
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loadings. This is attributed to the high stiffness of the 

nanofillers that restricted the mobility of the rubber chains 

and also reduced the deformability of the vulcanizates. 

However, the M300 of the nTiO2 nanocomposites was 

slightly higher than that of the PS-nTiO2 nanocomposites, 

suggesting that the stiffness of the agglomerated nTiO2 

particles was higher than that of the PS-nTiO2 particles. 
The EB of the 80/20 NR/SBR blend was about 

 

1718% ( Fig.  3c) .  As expected, all the nanocomposites 

exhibited lower EB than that of the neat blend. This is 

because of the high stiffness of nanoparticles that restricted 

the mobility of the rubber chains and also reduced the EB 

of the vulcanizates. However, the EB of both PS- nTiO2 

nanocomposites (1333-1629%) and nTiO2 nanocomposites 

(1523-1586%) was still rather high when compared to that 

of the  neat  80/20 NR/SBR blend.  This indicated that 

the prepared vulcanizates were soft nanocomposites. 
 
 

 
 

Fig. 4 The tear strength  of 80/ 20 NR/ SBR blend and its 

nanocomposites with four loading levels of nTiO2  and 

PS-nTiO2. 
 
 

The tear strength of 80/ 20 NR/ SBR blend and its 

nanocomposites with four loading levels of nTiO2  and 

PS-nTiO2 is shown in Fig. 4. The tear strength of the 80/20 
NR/SBR was about 77.5 N/mm. The addition of nTiO2 and 

PS- nTiO2  resulted in a higher tear strength than in the 

corresponding neat rubber blend. The highest tear strength 

of the PS-nTiO2 nanocomposite was also achieved at 3 phr 

PS- nTiO2, while that of nTiO2 was also achieved at 5 phr 

nTiO2. This may be due to the same reasons as discussed 

above. 

 

(a) 
 

 
 
 
 
 
 
 

(b) (f) 
 
 
 
 
 
 
 
 

(c) (g) 
 
 
 
 
 
 
 
 

(d) (h) 
 
 
 
 
 
 
 
 

(e) (i) 
 
 
 
 
 
 
 
 
 
Fig. 5 Representative SEM images ( 500× magnification) 

of (a) 80/20 NR/SBR; (b–e) NR/SBR blend with nTiO2 at 

( b) 3 phr, ( c) 5 phr, ( d) 7 phr and ( e)  9 phr; and ( f– i) 

NR/SBR blend with PS-nTiO2 at (f) 3 phr, (g) 5 phr, (h) 
7 phr and (i) 9 phr. 
 

 
Fig. 5 shows the SEM images of the tensile fractured 

surfaces of the neat 80/20 NR/SBR blend and its 

nanocomposites with nTiO2 and PS- nTiO2. All the images 

revealed a relatively rough and uneven fractured surface, 

indicating their ductile behavior. This is in good agreement 

with the result of the EB as previously mentioned. 
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4. Conclusions 
 

The latex of PS- nTiO2 was successfully 

prepared by in situ differential microemulsion 

polymerization. The particle size, functional group 

analysis and morphology of the core- shell PS- nTiO2 

so formed were investigated by a combination of 

dynamic light scattering, FT-IR spectrometry and 

TEM. Two series of 80/20 NR/SBR blend 

nanocomposites with nTiO2  and PS-nTiO2 were prepared 

by latex compounding technique. The tensile 

properties, tear strength and morphology were 

evaluated for all the nanocompositions. It was found 

that incorporating even a very loading of nTiO2 and PS-

nTiO2 can reinforce the rubber blend by increasing the 

TS, M300 and tear strength at the expense of the EB. 
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Abstract 

This study aimed to improve the mechanical properties of poly(lactic acid) (PLA) by inclusion of poly(butylene 

adipate-co-terephthalate) (PBAT), wood flour (WF) and wollastonite (WT). The PLA/PBAT blends showed a PBAT-dose-

dependent increase in the impact strength and elongation at break compared to the PLA, but the tensile strength and elastic 

modulus were all decreased with increasing PBAT content. Of the five PLA/PBAT blends (10, 20, 30, 40 and 50 wt% 

PBAT) evaluated, the 70/30 wt% blend exhibited a good combination of the mechanical properties. This blend was further 

selected for preparing composites with a fix filler content of 30 parts per hundred parts of resin, and the WF/WT (w/w) 

was 30/0, 15/15 and 0/30. The results showed that the elastic modulus of all the composites increased with the addition of 

WF and WT, but at the expense of reducing the tensile strength, elongation at break and impact strength compared to the 

neat 70/30 (w/w) blend. Moreover, all the composites exhibited higher impact strength and elastic modulus than the neat 

PLA. Moreover, the water absorption and biodegradability of the composites were found to be increased with increasing 

WF loadings.  

 

Keywords: Poly(lactic acid), Poly(butylene adipate-co-terephthalate), Wood flour, Wollastonite, Hybrid composite. 

 

1. Introduction 

In recent years, biodegradable plastics have received 

much attention due to their obvious environmentally-

friendly property comparing to petroleum based plastics. 

Poly(lactic acid) (PLA) is one of the most promising 

biodegradable polymers due to its complete susceptibility 

to biological attack. It is generally produced from 

renewable resources such as corn starch, tapioca roots, 

sugar cane and sugar beet, and with the availability of 

effective mass production, PLA has received much 

attention for preparing bioplastics to replace commodity 

plastics [1-6]. Apart from being a biodegradable polymer, 

PLA has a high strength, high modulus and clarity similar to 

polystyrene and poly(ethylene terephthalate) [1,2]. However, 

PLA possesses some drawbacks, such as an inherent 

brittleness, low impact strength (IS), poor melt strength, 

and low thermal stability [1]. These problems were taken into 

consideration in this study by blending with 

poly(butyleneadipate-co-terephthalate) (PBAT), wood flour 

(WF) and wollastonite (WT) to impart a higher flexibility and 

IS while maintaining the biodegradability of the products. 

PBAT is a biodegradable synthetic aliphatic-aromatic 

copolyester with a high toughness and flexibility similar to 

that of low density polyethylene [7,8]. Therefore, PBAT can 

be blended with other rigid plastics to impart a higher 

flexibility and biodegradability [7,8]. 

WF is an organic compound that consists mainly of 

cellulose. It has been widely used as filler in the industries 

due to its low cost, low density, availability, non-abrasive 

and biodegradability [9-11]. Moreover, the incorporation 

WF into the biodegradable plastics can reduce the final cost 

of the products.  

WT is a calcium silicate mineral (CaSiO3) with a 

needle-like crystal structure and an aspect ratio of 10–20 
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[7]. It has many desirable properties such as high chemical 

and thermal stability, low coefficient of thermal expansion, 

high level of whiteness and hardness, harmless for human 

health and low cost [7]. 

In this study, a series of PLA/PBAT blends were 

prepared and investigated for their mechanical properties 

(impact strength and tensile properties). The blend with an 

appropriate mechanical properties was subsequently filled 

with a fix filler content of 30 parts per hundred parts of 

resin (phr), and the WF/WT (w/w) was 30/0, 15/15 and 

0/30. The mechanical properties, morphology, water 

absorption and biodegradability of the resulting composites 

were then investigated. 

 
2. Experimental 

2.1 Materials 

PLA (Ingeo Biopolymer 4043D) with a melt flow rate 

of 2 g/10 min (at 190 °C/2.16 kg), a density of 1.24 g/cm3 and 

a melting temperature (Tm) in the range of 145-160 °C, was 

purchased by NatureWorks LLC. PBAT (Ecoflex F Blend 

C1200) with a melt flow rate of 2.7-4.9 g/10 min (at 190 

°C/2.16 kg), a density of 1.25-1.27 g/cm3 and a Tm of 110-120 

°C, was purchased from BASF Corporation. WF (Lignocel 

C120) with a particle size of 70-150 μm, was purchased from 

J. Retenmaier and Söhne Co. WT (HJ-2000) with a particle 

size of 5 μm, was donated by H&J Mineral Fiber Technology. 

 
2.2 Sample Preparation 

Prior to blending, PLA and PBAT pellets were 

dried in an oven at 70 °C while WF and WT were dried in 

an oven at 100 °C overnight to remove any trace of 

moisture. The PLA/PBAT blends were prepared at five 

weight ratios (90/10, 80/20, 70/30, 60/40 and 50/50), using a 

twin-screw extruder (LW-20-32) at a temperature range of 

165-175 °C. After cooling, the extrudates were pelletized 

and dried at 70 °C overnight. The test specimens were 

prepared using an injection molding machine (BA 250 

CDC) at a temperature range of 165-175 °C. 

The PLA/PBAT hybrid composites were also 

prepared by melt mixing in the same extruder and injection 

molding machine as above but with the addition of fillers at 

30 phr, and the WF/WT (w/w) was 30/0, 15/15 and 0/30. 

  

2.3 Characterization 

The tensile test was performed according to ASTM 

D638 using a dumbbell-shaped specimen on a universal 

testing machine (Instron 5500R) with a load cell capacity and 

crosshead speed of 10 kN and 50 mm/min, respectively. 

The notched Izod impact test was performed 

according to ASTM D256 using an impact tester (Ceast, Resil 

Impactor). A pendulum of 1 J was selected. 

The tensile fractured surface was observed by 

scanning electron microscopy (SEM) using a JEOL-JSM 

6480 LV instrument under an accelerated voltage of 15 kV. 

All samples were sputter coated with gold to avoid 

electrostatic charges during examination. 

The water absorption was determined as follow: the 

dried sample (in an oven at 60 °C, overnight) was weighed 

(W0), and then immersed in a water bath at room 

temperature. The sample was periodically taken out of the 

bath, the water was removed from its surface by tissue 

paper, and then weighed (W1). The water uptake at time, 

was calculated using Eq. (1), 

            Water uptake (%) = [W1 – W0/ W0] × 100         (1) 

Biodegradability of the sample was examined by 

soil-burial test. The sample was buried at about 20 cm 

below the surface of the compost for 60 days, and the burial 

test was performed in Bangkok, Thailand during Dec 14, 

2015 and Jan 13, 2016. After burial, the specimen was 

taken off from the compost, washed in water and dried in 

an oven at 60 °C for 24 h prior to observing their surface 

morphology by SEM.  

 

3. Results and Discussion 

3.1 Mechanical properties 

The mechanical properties, in terms of the impact 

strength (IS), tensile strength (TS), elastic modulus (E) and 

elongation at break (EB) of all the samples are summarized in 

Table 1. The results showed that PLA is a kind of hard and 

brittle plastic due to its very low IS (2.7 kJ/m2) and high E 

(2912 MPa) as a consequence of its rather high glass 

transition temperature (55 to 65 °C) [2,9,10]. The IS of the 

five different weight ratios (90/10, 80/20, 70/30, 60/40 and 

50/50 PLA/PBAT) was all higher than that of the PLA and 

was in the range of 3.9-29.3 kJ/m2, which indicated that 

the blends shifted from the brittleness of PLA to being 



  342 
tougher. This is primary due to the inherent flexibility of 

PBAT molecules in the PLA matrix that then reduced the 

brittleness of the blends. The IS of the blend containing 30 

wt% PBAT (29.3 kJ/m2) was substantially higher than that 

of the neat PLA, which may be attributed to a better PBAT 

dispersion in the PLA matrix and also a better stress 

transfer at the interface between the PBAT and PLA. 

However, the IS of the blends containing 40 and 50 wt% 

PBAT could not be detected since the specimens were not 

broken. This may be due to the phase inversion of the two 

polymers, and so the PLA became a dispersed phase in the 

PBAT matrix.   

 The TS and E of the PLA/PBAT blends were 

both lower than those of the pure PLA, and decrease with 

increasing PBAT contents. However, the addition of 

PBAT caused a substantially increase in the EB at high 

loading of PBAT. This could be related to the nature of 

PBAT itself, providing its inherent flexibility, low TS 

(15.8 MPa), low E (83 MPa) and high EB (not broken) to 

the PLA/PBAT blends. The decrease in the TS may also 

be due to the poor interfacial adhesion between PLA and 

PBAT, leading to the deficient stress transfer across the 

phase of each polymer. This would results in a quicker 

fracture than in the pure PLA during the tensile 

deformation.    
Overall, the addition of PBAT to PLA was very 

effective at increasing the IS and EB of the PLA in a 

PBAT dose-dependent manner, but at the expense of 

reducing the TS and E. As a consequence, the 70/30 

PLA/PBAT blend was selected for further preparing 

composites with a fix filler content of 30 phr, and the 

WF/WT (w/w) was 30/0, 15/15 and 0/30 due to its good 

combination of the mechanical properties. 

From Table 1, the IS of all composites was lower 

than that of the neat 70/30 (w/w) PLA/PBAT blend. This 

can be due to the high stiffness of WF and WT particles 

that restrained the mobility of the polymer molecules. 

However, among the three composites, the WT-composite 

(0/30 WF/WT) exhibited the highest IS (5.1 kJ/m2), while 

the WF-composites and the hybrid composites had the 

same IS (4 kJ/m2), indicating that the WF caused a decrease 

in the IS. This is because WT possesses smaller particles 

size, higher surface area and more contact area with 

polymer matrix than WF, and thus allowed higher stress 

transfer across the phase of polymer and filler. However, 

the IS of all the composites was higher than that of the 

pure PLA. After adding either WF or WT to the 70/30 

(w/w) PLA/PBAT blend, the TS of the composites was also 

decreased with increasing WT content. This may be due to 

the poorer stress transfer across the phases of WT and the 

matrix rather than that of the WF and the matrix as a 

consequence of the weaker interfacial adhesion between 

WT and the matrix, which can be confirmed later by the 

SEM observation. However, after adding either WF or WT 

to the 70/30 (w/w) PLA/PBAT blend, the E of the 

composites was increased with increasing WF content. 

This is because WF has higher interfacial adhesion with 

polymer matrix than WT. Finally, the EB of the composites 

were increased with increasing WT content. This may be due 

to the void between the WT and polymer matrix that could 

retain their EB. 

 

Table 1 Mechanical properties of the samples. 

Sample 
IS 

(kJ/m2) 

TS  

(MPa) 

E 

(MPa) 

EB  

(%) 

PLA 2.7 ± 0.4 67.2 ± 1.4 2912 ± 54.3 4.1 ± 0.5 

PBAT N/B* 15.8 ± 0.1 83 ± 2.7 N/B* 

PLA/PBAT 

90/10 3.9 ± 0.2 64.1 ± 0.6 2573 ± 46.8 3.8 ± 0.2 

80/20 5.6 ± 0.1 54.6 ± 0.8 2268 ± 57.7 10.5 ± 1.4 

70/30 29.3 ± 3.1 43.3 ± 1.4 1962 ± 80.6 21.0 ± 6.1 

60/40 N/B* 32.2 ± 0.7 1562 ± 32.5 N/B* 

50/50 N/B* 23.9 ± 0.8 1130 ± 51.8 46.6 ± 7.3 

PLA/PBAT/WF/WT 

70/30/30/0 4.0 ± 0.1 43.5 ± 0.7 3067 ± 89.2 3.2 ± 0.2 

70/30/15/15 4.0 ± 0.1 40.0 ± 0.5 3107 ± 81.5 3.5 ± 0.3 

70/30/0/30 5.1 ± 0.4 37.0 ± 0.4   2932 ± 245.1   11.2 ± 0.8 

*Not broken 
 

3.2 Morphology 

The SEM images of the tensile fractured surfaces of 

PLA and PLA/PBAT blends are shown in Fig. 1. The pure 

PLA exhibited a flat and smooth fractured surface 

corresponding to brittle fracture behavior (Fig. 1a), while the 

SEM image of PBAT could not be observed from the tensile 

fractured surface because the specimen was not broken. The 

PLA/PBAT blends at 10 and 20 wt% PBAT showed a quite 

smooth fractured surface with some low ridges distributed on 

their surfaces (Figs. 1(b and c)), suggesting that these blends 
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had higher ductility than the pure PLA. Moreover, the blends 

at 30 and 50 wt% PBAT showed much rougher surfaces 

(Figs. 1(d-e)), indicating a higher ductility of these blends. 

This implied that PBAT can be used as a toughening agent in 

PLA matrix, which was in good agreement with the 

mechanical properties of the PLA/PBAT blends. In addition, 

the morphology of the 60/40 (w/w) PLA/PBAT was not 

observed because the specimen was not broken under the 

tensile test. 
 

 
Fig. 1 Representative SEM images (1000× magnification) of 

(a) PLA and PLA/PBAT blends at (b) 90/10, (c) 80/20,  

(d) 70/30 and (e) 50/50. 

 

Fig. 2 shows the SEM images of the WF-composite 

(30/0 WF/WT), hybrid composite (15/15 WF/WT) and WT- 

composite (0/30 WF/WT). At high WF content (30 phr), the 

particles started to form agglomerates (Fig. 2a), which 

have weaker bonding with the matrix.  Thus, during the 

crack propagation, the agglomerates might be easily pulled 

out and leave voids behind, leading to a reduction in the 

strength of the composites. Figs 2(b and c) showed that 

some of the WT particles broke during the fracture 

process, while other were pulled out, leaving voids in the 

matrix. The pull out of the WT particles indicates the low 

interfacial interaction with the polymer matrix, which also 

caused a reduction in the strength of the composites. 

 

.   

Fig. 2 Representative SEM images (1000×magnification) of 

(a) WF-composite (30/0 WF/WT), (b) hybrid composite 

(15/15 WF/WT) and (c) WT- composite (0/30 WF/WT). 

 

3.3 Water Absorption  

Fig. 3 shows the percentage of water absorption of the 

PLA, PBAT, 70/30 (w/w) PLA/PBAT blend and its 

composites with either WF or WT at different periods of 

immersion (0-80 days). It was found that water absorption of 

all the samples increased rapidly on the first 7 days and kept 

increasing as the immersion time increased. Afterwards, the 

water absorption was slow down until reaching a saturated 

point, which less water was absorbed and the water content in 

the samples approached a constant value.  As shown in Fig. 3, 

PBAT had the lowest water absorption due to its 

hydrophobicity, while PLA showed slightly higher water 

absorption. However, the water absorption of the 70/30 (w/w) 

PLA/PBAT blend was similar to that of the neat PLA. In 

addition, the water absorption of all the composites was 

much higher than that of the 70/30 (w/w) PLA/PBAT 

blend, and also increased with increasing WF content. This 

is due to the space at the interface of the fillers and 

polymer matrix and also an increased free hydroxyl groups 

(OH), which interacted with water molecules through 

hydrogen bonding, leading to the weight gain of the 

composites. This may well reflect the biodegradation of 

the WF-composite, which has stronger tendency to 

degrade by allowing the microorganism to penetrate into 

the products using water as a medium. 
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Figure 3. Water absorption of PLA, PBAT, 70/30 (w/w) 

PLA/PBAT blend and its composites with WF/WT (w/w) of 

30/0, 15/15 and 0/30. 

 

3.4 Biodegradability 

Fig. 4 shows the SEM image of samples before (left 

column) and after (right column) burial in the compost for 2 

months (60 days). Before burial the samples exhibited a 

relative smooth and clear surface, and after 2 months in the 

compost the degradation surface of PLA had slightly 

changed (Fig. 4a (right)), due to the slow degradation nature 

of the PLA. However, the surface of PBAT showed more 

surface erosion (Fig. 4b (right)), due to the faster 

biodegrading of PBAT. As can be seen in Fig. 4c (right), the 

degradation surface of 70/30 (w/w) PLA/PBAT blend had not 

changed. This may be due to the slow degradation of PLA 

and the very low water absorption of the PBAT as mention 

before. However, in the presence of the WF, the WF-

composite (Fig. 4 d (right)) and the hybrid composite (Fig. 

4 e (right)) showed more surface erosion. This is because 

the WF consists of the biodegradable cellulose, 

hemicellulose and the relatively biodegradable lignin.  
 

 
 

Fig. 4 Representative SEM images (1000× magnification) 

of (a) PLA, (b) PBAT, (c) 70/30 (w/w) PLA/PBAT blend, 

(d) WT-composite (e) hybrid composite and (f) WF-

composite before burial in the compost (left) and after 

burial in the compost (right). 

 

4. Conclusions 

In this study, PLA/PBAT blends and composites of 

the 70/30 PLA/PBAT blend with WF and/or WT were 

successfully prepared by melt blending on a twin-screw 

extruder followed by injection molding. Among the five 

PLA/PBAT blends, the incorporation of 30 wt% PBAT was 

found to have a good combination of the mechanical 
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properties. Therefore, this blend was selected for preparing 

composites with a fix filler content of 30 phr, and the 

WF/WT (w/w) was 30/0, 15/15 and 0/30. The results 

showed that the E of all the composites increased with the 

addition of the stiff fillers (WF and WT), but at the 

expense of reducing the TS, EB and IS compared to the 

neat 70/30 (w/w) PLA/PBAT blend. However, all the 

composites exhibited higher impact strength and elastic 

modulus than the pure PLA. Moreover, the water 

absorption and biodegradability of the composites was 

found to be increased with increasing WF loadings.  
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Abstract 
 

In this study, sawdust and rice husk were used to reinforce natural rubber (NR). NR composites were prepared at 

filler content of 20 phr. Cure characteristics, mechanical properties, and morphology of the composites were studied. 

NR/rice husk composite showed higher mechanical properties than NR/sawdust composite. SEM micrographs revealed 

poor adhesion between the fillers and NR matrix leading to poor mechanical properties. The addition of natural rubber 

grafted with maleic anhydride (NR-g-MA) prepared in house improved the mechanical properties of the composites due 

to better adhesion between the fillers and NR matrix.  Scorch time and cure time of the composites increased with the 

presence of NR-g-MA. 
 

Keywords: Natural rubber, Sawdust, Rice husk, Natural rubber grafted with maleic anhydride. 
 

1. Introduction 
 

Nowadays, lignocellulosic fillers have gained more 

attention as alternative fillers for polymer. The advantages 

of lignocellulosic fillers include low cost, low density, 

biodegradability, and renewable resource. Sawdust is 

wood processing residue from consumer good 

manufacture. Sawdust basically is reprocessed into 

particleboard or furniture products. However, some 

portion of sawdust is disposed as landfill or incinerated 

creating an environmental problems. Utilization of 

sawdust as reinforcing fillers for polymer composites is 

alternative method to add value to sawdust and also benefit 

the environment [1]. Moreover, rice husk, one of the major 

agricultural waste obtained during rice processing, is an 

interesting filler to reinforce polymer. Rice husk slowly 

decomposes in the ground and has low nutrition value for 

animals [2]. The disposal of rice husk by open burning has 

become an environmental problem. Therefore, using rice 

husk in producing composites helps the environment and 

also adds value to rice husk. 

The main drawback to use lignocellulosic fillers as 

reinforcing fillers for NR is poor adhesion between the 

filler and NR. The compatibility between the fillers and 

NR can be improved by adding compatibilizers such as 

natural   rubber   grafted   with   maleic   anhydride   [3], 

epoxidized natural rubber [4]. 

The objective of this study is to study the effect of 

sawdust and rice husk on cure characteristics, mechanical 

properties, and morphology of NR composites. In addition, 

the influence of adding NR-g-MA as a compatibilizer on 

the properties of NR composites was also examined. 
 
 
2. Experimental methods 
 

2.1 Materials 
 

Natural rubber (STR 5L) was supplied from Eaton 

Industries. Maleic anhydride (MA, Acros Organics) and 

dicumyl peroxide (DCP, Acros Organics) were used. 

Other chemicals used to vulcanize natural rubber were 

stearic acid, zinc oxide, N-cyclohexyl-2-benzothiazole-2- 

sulphenamide (CBS), and sulfur. 

Sawdust was supplied from Piyarat sawmill and rice 

husk was obtained from a local rice mill. 

2.2 Preparation of sawdust and rice husk 
 

Sawdust and rice husk were sieved with a screen 

system equipped with 40 mesh screens (particle size 

between 425-600 µm) and dried in an oven at 70oC for 24 

h. Figure 1 shows SEM micrographs of sawdust and rice 

husk. 

mailto:kasama@sut.ac.th
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Figure 1 SEM micrographs of (a) sawdust and (b) rice 

husk 
 
 

2.3  Preparation  of  natural  rubber  grafted  with  maleic 

anhydride 

Natural rubber grafted with maleic anhydride (NR- 

g-MA) was prepared using an internal mixer (Hakke 

Rheomix, 3000p) at temperature of 130oC for 10 min and 

a rotor speed of 60 rpm. The maleic content was 6 phr and 

dicumyl peroxide content was 1 phr [5]. 

2.4 Characterization of natural rubber grafted with maleic 

anhydride 

2.4.1 Determination of maleic anhydride content 
 

The quantity of maleic anhydride content on natural rubber 

was determined by titration of acid groups derived from 

anhydride functions. To prepare NR-g-MA solution for the 

titration, 1 g of NR-g-MA was dissolved in 100 ml of 

toluene at boiling temperature.   In order to remove 

unreacted MA, excess amount of acetone was added into 

NR-g-MA solution and filtrated. The precipitant product 

was dried in the vacuum oven at 40 oC for 24 h. The sample 

was redissolved in toluene. Then 0.2 ml of water was 

added to hydrolyze anhydride functions into carboxylic 

acid functions. The solution was refluxed for 2 h to 

complete the hydrolysis. The carboxylic acid 

concentration was determined by titration of the NR 

solution with 0.025 N potassium hydroxide in 

methanol/benzyl alcohol 1/9 (v/v). The indicator used was 

a solution of 1% phenolphthalein in methanol. The 

carboxylic acid concentration was converted to the MA 

content as follows [6]. 

where N is the concentration (mol/l) of potassium 

hydroxide dissolved in methanol/ benzyl alcohol. Vo  and 

V1 are the volumes of the KOH used in the blank test and 

in the test with samples, respectively. W is the weight (g) 

of the NR-g-MA sample. 

2.4.2 Flourier Transform Infrared Spectroscopy 
 

FTIR spectrum of NR-g-MA was investigated and 

compared with the spectrum of NR using a Fourier 

transform infrared spectrometer (FTIR, BRUKER). The 

spectrum was recorded in the 400-4000 cm-1 region with 2 

cm-1  resolution. The purified NR-g-MA was used in the 

characterization. 

2.5 Preparation of natural rubber composites 
 

Formulations for rubber composites are shown in 

Table 1. The compounds were mixed using a two roll mill 

(Chaicharoen) at room temperature. The total mixing time 

was 25 min. The test specimens were prepared using a 

compression molding machine (Gotech) under a pressure 

of 130 MPa and a temperature of 150oC . 
 
 
Table 1 Formulation of natural rubber composites 
 

Materials Content (phr) 

NR 100 100 100 

Zinc oxide 5 5 5 

Steric acid 2 2 2 

CBS 0.6 0.6 0.6 

Sulfur 2 2 2 

Sawdust - 20 - 

Rice husk - - 20 

NR-g-MA - 0, 10 0, 10 
 
 
2.6 Characterization of NR and NR composites 
 

2.6.1 Cure characteristics 
 

Maximum torque (MH) and minimum torque (ML), 

scorch time (ts) and cure time (t90) of NR and NR 

composites were investigated with a moving die rheometer 

(MDR, Gotech/GT-M200F) at temperature of 150oC . 

2.6.2 Mechanical properties 

MA(%wt ) = (Vo − V1 ) N 
× 98 ×100% 

2w 

 
(1) 

 

Tensile properties of NR and NR composites were 

tested according to ASTM D412 using a universal testing 

machine (UTM, Instron/5565) with a load cell of 5 kN, a 
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crosshead speed of 500 mm/min and a gauge length of 33 

cm. 

Hardness of NR and NR composites were 

examined according to ASTM D2240 using a Durometer 

Shore A. 
 
 

2.6.3 Morphological properties 
 

Tensile fractured surface of NR and NR composites 

were examined using a scanning electron microscope 

(SEM, JEOL/JSM-6400) at 10 keV. The samples were 

coated with gold before examination. 
 
 

3. Results and Discussion 
 

3.1 Natural rubber grafted with maleic anhydride 
 

FTIR spectra of NR and NR-g-MA are shown in 
 

Figure 2. NR spectrum had a characteristic peak of C=C at 
 

1662 and 835 cm-1 while NR-g-MA shows two new peak 

at 1867 and 1790 cm-1. The two new peaks can be used to 

confirm that MA grafted onto NR backbone [7]. The 

similar results were also reported by Nakason et al.,[6] and 

Saelao and Phinyocheep [8]. Moreover, the disappearance 

of peak at 698 cm-1 (C=C bond of MA) was indicated the 

absence of unreacted MA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 FTIR spectra of (a) NR and (b) NR-g-MA 
 
 

The grafted MA onto NR determined from the 

titration method was 1.25 %. 

3.2 Cure characteristics 
 

Maximum torque (MH) and minimum torque (ML) 

of NR and NR composites are displayed in Figure 3. The 

incorporation of sawdust and rice husk increased MH and 

ML of NR due to an increase in stiffness of the composites 

and  a  reduction of the  deformation of  NR  molecules. 

NR/rice husk composite had higher MH and ML than that 

of NR/sawdust composite. This may be due to silica in rice 

husk. The main components of rice husk are cellulose 

(38.3%), hemicellulose (31.6%), lignin (11.8%) and silica 

(18.3%) [9]. However, sawdust composes of three main 

components; cellulose (64.06%), hemicellulose (19.59%), 

and lignin (16.36%). [10] 

The compatibilized NR composites had higher MH, 

ML than the uncompatibilized NR composites due to 

improved adhesion between the fillers and NR matrix. 

 
 

(a) 
 

 
 

(b) 
 

Figure 3 MH (a) and ML (b) of NR and NR composites 
 
 

From Figure 4, scorch time was not much affected 

by adding the fillers. However, cure time of NR 

composites increased with the addition of the fillers. 

Scorch time and cure time of the compatibilized NR 

composites were longer than those of the uncompatibilized 

NR composites. This may be due to the acidity of maleic 

acid and the interaction between MA and the accelerator 

[11]. 
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(a) 
 

 
 

(b) 
 

Figure 4 Scorch time (a) and cure time (b) of NR and NR 
 

composites 
 
 

3.3 Mechanical properties 
 

Modulus at 100% strain (M100) and modulus at 
 

300% strain (M300) are shown in Figure 5. M100 and 

M300 increased with incorporating sawdust or rice husk 

due to reduced elasticity of the rubber chain. M100 and 

M300 of NR/rice husk was better than NR/sawdust 

composite. 

M100 and M300 of the compatibilized NR 

composites were higher than that of the uncompatibilized 

NR composites. This was attributed to improved adhesion 

between the fillers and NR matrix. 

(a) 
 

 
 

(b) 
 
Figure 5 M100 (a) and M300 (b) of NR and NR composites 
 
 

Tensile strength of NR was higher than NR 

composites as shown in Figure 6. This was due to the poor 

adhesion between the fillers in the polymer matrix. 

Moreover, physical properties of the fillers e.g. particle 

size, surface area also affected the properties of the 

composites. Tensile strength of NR/rice husk composite 

was higher than that of NR/sawdust composite. This may 

be due to silica in rice husk. The incorporation of the fillers 

into NR resulted in the reduction of elongation at break as 

shown in Figure 7. 

Tensile strength and elongation at break of the 

compatibilized NR composites were higher than that of the 

uncompatibilized NR composites due to improved 

compatibility between the fillers and NR matrix. 
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Figure 6 Tensile strength of NR and NR composites 
 
 
 

Hardness of NR increased with adding fillers as 

shown in Figure 8. Hardness of the compatibilized 

composites was higher than the uncompatibilized 

composites. This was attributed to the enhancement of 

interaction between the fillers and NR matrix. 
 
 

 
 

Figure 7 Elongation at break of NR and NR composites 
 

 
 

Figure 8 Hardness of NR and NR composites 
 
 

3.4 Morphology 
 

SEM micrographs of tensile fractured surfaces of 

NR composites are shown in Figure 9. The compatibilized 

NR composites exhibited small gap between the fillers and 

NR matrix when compared with the uncompatibilized NR 

composites. This indicated the improvement of adhesion 

between the fillers and NR matrix. 
 
 
4. Conclusion 
 

With the addition of sawdust and rice husk into NR, 

MH, ML, M100, M300, and hardness of the NR 

composites increased but tensile strength and elongation at 

break decreased. Rice husk gave more effective 

improvement in mechanical properties of the NR 

composites than sawdust due to silica in rice husk. Scorch 

time of the NR composites was not much affected with 

incorporating fillers but cure time was longer. Mechanical 

properties of NR-g-MA compatibilized NR composites 

were higher than that of uncompatibilized NR composites 

due to enhanced adhesion between the fillers and NR 

matrix. The longer scorch time and cure time of the NR 

composites were observed with the presence of NR-g-MA. 
 
 

 
 

Figure 9 SEM micrographs of NR/20sawdust composite 

(a), NR/rice husk/composite (b), NR/ sawdust/NR-g-MA 

composite (c), and NR/rice husk/NR-g-MA composite (d) 
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Abstract 

Polymer blends of linear low density polyethylene (LLDPE)/polystyrene-ethylene/butylene-styrene copolymer 

(SEBS) with modified zeolite ZSM-5 were prepared to study mechanical and rheological properties. Polymer blend was 

compounded with a blend ratio of LLDPE/SEBS at 70/30. The factors affecting the blend properties were studied, 

including surface modification of zeolite ZSM-5 with octadecyltrichlorosilane (OTS) and the zeolite loading. The blend 

films with unmodified and modified zeolite ZSM-5 (5-15%wt loading) were prepared using an internal mixer and then 

shaped using a compression molding. The thermal, dynamic mechanical, rheological, and tensile properties of the films 

were examined. It was found that the addition of unmodified and OTS-modified zeolite ZSM-5 in LLDPE/SEBS blend 

hardly affected the dynamic mechanical properties in the solid state. Both storage and loss modulus of the 

LLDPE/SEBS/OTS-modified zeolite ZSM-5 blend were the same as those of LLDPE/SEBS/unmodified zeolite ZSM-5 

blend. Additionally, tensile properties (tensile strength at break, %elongation at break and Young’s modulus) of the 

films at 5-15%wt zeolite loadings were improved when the surface of the zeolite ZSM-5 was functionalized with OTS. 

This is because of an increase in hydrophobicity of the modified zeolite ZSM-5, leading to a better compatibility with 

polymers. 

 

Keywords: Zeolite ZSM-5, Polymer blends, SEBS, LLDPE 

 

1. Introduction 

Thailand is a world-leading manufacturer and 

exporter of agricultural products. However, freshness of 

agricultural products have to be preserved before 

reaching the consumer. The plant respiration process is 

the major cause for loss of vegetables and fruits freshness 

[1-2]. Ethylene gas is a plant hormone that can accelerate 

the ripening process of vegetables and fruits in the 

climacteric group such as banana and tomato. Therefore, 

in order to delay the ripening process during storage and 

transportation, the packaging of those vegetables and 

fruits should be able to reduce accumulation of the 

ethylene gas produced.  

Most packaging films are produced from 

polyethylene (PE) because of its low cost, high flexibility 

and long shelf life. However, PE is low gas permeability 

because of crystallinity. Therefore, packaging films with 

polymer blends of polyethylene and thermoplastic 

elastomer (TPEs) should be developed to enhance gas 

permeability due to elasticity of TPEs. In previous work 

[3], the blend film of the linear low density polyethylene 

(LLDPE) and poly(styrene-ethylene butylene-styrene) 

(SEBS) exhibited a higher ethylene permeability, when 

increasing SEBS content. However, the highest ratio of 

LLDPE/SEBS for practical fabrication was 70/30. In 

addition, zeolite Y was incorporated in LLDPE/SEBS to 

improve ethylene permeability of the films. In contrast, 
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tensile strength and %elongation at break of blend films 

were decreased with an addition of zeolite Y. This is 

because zeolite Y is relatively high polar, as compared to 

the polymers. This resulted in low compatibility between 

zeolite Y and LLDPE/SEBS [4]. Hence, surface 

modification of zeolite Y with chlorosilane was applied 

in order to increase surface hydrophobicity of the zeolite 

and also improve its compatibility with the polymer 

matrix. It was found that tensile properties of 

LLDPE/SEBS/modified zeolite Y blend film were higher 

than LLDPE/SEBS/zeolite Y blend film. However, 

zeolite Y with large particle size has poor compatibility 

with polymers. In this study, the LLDPE/SEBS blends 

incorporated octadecyltrichlorosilane modified zeolite 

ZSM-5 was developed to improve mechanical properties 

of the film because zeolite ZSM-5 has particle size 

smaller than zeolite Y. Therefore, modified zeolite ZSM-

5 could provide good affinity with polymers. Besides, the 

effect of zeolite types (with and without modification) 

and zeolite contents (5-15%wt) in the blends on thermal, 

tensile, dynamic mechanical and rheological properties 

were investigated. 

 

2. Experimental 

 
2.1 Materials 

All materials were used as received. LLDPE 

(PE1220G1) was purchased from Dow Chemical 

(Thailand) Co., Ltd, with a melt flow index of 2.0 g/10 

min (190°C/2.16 kg) and density of 0.919 g/cm3. SEBS 

(Kraton® G1657) was received from Kraton Performance 

Polymer, Incorporation with a melt flow index of 22 g/10 

min (230°C/5 kg). Zeolite ZSM-5 (CBV 28014, 

SiO2/Al2O of 280) was received from Star Petroleum 

Co., Ltd. Octadecyltrichlorosilane (OTS) was purchased 

from Sigma-Aldrich Co., Ltd. 

 
2.2 Preparation of modified zeolite ZSM-5 

To functionalize the surface of the zeolite, 2 g of 

the zeolite ZSM-5 was charged in 40 ml of toluene 

before placing in an ultrasonic bath for 1 h. A 400 µl of 

OTS in 100 ml of toluene was added in the zeolite 

suspension. The mixture was stirred using a magnetic 

stirrer at room temperature for 24 h. The toluene was 

separated from the modified zeolite ZSM-5 using a 

centrifuge. The OTS-modified zeolite ZSM-5 was 

washed several times with ethanol and then was collected 

by suction filtration with nylon filter. Finally, it was 

dried overnight in an oven at 100°C [5]. The modified 

zeolite ZSM-5 was characterized using infrared fourier 

transform spectroscopy. 

 
2.3 Preparation of polymer blend films 

In this study, the LLDPE/SEBS blend ratio was 

constant at 70/30. The LLDPE/SEBS/zeolite ZSM-5 

(unmodified and OTS-modified zeolite ZSM-5) at 

various zeolite contents (5-15%wt) were prepared. The 

sample formulas are presented in Table 1. 

 
Table 1. Formulas of LLDPE/SEBS/zeolite ZSM-5 

(unmodification and OTS-modification) 

Formula 
Composition by weight 

LLDPE:SEBS 
(70:30) Zeolite ZSM-5 

LL70S30 100 0 
LL70S30Z5 95 5 
LL70S30Z10 90 10 
LL70S30Z15 85 15 
LL70S30ZO5 95 5 
LL70S30ZO10 90 10 
LL70S30ZO15 85 15 

Remark: Z is designated for zeolite ZSM-5 

   ZO is designated for OTS-modified zeolite ZSM-5 

 
All polymer blend compounds were prepared using an 

internal mixer at 190°C with a rotor speed of 60 rpm for 

40 min then the polymer blend films were formed using a 

compression molding machine. 

 
2.4 Characterization 

The melting temperature (Tm), crystallization 

temperature (Tc) and degree of crytallinity (Xc) of all 

samples were evaluated by differential scanning 

calorimeter (DSC, DSC 8500 ParkinElmer). The DSC 

was run in a temperature range of 25°C to 160°C with a 

heating rate and a cooling rate of 10°C/min in N2 

atmosphere. Degree of crystallinity (Xc) was calculated 

using melting enthalpy of sample according to the 

following equation (1). 
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XC =  ∆H
∆Hm∙XLLDPE

 × 100          (1) 

 
Where ∆H is the enthalpy of melting, Hm is the enthalpy 

of 100% crystalline form of PE (293 J/g [6]) and XLLDPE 

is the weight fraction of LLDPE in the sample. 

Dynamic mechanical analyzer (DMA, UBM-

E4000-DVE) was used to analyze storage modulus, loss 

modulus and tan δ of samples in dimension of 20 mm 

long, 5 mm wide and 1 mm thick. DMA was measured in 

the tension mode at a constant frequency of 10 Hz and 

heating rate of 2°C/min from -100°C to 120°C. 

Rheological properties of polymer blends were 

determined using a rheometer (AR 2000 EX). Cone and 

plate geometry was used with a plate radius of 25 mm 

and a cone angle of 4˚. The gap between the cone and 

plate was set at 103 µm. The sample was heated at 150, 

190 and 230°C to measure the rheological properties in 

the molten state. The shear rate range applied was 0.01-

100 s-1.  

Tensile properties of the films were examined 

using a universal testing machine (Lloyd Instrument; 

LR5K). The tensile properties including tensile 

strength, %elongation at break and Young’s modulus 

were measured according to ASTM D882. The film 

specimens with average thickness of 70-90 µm were cut 

into a size of 10×80 mm2 and the tensile testing 

conditions as follows: load cell 100 N, test speed 100 

mm/min and gauge length 30 mm. The results were 

analyzed by ANOVA at 95% confidence level. 

 

3. Results and discussion 

 
3.1 Hydrophobic zeolite ZSM-5 by OTS 

Spectra for zeolite ZSM-5 and OTS-modified 

zeolite ZSM-5 are shown in Figure 1. The FTIR 

spectrum of OTS-modified zeolite showed characteristic 

peaks at 2800-2900 cm-1, representing the C-H bond 

stretching from the OTS. This is confirmed that the OTS 

was attached to the zeolite surface. 

 
Figure 1. FTIR spectra of (A) zeolite ZSM-5 and (B) 

OTS-modified zeolite ZSM-5 

 
3.2 Thermal properties 

The LLDPE/SEBS blend films incorporated with 

a zeolite ZSM-5 and OTS-modified zeolite ZSM-5 at 5-

15%wt loadings were examined for thermal properties 

using DSC (Table 2). It was observed that Tm, Tc and 

percentage of crystallinity of LLDPE in all the samples 

were in the same range (112-115°C, 103-105°C and 19-

20%, respectively). The solubility parameter (δ) of SEBS 

and LLDPE are 8.5 (cal/cm3)1/2 and 7.9 (cal/cm3)1/2, 

respectively. It implies that SEBS has relative polarity 

higher than LLDPE. Zeolite ZSM-5 and OTS-modified 

zeolite ZSM-5, containing aluminosilicate framework, 

are preferential dispersed in SEBS phase rather than 

LLDPE phase. Therefore, the addition of zeolite did not 

interfere the crystallization of LLDPE in the films. 

 
Table 2. Tm, Tc and crystallinity of LLDPE in the films 

with and without OTS-modified zeolite ZSM-5 

Sample 
Tm 

(˚C) 

Tc 

(˚C) 

Xc 

(%crystallinity) 

LL70S30  113.3 104.0 19 

LL70S30Z5  114.2 104.5 19 

LL70S30Z10  114.0 104.9 19 

LL70S30Z15  114.4 103.7 19 

LL70S30ZO5  114.0 104.5 19 

LL70S30ZO10  114.0 104.2 21 

LL70S30ZO15  114.7 104.2 20 
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3.3 Dynamic mechanical properties 

Figures 2 and 3 show the temperature dependence 

of LLDPE/SEBS blends without and with modified 

zeolite ZSM-5, respectively. The presence of zeolite 

ZSM-5 (unmodified and modified with OTS) in 

LLDPE/SEBS blend hardly affected the dynamic 

mechanical properties in the solid state. Tg of 

ethylene/butylenes of SEBS was -49.3˚C (from tan δ 

peak) and that of all the blends were invariable. This 

indicates that the addition of unmodified and OTS-

modified zeolite ZSM-5 did not affect the movement of 

the ethylene/butylene chains in SEBS because of their 

weak interaction. 

 

 

 
Figure 2. Temperature dependence of DMA for storage 

modulus and tan δ of LLDPE/SEBS/unmodified zeolite 

ZSM-5 blends 

 

 

 
Figure 3. Temperature dependence of DMA for storage 

modulus and tan δ of LLDPE/SEBS/OTS-modified 

zeolite ZSM-5 blends 

 
3.4 Rheological properties 

The sample was heated at 150, 190 and 230°C to 

measure the rheological properties in the molten state. 

The master curves of angular frequency dependence of 

oscillatory shear modulus at 150°C is generated and 

illustrated in Figure 4. The storage modulus (G′) and loss 

modulus (G″) are normally used to describe viscosities of 

polymer blends. G′ and G″ of all the blends increase with 

increasing angular frequency (ω). The master curve 

shows that both moduli of the LLDPE/SEBS/OTS-

modified zeolite ZSM-5 blend are as same as those of 

LLDPE/SEBS blend. This means that the viscosity 

behaviour of the blends is not affected by the presence of 

OTS-modified zeolite ZSM-5. Moreover, OTS-modified 

zeolite ZSM-5-filled blends with various loadings gave a 

similarity in viscosity. This is because of a weak 

interaction between zeolite and polymers. 
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Figure 4. Frequency dependence of storage modulus 

(G’) and loss modulus (G”) of LLDPE/SEBS/OTS-

modified zeolite ZSM-5 blends 

 
3.5 Tensile properties 

Figure 5 shows tensile strength at 

break, %elongation at break and Young’s modulus of the 

zeolite-filled films with 5-15%wt zeolite loading. It was 

found that tensile properties of zeolite ZSM-5 filled films 

(unmodified and OTS-modified) were higher than 

LLDPE/SEBS film because of good affinity between 

styrene segment in SEBS and zeolite ZSM-5 that 

corresponds with previous work [7]. Besides, an increase 

in tensile strength and %elongation at break of OTS-

modified zeolite ZSM-5-filled films were obtained, as 

compared to unmodified zeolite ZSM-5-filled films due 

to a good compatibility of modified zeolite and polymers. 

Moreover, those properties of OTS-modified zeolite 

ZSM-5-filled films were enhanced with increasing 

zeolite loading. While, Young’s modulus of the films 

was not significantly different. 

 

 
 

 
 

 
 

Figure 5. Tensile properties of the blend films at various 

zeolite loadings (  unmodified zeolite ZSM-5, 

 OTS-modified zeolite ZSM-5) 

 

4. Conclusion 

From this study, the modified zeolite ZSM-5 with 

octadecyltrichlorosilane can improve compatibility 

between zeolite and polymers. Therefore, mechanical 

properties of LLDPE/SEBS/OTS-modified zeolite ZSM-

5 were better than LLDPE/SEBS/unmodified zeolite 

ZSM-5. An addition of zeolite ZSM-5 in the films did 

not affect on the crystalline region even though zeolite 

contents are increased. Viscosity behaviour and Tg of 

SEBS in LLDPE/SEBS blends were invariable when 

OTS-modified zeolite ZSM-5 was added. 
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Abstract 

Thermoplastic starch/polypropylene/linear low-density polyethylene (TPS/PP/LLDPE) blend was prepared in the 

present research with the aim of reducing the use of non-biodegradable petroleum-based polyolefins by replacing them 

with biodegradable TPS.  TPS was prepared from plasticization of cassava starch with glycerol and sorbitol plasticizers. 

Blending PP/LLDPE (50/50 wt/wt) with 70% wt of TPS was performed in a twin screw extruder.  The blend was then 

molded into a dumbbell-shaped specimen using an injection molding machine.  Melt flow index (MFI), tensile 

properties and thermal properties of the TPS/PP/LLDPE blend were investigated.  The incorporation of TPS reduced 

melt flow ability and extensibility of PP/LLDPE blend, while increased its tensile strength and modulus.  DSC and 

TGA results showed that TPS/PP/LLDPE blend had lower thermal stability than PP/LLDPE blend; however melting 

temperature and decomposition temperature of PP and LLDPE in the TPS/PP/LLDPE blend did not different from those 

of the PP/LLDPE blend. 

 

Keywords:  Thermoplastic starch, Polypropylene, Linear low-density polyethylene, Extrusion, Injection molding 

 

1. Introduction 

Nowadays, the environmental issue caused by the 

improper plastic waste management becomes a major 

problem, which has been received much attention from 

several departments because it has a direct impact on the 

quality of lives.  Plastic packaging is mainly produced 

from polyolefins, such as polypropylene (PP) and 

polyethylene (PE), which are synthesized from petroleum 

feed stock and widely used.  These two polymers have 

different repeating units and also properties.  PP 

possesses carbon backbone attached with hydrogen atoms 

and methyl pendant group.  PP is most dominant 

packaging material which has low density, good thermal 

properties, superior tensile strength, rigidity and excellent 

processability, but it has lower impact strength.  On the 

other hands, polyethylene (PE) consists of carbon atoms 

attracted with only hydrogen atoms.  As compared with 

low-density polyethylene (LDPE), linear low-density 

polyethylene (LLDPE) has shorter and more chain 

branching, resulting in higher tensile strength, elongation 

at break and impact strength. 

 

 

In addition LLDPE has good toughness, resistance to 

chemical and thermal properties, but it has lower tensile 

strength than PP and difficult to be processed.  Thus, 

blending PP with LLDPE will bring a new polymer with 

appropriate properties for wide applications.  Wang and 

Dou [1] reported that blending PP with 30% wt of 

mLLDPE or zLLDPE could increase glossy, while 

decrease haze and stiffness of PP.  In addition, impact 

strength of PP increased about 80% by blending with 

mLLDPE, however zLLDPE showed little effect on the 

toughness of PP.  However, polyolefins are not 

biodegradable and they become waste remained in the 

environment after use.  Therefore, the development of 

100% environmentally friendly packaging material and/or 

the reduction of the use of non-biodegradable petroleum-

based plastics are interesting approaches. 
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Thermoplastic starch (TPS) is a biodegradable 

material produced from the plasticization under applying 

heat and shear force of starch, which is low cost, 

biodegradable, compostable, universal and renewable.  

However, TPS is highly sensitive to moisture, resulting in 

poor mechanical properties.  Blending TPS with 

polyolefins, which are hydrophobic polymers and possess 

good moisture barrier properties, is a possible way to 

reduce the moisture sensitivity of TPS and to diminish 

the use of polyolefins. 

Therefore, the present work aims to prepare 

TPS/PP/LLDPE blend containing TPS with a content up 

to 70% using a twin screw extruder and convert it into a 

dumbbell-shaped specimen using an injection molding 

machine.  Melt flow index, mechanical and thermal 

properties of the TPS/PP/LLDPE blend were discussed 

and compared with those of PP/LLDPE blend. 

 

2. Experimental methods 

 

2.1 Materials 

Cassava starch (Dragon Fish brand, Thailand), 

glycerol (commercial grade), sorbitol (Ueno Fine 

Chemicals Industry, Thailand), polypropylene 1102H 

(IRPC, Thailand) and linear low-density polyethylene 

6201XR (ExxonMobil, USA) were used as received.  

 

2.2 Preparation of thermoplastic starch/polyolefin blend 

Cassava starch was mixed with 26%wt of mixed 

plasticizers of sorbitol and glycerol (50:50 weight ratio) 

in a ribbon mixer (Reliance Tech-Service Co., Ltd., 

Thailand) for 20 min.  The mixture was then put into a 

twin screw extruder (LTE-20-40, Labtech Engineering 

Co., Ltd., Thailand).  The extrusion was performed using 

a temperature in the range of 95-175 °C, a screw speed of 

150 rpm and a feed rate of 10 rpm.  After that, 

thermoplastic starch was mixed with polypropylene (PP) 

and linear low-density polyethylene (LLDPE) with a 

weight ratio of 70:15:15 in a twin screw extruder.  The 

extrusion was carried out using a temperature in the range 

of 90-180 °C, a screw speed of 200 rpm and a feed rate of 

6 rpm.  The obtained TPS/PP/LLDPE blend were 

injection-molded into dumbbell-shaped specimen using a 

temperature in the range of 165-180 °C, a screw speed of 

200 rpm, a maximum injection pressure of 90 bar, an 

injection speed of 20-35%, a metering speed of 55-65%, a 

metering stroke of 45-70 mm, a back pressure of 30 bar 

and a cooling time of 30 sec.  PP/LLDPE blend with a 

weight ratio of PP:LLDPE = 1:1 was also prepared using 

the same method and used as a control.  

 

2.3 Melt flow index measurement 

Melt flow index (MFI) of the samples was 

measured according to ASTM D1238 using a Custom 

Scientific Instruments MFI-203 (USA).  Samples were 

dried at 50 °C for 24 h.  The measurement was performed 

at 190 °C with a load cell of 2.16 kg.  Three specimens 

were measured for each sample. 

 

2.4 Tensile testing 

The dumbbell-shaped specimens with a dimension 

of 13 mm x 160 mm x 4 mm were conditioned in a closed 

chamber containing saturated magnesium nitrate solution 

at 23 °C (50 %RH) for 48 h.  The specimens were tested 

according to ASTM D638 using an H50K-S (Hounsfield 

Test Equipment, England).  The test was performed using 

a crosshead speed of 50 mm/min, a load cell of 10 kN, a 

grip separation of 115 mm and a gage length of 100 mm. 

Three specimens were tested for each sample. 

 

2.5 Differential scanning calorimetry (DSC) 

The samples were dried at 50 °C for 24 h before 

testing.  The measurement was performed by a 

differential scanning calorimeter (Mettler Toledo 

DSC822, Switzer-land) under nitrogen atmosphere with a 

flow rate of 50 mL/min.  A sample weight of 7 mg in a 

sealed aluminum pan was heated from 0 °C to 250 °C at a 

heating rate of 10 °C/min, held at 250 °C for 2 min.  

Then, the sample was cooled down to 0 °C at a cooling 

rate of 10 °C/min, held at 0 °C for 2 min.  Finally, it was 

reheated from 0 °C to 250 °C at a heating rate of 10 

°C/min. 
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2.6 Thermogravimetric analysis (TGA) 

The samples were dried at 50 °C for 24 h before 

testing. The measurement was performed by a 

thermogravimetric analyzer (Mettler Toledo DSC822, 

Switzerland) under nitrogen atmosphere with a flow rate 

of 50 mL/min.  The sample (16-18 mg) was put in a 

crucible and then heated from 25 to 800 °C, at a heating 

rate of 20 °C/min. 

 

3. Results and discussion 

 

3.1 Appearances and processability 

Both TPS/PP/LLDPE 70/15/15 blend and PP/ 

LLDPE 50/50 blend were prepared using a twin screw 

extruder and then molded into a dumbbell-shaped 

specimen by an injection molding machine. The 

appearances of resins and dumbbell-shaped specimens of 

TPS/PP/LLDPE and PP/LLDPE blends were shown in 

Fig. 1.  PP/LLDPE blend was opaque and white, while 

TPS/PP/LLDPE blend was opaque and brown. The 

processability of TPS/PP/LLDPE and PP/LLDPE blends 

were different when the same condition (i.e. temperature, 

screw speed and feed rate) was used.  On the extrusion 

process, the same torque of 53% was recorded for both 

TPS/PP/LLDPE and PP/LLDPE blends.  However, the 

pressure for TPS/PP/LLDPE blend was in the range of 

20-25 bar, while that for PP/LLDPE blend was in the 

range of 9-11 bar.  The increased pressure for 

TPS/PP/LLDPE blend suggested the increased melt 

viscosity of the blend. 

 

3.2 Melt flow ability 

Melt flow rate is a measure of the viscosity of the 

thermoplastic material when exposed to heat above the 

melting temperature.  Table 1 shows the values of melt 

flow index (MFI) of PP/LLDPE and TPS/PP/LLDPE 

blends.  PP/LLDPE blend possessed MFI of 13.21 g/10 

min, while TPS/PP/LLDPE blend possessed MFI of 1.74 

g/10 min, suggesting that TPS/PP/LLDPE blend was 

much more viscous than PP/LLDPE blend.  The 

increased viscosity of the TPS/PP/LLDPE blend might be 

due to the relatively high viscosity of TPS, which consists 

of large starch molecules having branched chains of 

amylopectin that would make difficulty of polymer 

mobility [2, 3, 4].  

 

 

 

Fig. 1. Appearances of resins and dumbbell-shaped 

specimens of (a) PP/LLDPE 50/50 blend and (b) 

TPS/PP/LLDPE 70/15/15 blend. 

 

Table 1 Melt flow index of TPS/PP/LLDPE and PP/ 

LLDPE blends. 

Sample MFI (g/10 min) 
PP/LLDPE 50/50 13.21±0.5 
TPS/PP/LLDPE 70/15/15 1.74±0.1 

 

3.3 Tensile properties 

Tensile strength, elongation at break and Young’s 

modulus of PP/LLDPE and TPS/PP/LLDPE blends are 

shown in Fig. 2. PP/LLDPE blend showed tensile 

strength, elongation at break and modulus of 20.95 MPa, 

5.59% and 171.24 MPa, respectively, while 

TPS/PP/LLDPE blend exhibited tensile strength, 

elongation at break and modulus of 23.88 MPa, 2.24% 

and 291.74 MPa, respectively.  The result implied that 

TPS/PP/LLDPE blend had higher tensile strength and 

stiffness, while lower extensibility than PP/LLDPE blend.  

This might be a result of the synergistic effect of the TPS, 

probably due to the effect of the branch chains of 

amylopectin altering the rigidity of the material and also 

(a) 

(a) 

(b) 

(b) 
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increased the tensile strength [3].  The less extensibility 

of the blend might be explained by the poor interfacial 

adhesion between hydrophilic TPS and hydrophobic 

polyolefins [5, 6].  Other researchers also found that the 

addition of TPS into PP and/or LDPE matrix caused the 

materials more rigid and less elastic, indicating that TPS 

acted as a rigid filler [3, 7, 8]. 

 
 

Fig. 2. Tensile strength, elongation at break and modulus 

of (a) PP/LLDPE blend and (b) TPS/PP/LLDPE blend. 

 

3.4 Thermal properties by differential scanning 

calorimetry (DSC) 

Fig. 3A-C shows melting temperature (Tm), and 

crystallization temperature (Tc) of TPS, PP and LLDPE in 

PP/LLDPE and TPS/PP/LLDPE blends analyzed by 

DSC. From the thermogram of first heating scan (Fig. 

3A), PP/LLDPE blend exhibited two endothermic peaks 

at 124 °C and 166 °C, attributing to Tm of LLDPE and 

PP, respectively [9, 10, 11].  TPS/PP/LLDPE blend also 

exhibited two endothermic peaks at 123 °C and 164 °C, 

attributing to Tm of LLDPE and both PP and TPS, 

respectively.  Tm values of PP and TPS were very close, 

resulting in peak overlapping at the temperature of 164 

°C.  It should be noted that Tm of pure PP was 167 °C and 

Tm of pure TPS was 176 °C (data not shown).  Glass 

transition temperature (Tg) of PP and LLDPE could not 

be observed in the DSC thermogram because they 

appeared at the lower temperature than the measurement 

range.  Also, Tg of TPS could not be observed in the DSC 

thermogram.  Martins and Santana [7] reported that Tg of 

TPS and PP was hard to discern in the DSC tracings.  The 

thermograms of cooling scan (Fig. 3B) of both 

PP/LLDPE and TPS/PP/ LLDPE blends exhibited two 

exothermic peaks at the temperature ranges of 107-110 

°C and 116-119 °C, attributing to Tc of LLDPE and PP, 

respectively [1, 9].  For the thermograms of second 

heating scan (Fig. 3C), Tm of LLDPE and PP in both 

PP/LLDPE and TPS/PP/LLDPE blends appeared at 

similar temperature as the ones in the first heating scan; 

LLDPE showed Tm in the range of 120-122 °C, while PP 

showed Tm in the range of 161-163 °C. However, Tm of 

TPS did not appear on the thermogram because large 

molecules of starch might be difficult to recrystallize 

during cooling [12]. 

 

 

 
Fig. 3. DSC thermograms at (A) first heating scan, (B) 

cooling scan and (C) second heating scan of (a) 

PP/LLDPE blend and (b) TPS/PP/LLDPE blend. 
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3.5 Thermal stability by thermogravimetric analysis 

(TGA) 

Thermal stability and decomposition temperature 

(Td) of PP/LLDPE and TPS/PP/LLDPE blends were 

analyzed by TGA.  Fig. 4A shows that PP/LLDPE blend 

exhibited one stage of weight loss at the temperature 

range of 335-520 °C, attributing to the decomposition of 

PP and LLDPE [13].  In contrast, TPS/PP/LLDPE blend 

exhibited two small steps of weight loss at the 

temperature near 100 °C and 230-250 °C due to the 

evaporation of water and the decomposition of 

plasticizers [14, 15], respectively and two major weight 

loss stages at the temperature ranges of 260-365 °C and 

375-520 °C, attributing to the decomposition of starch 

[15] and the decomposition of PP and LLDPE, 

respectively.  Thermal stability of TPS/PP/ LLDPE blend 

was lower than that of PP/LLDPE blend because the 

onset of weight loss of TPS/PP/LLDPE blend started at 

~250 °C, while that of PP/LLDPE blend began at ~350 

°C.  Decomposition temperature (Td) was determined as a 

temperature of maximum mass loss, which was easily 

observed as a peak in the DTG thermogram (Fig. 4B).  

PP/LLDPE blend showed only one Td at 460 °C 

belonging to both PP and LLDPE due to their 

overlapping. On the other hand, TPS/PP/LLDPE blend 

showed Td at 316 °C and 463 °C due to the 

decomposition of TPS and PP/LLDPE, respectively.  

This result indicated that the incorporation of TPS did not 

affect the decomposition of PP and LLDPE.  

 

4. Conclusions 

TPS/PP/LLDPE blend with high content of TPS 

(70% wt) could be produced by a conventional 

processing techniques commonly used in plastic 

industries (i.e. extrusion and injection molding).  The 

incorporation of TPS increased viscosity, tensile strength 

and stiffness, while decreased extensibility of PP/LLDPE 

blend.  The results from DSC and TGA showed that Tm 

and Td of PP and LLDPE in the TPS/PP/LLDPE blend 

were not different from those in the PP/LLDPE blend.  

The advantages getting from this research are (i) the 

reduction of the use of non-biodegradable petroleum-

based polyolefins and (ii) the stiffness improvement of 

TPS/PP/LLDPE blend as compared with PP/LLDPE 

blend. 

 

 

 
Fig. 4. (A) TGA and (B) DTG thermograms of (a) 

PP/LLDPE blend and (b) TPS/PP/LLDPE blend. 
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Abstract 
 

Nowadays the utilization of virgin plastics continually increases whereas the recycles is still less demanded. In 

this research the feasibility study of PET waste as a co-binder with HDPE for wood plastic composite was studied. The 

ratios of HDPE: PET: rubber wood flour at 50:40:10, 50:30:20, 50:25:25, 50:20:30, 50:10:40 and 50:0:50(controlled) 

by volume were investigated in terms of physical and mechanical properties. It was found that physical properties of 

wood plastic composites were similar. In addition the proportion of HDPE: PET: rubber wood flour (50:25:25) was the 

good mechanical properties the results were similar with 50:0:50(controlled). The study showed that PETr waste can be 

applied as a co-binder with HDPE of wood plastic composites. 

 
Keywords: PET, HDPE, Co-binder, Wood plastic composites 

 

Introduction 
 

Wood plastic composites; (WPCs) is a type of 

materials that is growing in demand because there are 

several advantages comparing to wood from natural 

products such as lower maintenance costs [1]. They 

exhibit high durability and resistance to fungus stability, 

less water absorption and environmental friendly. WPCs 

can be recycled like thermoplastic materials in general [1, 

2]. Much work has been done in studying and developing 

thermoplastic/natural fibers composites, especially WPCs 

which have successfully proven their high qualities in 

various fields of technical application, especially in load- 

bearing applications. These composites are also gaining 

acceptance in automotive, industrial and marine 

applications [4].  Thus, the  trend of  the application of 

these materials in the future will increase. 

Plastic waste is one of the major components of 

global municipal solid waste and annually, thousands of 

tons of post-consumed polymeric material wastes are 

generated all over the world. The increasing quantities of 

plastic wastes and the effective and safe disposal of them 

become serious public concerns. Reutilization of the post- 

consumed polymeric materials reduces the environmental 

impact and  dependence on virgin plastics. Because of 

 

their large volume and low cost, plastic wastes are 

promising raw material sources for WPCs by using 

recycled plastics rather than virgin plastics. Hence, the 

development of new value-added products using wood 

flour and recycled plastic is assuming greater importance 

[3,4]. The objective of the present study is the feasibility 

study of  PETr  waste  as  a  co-binder  with  HDPEv for 

WPCs in term of physical and mechanical properties. 
 
 
Experimental Methods 
 

Rubber wood flour from S.H.L. para wood Co., 

Ltd. is used as the reinforcing filler the average particle 

size of rubber wood flour was 100 meshes. Virgin high 

density polyethylene (HDPEv) was InnoPlus HD5000S 

grade and polyethylene terephthalate (PETr) waste bottle 

were used as plastic matrix for wood plastic composites. 

Before  preparation  of  samples,  rubber  wood 

flour was dried in an oven at (100 ± 2)°C for 24 h. The 

mixing was carried out by a single screw extruder. The 

mixing condition in single screw extruder were in 4 

section as followed by feed section for 220°C, 

compression section 240°C, metering section 250°C and 

die section 250°C. The formulation of WPCs comprising 

virgin plastics (HDPEv), recycled plastics (PETr), and 

mailto:rattapong.nu@skru.ac.th


  366 

Wood plastic composites ratio(by volume) 
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rubber wood flour were given in Table 1. The 

compounded materials were shape by compression 

moulding (hydraulic press GT-7014-A10C; Gotech 

Testing Machine Inc.) at 180°C for 10 minutes and 

cooling for 10 minutes. 

 
Table 1. Wood plastic composites formulation 
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Figure 2. Hardness of wood plastic composite at various 

ratio. 
 
 
 
 

The  formulation  50:0:50  HDPE:  PET:  rubber 

wood flour was controlled. The physical properties were 

analyzed (i.e. density, hardness and water absorption) and 

the mechanical properties (i.e. tensile and flexural tests) 

were measured according to the ASTM D 790 and D 638, 

respectively, using an universal testing machine (Narin 

Model (NRI-TS-500-5). For  each treatment level, five 

replications were tested. 
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Results and Discussion 
 

The physical properties of wood plastic 

composites shown in Figures 1-3 
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Figure 1. Density of wood plastic composite at various 

ratio. 

 

Figure 3. Water absorption of wood plastic composite at 

various ratio. 

In Figure 1 and Figure 2 the density and hardness 

of  WPCs  were  similar.  The  results  showed  that  PET 

waste content had no significant affect for density and 

hardness of WPCs. In Figure 3 the percentage of water 

absorption increased with rubber wood flour content. The 

results implied that the hydrophilicity of cellulose in the 

filler. 

In Figure 4 and Figure 5 the tensile strength and 
 

Young’s modulus of WPCs were in the range of 8-12 
 

MPa for tensile strength and 250-400 MPa for Young’s 

modulus. This could be implied that PET waste content 

affect for tensile strength and Young’s modulus of WPCs. 

The results were indicated that the ratio of WPCs 

(50:25:25) could be represented the ratio (50:0:50). This 

result   related   to   the   flexural  strength  and   flexural 

modulus showed in Figure 6 and 7. 
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Figure 4. Tensile strength of wood plastic composite at 

various ratio. 
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Figure 5. Young’s modulus of wood plastic composite at 

various ratio. 
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Figure 6. Flexural strength of wood plastic composite at 

various ratio. 

 
 

HDPE : PET : Rubber wood flour 
 
 
Figure 7. Flexural modulus of wood plastic composite at 

various ratio. 
 
Conclusion 
 

Based on the results obtained and discussed 

previously, the WPCs can be accomplished by blending 

in single screw extruder.   The physical and mechanical 

properties have been investigated. The ratios of WPCs 

that used PETr as co-binder with HDPEv was found that 

at 50:25:25 could be represented the ratio 50:0:50. The 

results showed the good mechanical properties. Therefore, 

there is a possibility to used PET recycle as co- binder for 

WPCs with HDPE. 
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Abstract 
 

Natural rubber (NR) is a biopolymer consisting primarily of isoprene units produced by plants. Due to its high 

elasticity property, NR has been widely used for manufacturing of many industrial products. Generally, the addition of 

fillers in NR is required for improving its properties. This work focuses on the preparation of NR composite films by 

using synthetic zeolite type X from coal fly ash as filler. The objective is to exploit coal fly ash, industrial waste as a raw 

material for value-added products. It can also help reduce the area for disposal of coal fly ash by landfill. Moreover, the 

mechanical properties of the film could be improved. The composite film was fabricated by casting solution method. The 

morphology of NR- synthetic zeolite type X composite (NR-ZX) was characterized by field emission scanning electron 

microscopy (FE-SEM). The chemical structure of NR composite films were investigated by Fourier Transform Infrared 

(FTIR) Spectroscopy and the mechanical properties were analyzed. The mechanical properties such as tensile strength, 

elongation at break were found to increase by the increased loading of the ZX up to 20 phr (part per hundred of rubber), 

whereas Young’s modulus of the composite film was almost equal to that of the NR film when the loading contents of 

ZX was not greater than 10 phr. 

 
Keywords: Natural rubber, Coal fly ash, Synthetic zeolite, Reinforcement, Composites 

 
 

1. Introduction 
 

Thailand has specified the long-term energy 

planning  in  the  Power  Development  Plan  (PDP)  for 

the period of 2015 to 2036 to rise up the use of coal and 

lignite from approximately 20% of total energy (or 15-17 

x 106  tons per year in 2015) to more than 20-25% [1]. The 

amount of coal ash increases by the increasing of 

electricity production demand. Generally, coal ash 

obtained from 5–20 wt. % of feeding coal. The ash was 

typically found in the form of bottom ash (5-15 wt. % of 

the total ash generated) and fly ash (85-95 wt. % of the 

total ash generated) [2]. It was presented that Thailand 

generated more than 6 million tons of coal fly ash per year 

[3]. In present, the waste coal fly ash is eliminated by 

landfill. However, there are several disadvantages for 

disposal of waste coal fly ash such as high overall cost 

(approx. 1,500 Baht per ton; not include freight [4]) and a 

lot of required area for the landfill. Thus, there have been 

many studies on the utilization of coal fly ash [2, 4]. Coal  

fly  ash  is  a  solid  residue  from  the  combustion process 

of coal in power plants, which found in the form of 

amorphous aluminosilicate. Coal fly ash has a pozzolanic 

property and high content of silica and alumina. It can be 

used as cement additive, backfill material, reinforcing 

filler in polymer composites and a precursor for synthesis 

of zeolites [5, 6]. 

Thailand is the world's largest producer and 

exporter of natural rubber (NR) on account of the 

environment of Thailand, which is suitable for growing 

rubber trees [7]. The NR products are produced in the 

form of fresh latex, solid rubber (ribbed smoked sheet, 

standard Thai rubber, etc.) and concentrated latex. 

However, the price of NR tends to continuously declines 

owing to the oversupply in the world market. Utilization 

of NR for producing NR composites was studied and 

developed in order to enhance the demand and value of 

mailto:muenduen.p@chula.ac.th
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NR.    NR  is  an  elastomeric  material,  high  molecular 

weight  and  composed  of  highly  cis-1,  4-polyisoprene. 

It has been used for manufacturing of industrial products 

such as glue, gloves, tires, rubber tubes and medical 

products due to NR has a high elasticity. However, the 

structure of NR has an unsaturated bond or double bond. 

It can be degraded by ultraviolet light, oxygen and ozone. 

Therefore, the addition of filler in NR is required for 

preventing degradation and improving its properties. 

Several types of fillers have been used in the rubber 

manufacturing  industry  such  as  fly  ash,  silica 

nanoparticle, carbon black, oil palm ash, potato starch, 

cellulose, etc. These components have been usually 

applied  as  reinforcing  agent  in  NR  composites  by 

melt blending or latex solution blending [8-12]. 

This work focuses on the preparation of NR 

composite  films  by  using  synthetic  zeolite  as  filler. 

The composite films were prepared via solution method 

by adding slurry of synthetic zeolite type X into natural 

rubber latex as reinforcement filler. The main aims of this 

work are to enhance the value of industrial waste and to 

improve properties of NR composite films by adding 

reinforcing reagents. The characteristics of NR composite 

films such as morphology, mechanical properties were 

investigated. 
 
 

2. Materials and Methods 
 
 

2.1 Materials 
 

Coal fly ash (CFA) was obtained from the pulping 

process in Prachinburi province of Thailand. Natural 

rubber latex (NRL) with 60% dry rubber content (DRC) 

was   purchased  from   the   Rubber   Research  Institute 

of  Thailand  (RRIT).  Hydrochloric  acid   (HCL)   and 

sodium hydroxide (NaOH) were purchased from Sigma- 

Aldrich. 

2.2 Preparation of Coal fly ash 
 

The coal fly ash was pretreated with 20%w/w 

hydrochloric acid (HCL) under L/S ratio of 20 mL acid /g 

CFA. The mixture was stirred at 80 ºC for 2 hours to 

remove  impurities.  After  that,  the  solid  sample  was 

filtered from the acid solution and rinsed repeatedly with 

deionized (DI) water until the pH of filtrate was neutral 

and then dried the filtrated overnight at 105 ºC. 

2.3 Zeolite synthesis procedure 
 

Zeolite synthesis procedure was developed by 

Panitchakarn et al. (2014), in which the fusion method 

followed  by  the  hydrothermal  method  was  employed. 

First,  the  pretreatment  of  CFA  was  combined  with 

NaOH to make a NaOH/CFA mass ratio of 2.25. Next, the 

mixture was burnt at 550 ºC for 1 hour in a furnace. After  

that,  the  product  was  crushed  with  mortar  and pestle. 

Then it was added into DI water, stirred at room 

temperature for 12 hours. The mixture was subsequently 

crystallized  in  a  kiln  at  80  ºC  for  4  hours.  Finally, 

the  crystal  was  filtered  from  the  mixture,  rinsed  with 

DI  water  until  the  filtrate  was  pH  10-11  and  then  it 

was dried overnight at 105 ºC. 

2.4 Preparation of NR-ZX composite films 
 

The NR composite films were prepared by adding 

synthetic zeolite type X (ZX). The filler loading contents 

used in this work were 0, 5, 10 and 20 phr. First, the filler 

was mixed with DI water to make liquid slurry under 

high-frequency mechanical stirring at room temperature 

for 30 minutes. Next, natural rubber latex (NRL) was 

added into the mixture and the mixture was homogenized. 

Finally, the mixture was poured into a plastic tray and was 

dried overnight in an oven at 50 ºC to obtain NR 

composite films. 

2.5 Characterization of NR-ZX composite films 
 

Field Emission Scanning Electron Microscopy 

(FESEM) (JEOL JSM-7610F, Tokyo, Japan) was used to 

characterize surface morphologies, cross-section 

morphologies and dispersion of ZX within the NR matrix. 

Fourier Transform Infrared (FTIR) spectra of NR, 

ZX   and   NR   composite  films   were   performed  and 
recorded by using a Perkin-Elmer spectrum one transform 

Infrared Spectroscopy in  the  ranges of 4000-500 cm-1 

with a resolution of 4 cm-1. 

Mechanical properties of dry films of NR, NR 

composites (Young's modulus, tensile strength, and 

elongation at break) were analyzed by using an Instron 

Universal testing machine (UTM). The test conditions 

were according to ASTM D882. 
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3. Results and Discussion 
 
 

3.1 Characterization of synthesized zeolite 
 

From the phase identification of synthetic zeolite 

determined by X-ray diffraction, it was shown that the 

XRD pattern of synthetic zeolite was zeolite type X [5]. 

The average particle size of synthetic zeolite observed by 

scanning electron microscope (SEM) was around 4 

µm [5]. 
 
 
 

A B 
 
 
 
 
 
 

100 µm 100 µm 
 
 

C D 
 

 
 
 
 
 

100 µm 100 µm 
 
 

Fig.1 FESEM micrographs of surface morphologies of NR 

and NR-ZX composite films: (A) NR (B) ZX 5 phr (C) 

ZX 10 phr (D) ZX 20 phr 

3.2   Field   Emission   Scanning   Electron   Microscopy 
 

(FESEM) 
 

FESEM micrographs of surface and cross-section 

morphologies of NR and NR-ZX composite films are 

shown in Fig. 1 and Fig. 2, respectively. NR film has a 

smooth surface, whereas NR-ZX composite film has a 

rough surface. The roughness increased when the loading 

content of ZX increased. It was demonstrated that ZX 

particles were uniformly dispersed on the surface and 

within the NR matrix. 
 
 
3.3 Fourier Transform Infrared Spectroscopy (FTIR) 
 

Fig. 3 shows the FTIR of NR, ZX and NR 
composite films with different ZX loading. Pure NR 
spectra adsorbed at 2916 and 2853 cm-1  are assigned to 
asymmetric   stretching   vibration   of   methyl   (-CH3). 
In addition, it is appeared a peak of symmetric stretching 
vibration of methylene (-CH2) at 2960 cm-1. The C=C 
stretching is situated at 1660 cm-1. In the case of pure ZX, 
there are a peak of asymmetric stretching at 1004 cm-1, 
symmetric stretching at 710 cm-1 and double six- 
membered rings (D6R) at 571 cm-1, respectively. 

 
NR 

NRZX5 

 
NRZX10 

A B 
NRZX20 

 
 

ZX 
 
 

100 µm 100 µm 
 
 

C D 
 
 
 
 
 
 

100 µm 100 µm 
 

 
Fig.2 FESEM micrographs of cross-section morphologies 

of NR and NR-ZX composite films: (A) NR (B) ZX 5 phr 

(C) ZX 10 phr (D) ZX 20 phr 

Wavenumbers (cm-1) 
 
Fig.3 FTIR spectra of NR, ZX and NR composite films 

with different ZX loadings. 

 
The  FTIR  spectra  of  NR-ZX  composite  films 

show  peaks  at  2961  cm-1,  2914  cm-1   and  1610  cm-1, 

which are assigned to CH2, CH3 and C=C stretching, 

respectively. The position of characteristic peaks of 

composites  slightly  shifted  from  peaks  of  reactants, 

which might imply some weak interactions without 

chemical reaction of NR and ZX. 
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3.3 Mechanical properties 

 

The Mechanical properties of NR and NR-ZX 

composite  films  were  analyzed  as  shown  in  Fig.  4. 

Pure   NR   has   rather  low  tensile  strength  and   low 

elongation at break. The mechanical properties of pure NR 

were considerably improved by reinforcement with ZX. 

With this modification, the tensile strength was increased 

from 1.2 MPa to 7.3, 10.6 and 12.3 MPa with ZX loading 

at 5, 10 and 20 phr, respectively. Elongation at break of 

the NR-ZX films increased to about 4-5 times of that of 

the NR film. 
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When the loading contents of ZX was not greater 

than 10 phr, Young's modulus of the NR-ZX was almost 

equal to that of the NR film, but it was increased to about 

2 times with ZX loading at 20 phr. 
 
 
4. Conclusion 
 
 

The mechanical properties of NR composites films 

were improved by reinforcement with zeolite type X 

synthesized  from  coal  fly  ash.  The  composite  film 

could   be   fabricated   by   casting   solution   method. 

The morphology studies of these composites films from 

FESEM show that ZX were well dispersed in NR matrix. 

Some weak interactions between ZX and NR were 

observed via FTIR analysis. Tensile strength and 

elongation at break of the NR-ZX composite films were 

considerably improved by the ZX loading up to 20 phr, 

while  Young’s  modulus  of  the  composite  films  was 

almost equal to that of the NR film when the loading 

contents of ZX was not greater than 10 phr. 
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Abstract 
 

This study aimed to improve the mechanical properties of recycled poly(ethylene terephthalate) (r-PET) by 

inclusion of poly(butylene succinate) (PBS), a very flexible biodegradable polyester and wollastonite, a needle-shaped 

inorganic filler. First, r-PET was melt blended with five loadings of PBS (10-50 wt%) on a twin screw extruder. The 

extrudates were pelletized and then fabricated into test specimens by an injection molding. The impact strength (IS), 

tensile strength (TS) and elongation at break (EB) were found to be improved, but at the expense of reduction of the 

Young’s modulus (YM) and flexural strength (FS) caused by the addition of PBS into r-PET. Among the r-PET/PBS 

blends, the 60/40 (wt%/wt%) blend exhibited the optimal IS and TS. This blend ratio was further filled with four 

loadings of wollastonite (10-40 wt%). The composites of r-PET/PBS filled with various loadings of wollastonite were 

also prepared by the process as above. The TS and YM of the composites were then found to be improved, although the 

extent of such depended upon loadings of wollastonite. Moreover, the samples could be the partial biodegradable 

products by the incorporation of PBS and wollastonite. 
 
 

Keywords: Recycled (ethylene terephthalate), Poly(butylene succinate), Wollastonite, Mechanical properties 
 
 

1. Introduction 
 

Poly(ethylene terephthalate) (PET) is one of the 

most widely used in the production of packaging films, 

textile fibers and disposal soft-drink bottles due to its 

outstanding properties including light weight, 

transparency, high strength and thermal stability, good 

chemical resistance, selective gas permeability and non-

toxic. Consequently, the PET waste is the most 

components of global solid waste leading to a large of 

PET waste accumulation due to its non-biodegradability 

and highly atmospheric resistance which takes an 

extremely long period to degrade [1-3]. The physical 

recycling method is the efficient method to reduce a 

serious environmental problem from PET waste. 

However, the mechanical and thermal properties of the r-

PET are deteriorated during the  recycling process by 

thermomechnical degradation [4]. This study aimed to 

improve   the   mechanical   properties   of   the   r-PET by  

 inclusion of  poly(butylene succinate) (PBS) and 

wollastonites. 

PBS is a flexible and fully biodegradable 

polyester which is expected to improve flexibility and 

biodegradability of the r-PET [5-6]. In previous research 

[7-8], the addition of PBS into brittle polymers could 

improve the ductility and toughness at the expense of 

reducing strength and modulus. However, the inclusion of 

inorganic fillers is necessarily mixed to the r-PET/PBS for 

improving its strength. Wollastonite is a calcium 

metasilicate (CaSiO3) that naturally occurs in an acicular 

(needle-shaped) crystal structure with a high aspect ratio 

of  10-20.  It  has  been  used  as  reinforcing  filler  for 

polymers to enhance their mechanical properties, thermal 

stability and low coefficient of thermal expansion [9-11]. 

In this study, five different ratios of r-PET/PBS 

blends  were  firstly  blended  and  investigated  for  their 

mailto:pers_kc41@hotmail.com
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mechanical properties and morphology. The selected r- 

PET/PBS with the optimum IS and TS was subsequently 

mixed with various contents of the wollastonite. The 

mechanical properties, morphology and biodegradability 

by soil burial testing of the resulting r-PET/PBS blend and 

r- PET/PBS/wollastonite composites fabricated by 

injection molding were comparatively investigated. 
 
 

2. Experimental 
 

2.1 Materials 
 

R-PET flakes were obtained from grinding of 

post-consumer bottles. PBS (FZ91PD) was supplied by 

Mitsubishi Chemical Corporation (Japan). Wollastonite 

with particle size of 1500 mesh was purchased by H&J 

Mineral   Fiber   Technology   Co.,   Ltd.,   (China).   All 

materials were used as received without further 

purification. 
 

2.2 Blending and specimen preparation 
 

Prior to fabrication, r-PET and PBS pellets were 

oven-dried at 100 °C and 50 °C, respectively for 24 h. The  

r-PET/PBS  blends  were  prepared  at  five  weight ratios 

(90/10, 80/20, 70/30, 60/40, and 50/50 (w/w)) by melt 

blending on a twin screw extruder (Labtech®, Sweden)  at  

range  of  temperature  240-260  °C  with 250 rpm of 

screw speed. The pelletized extrudates were then injection 

molded under a temperature range of 250-260 °C using 

the injection molding machine (Battlefield®, UK). 

The composite of r-PET/PBS/wollastonite was 

prepared by melt blending and injection molding process 

as described above with the addition of various loadings 

of wollastonite (10, 20, 30 and 40 part per hundred of r- 

PET/PBS blend resin, phr). 
 

2.3 Characterization 
 

Impact testing: The Izod impact test was 

conducted on a notched impact specimen according to 

ASTM D256 using an impact tester (CEAST® Resil 

Impactor, Italy) with 1 Joules hammer at an impact speed 

of 3.45 m/s. 

Tensile testing: Test specimens were performed 

on a dumbbell-shaped according to ASTM D638 standard 

using a  universal testing machine (LLOYD LR 100K) 

with the load cell capacity of 10 kN and  a  crosshead 

speed of 50 mm/min. The values of TS, YM and EB were 

averaged from at least five specimens. 

Flexural testing: The FS test was performed on a 

rectangular-shaped specimen using a universal testing 

machine (LLOYD 500), according to the ASTM D790 

standard with a load cell capacity, crosshead speed and 

support span length of 2500 N, 1.40 mm/min and 52 mm, 

respectively. 

Morphology: The morphology of the tensile 

fractured specimens was observed by scanning electron 

microscopy (SEM; JEOL JSM-5410 LV, USA) under and 

accelerated voltage of 2.5 kV. The fractured surface was 

observed after sputter coating with a thin layer of gold to 

avoid electrostatic charges during examination. 

Biodegradability: Samples were buried at 30 cm 

below the surface of natural soil for up to 2 months. The 

burial test was performed in Bangkok, Thailand. At the 

desired  time  (60  and  120  days),  the  burial  specimens 

were taken off from the soil, wash in water and dried in an 

oven at 50 °C for 24 h prior to morphology test. 
 
 
3. Results and Discussion 
 
Mechanical properties of the blends 
 

The IS of each of the neat PLA, PBS and r- 

PET/PBS blends with five different ratios is shown in Fig. 

1. The IS of the neat r-PET and PBS was about 1.7 and 

4.7KJ/m2, respectively. With the addition of PBS, an 

improvement in the IS was observed in all the r-PET/PBS 

blends. The 60/40 r-PET/PBS blend shows the optimal IS 

of about 5.0 KJ/m2, which represents a 2.9-fold increase as 

compared to the neat r-PET. This is due to the high 

flexibility of PBS molecules and thus the brittleness of the 

blends was reduced. However, a slightly decrease in the IS 

at PBS content of 50 wt% may be due to the phase 

separation of the two polymers at a high PBS content (50 

wt%). 
The tensile properties, in terms of the TS, YM  

 

and EB of the neat r-PET, PBS and r-PET/PBS blends are 
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shown in Fig. 2a. The TS of the neat r-PET and PBS 

was25.2 and 43.4 MPa, respectively. All the blends 

exhibited an increasing TS compared with the neat r-PET. 

The TS reached a maximum value of about 44.6 MPa at 

40 wt% PBS. This may be attributed to the better 

dispersion and compatibility between the  r-PET and PBS. 

As can be seen from Fig. 2b, with increasing PBS content 

from 0 to 50 wt%, the YM of the blends was decreased 

from 2479 to 1847 MPa and the EB of blends was 

increased from 1.71 to 3.64%. This is caused by the high 

flexibility of PBS   molecules,   providing   the   toughness   

and   low modulus to the blends. 

Fig. 3 shows the FS of the neat r-PET, PBS and 

r-PET/PBS blends. The FS of the neat r-PET and PBS 

were about 67.1 and 39.7 MPa, respectively. The FS of 

the r-PET/PBS blends were all decreased with increasing 

PBS content. This is owing to the very low FS of PBS and 

so the blends were bent easier under the load. 

The addition of PBS to r-PET was effective to 

increase IS, TS and EB of r-PET, but at the expense of the 

stiffness and FS. Based on the optimal IS and TS, the 

60/40 r-PET/PBS blend was selected for preparing 

composites with various loadings of wollastonite (10, 20, 

30 and 40 phr). 
 

 
 

Fig. 1 The impact strength (IS) of the neat r-PET and 
 

PBS and r-PET/PBS blends. 
 

Mechanical Properties of the composites 
 

The IS of the  r-PET/PBS/wollastonite 

composites is shown in Fig. 4. The all composites 

exhibited a decrease in the IS with the addition of 

wollastonite. The result of the decreasing of impact 

strength may be due to the high stiffness of the 

wollastonite particles that restrained the mobility of the 

polymer  matrix.  Although  the  impact  strength  of  the 

r-PET/PBS/wollastonite composites  was  lower  than  of 

the 60/40 r-PET/PBS blend, but it was still higher than 

that of the neat r-PET. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 The (a) tensile strength (TS) and (b) Young’s 

modulus (YM) and elongation at break (EB) of the neat r-

PET and PBS and r-PET/PBS blends. 
 

 
 
Fig. 3 The flexural strength (FS) of the neat r-PET and 
 

PBS and r-PET/PBS blends. 
 

 
 
Fig. 4 The impact strength (IS) of the 60/40 r-PET/PBS 
 

and its composites with various contents of wollastonite. 
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Fig.  5  shows  the  TS  of  the  neat  60/40  r- 

PET/PBS blend and its composites with the varied 

amounts of wollastonite. The TS (Fig. 5a) showed an 

increasing  trend  with  increasing  wollastonite  contents, 

but the composites containing 10-20 phr wollastonite still 

had lower TS than the neat 60/40 r-PET/PBS blend. This 

may be caused by an insufficient level of wollastonite 

dispersion and uniform transmission of stress in the 

polymer matrix. However, the increased wollastonite 

contents (30 and 40 phr) exhibited an improvement in the 

TS, which were 51.3 MPa and 56 MPa, respectively. This 

is due to a better wollastonite dispersion in the polymer 

matrix. The increase in the YM (Fig. 5b) with increasing 

wollastonite contents is owing to the high stiffness of the 

wollastonite that restricted the mobility of the polymer 

chains as described above. As expected, the EB of the r- 

PET/PBS/wollastonite composites was lower than that of 

the neat 60/40 r-PET/PBS blend (Fig. 2b) owing to the 

restriction of polymer chain by the stiff wollastonite 

particles   that   reduced   the   EB   of   the   composites. 

However, the increasing wollastonite contents tended to 

increase the EB. This may be attributed to micro voids 

between wollastonite and polymer matrix, allowing a 

volume of the polymer matrix to be drawn into the gap 

zone and thereby slightly increasing the elongation at 

break. 
 

The FS of the r-PET/PBS/wollastonite 

composites was all lower than the neat 60/40 r-PET/PBS 

blend (Fig. 6). The 60/40 r-PET/PBS containing varied 

loadings exhibited decreased FS compared to the neat 

60/40 r-PET/PBS blend. This is because wollastonite 

particles have a low interaction with the polymer matrix, 

especially  at  the  low  loading  levels  of  wollastonite 

content (10 and 20 phr). 
 

Morphology 
 

Fig. 7 shows the SEM images of the tensile 

fracture  surfaces  of  r-PET,  PBS  and  the  r-PET/PBS 

blends with different ratios of r-PET/PBS. It revealed that 

the neat r-PET displayed smooth surface with a brittle 

fracture behavior (Fig. 7a), while the neat PBS showed a 

rough surface with a ductile fracture behavior (Fig. 7b). 

Moreover, the r-PET/PBS blends exhibited rough fracture 

surfaces (Figs. 7c-g), suggesting that the samples became 

flexible  through  the  addition  of  the  flexible  PBS  to r-

PET. However, at a high PBS content (50 wt%), the r-

PET/PBS blends displayed the phase separation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 The (a) tensile strength (TS) and (b) Young’s 

modulus (YM) and elongation at break (EB) of the 60/40 

r-PET/PBS and its composites with various contents of 

wollastonite. 

 
 
Fig. 6 The flexural strength (FS) of the 60/40 r-PET/PBS 
 

and its composites with various contents of wollastonite. 
 
 

In addition, the SEM images of the 60/40 r- 

PET/PBS blend and the r-PET/PBS/wollastonite 

composites are shown in Fig. 8. At the low wollastonite 

contents (10-20 phr), their tensile fracture surfaces 

displayed clear  boundaries and  interstices between the 
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wollastonite and the blend matrix (Figs. 8b and c), 

indicating the non-wettability of the wollastonite and the 

blends. However, with increasing wollastonite contents 

(30-40 phr), the wollastonite dispersion became more 

pronounced and the wettability of the wollastionite and 

the blend matrix was clearer (Figs. 8d and e). These 

results are  in  agreement  with  the  results  of  the  

mechanical properties as described above. 

 
 

Fig. 7 Representative SEM images (1000×) of: (a) r-PET, 

(b) PBS and (c-g) r-PET/PBS blends with (c) 10, (d) 20, 

(e) 30, (f) 40 and (g) 50 wt% PBS. 
 

Biodegradability 
 

The SEM images of the degraded surface of r- 

PET, PBS, the 60/40 r-PET/PBS blend and the r- 

PET/PBS/wollastonite composites after burial under the 

soil (60 and 120 days) are shown in Fig. 9. It can be 

observed that the degradation surface of r-PET had not 

changed (Fig. 9a), consistent with r-PET non-

biodegrading under natural soil. However, the neat PBS 

and the 60/40 r-PET/PBS exhibited surface degradation 

presumably (Figs. 9b-c) due to the degradation of PBS by 

the bacteria and fungi contained in the natural soil. 

 
 
Fig.  8  Representative SEM  images (500×) of:  (a)  the 
 

60/40 r-PET/PBS blend, and (b-e) r-PET/PBS 
 

/wollastonite composites with (b) 10, (c) 20, (d) 30 and 
 

(e) 40 phr of wollastonite. 
 
 

Moreover the r-PET/PBS/wollastonite 

composites exhibited  much  more  corrosive holes (Figs. 

9d-g) indicating that the incorporation of wollastonite in 

the polymer matrix accelerates the degradation of the 

sample as compared to the neat PBS and the 60/40 r-

PET/PBS blend. This may be due to the gap between 

wollastonite and PBS induced the higher water absorption 

efficiency resulting in the increase in the hydrolysis and 

microbial attack of the samples. Furthermore, after 120 

days in the soil the degradation surface of the neat PBS, 

the 60/40 r- PET/PBS blend and the r-

PET/PBS/wollastonite composites had many large holes 

and more cracks in the surface of the samples indicating 

more degradation of the samples. 
 
4. Conclusion 
 

In this study, r-PET/PBS blends and composites 

of the 60/40 r-PET/PBS blend with wollastonite were 

successfully prepared by melt mixing on a twin screw 

extruder followed by an injection molding. As the studied 
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Fig. 9 SEM micrograph (1000x) of the surface of samples 

under the soil burial test ; (a) r-PET, (b) PBS, (c) 60/40 r- 

PET/PBS blend, the 60/40 rPET-PBS composites with 

different contents of wollastonite (d) 10; (e) 20; (f) 30 and 

(g) 40 phr. 
 

r-PET/PBS blends, the 60/40 r-PET/PBS blend was found 

to be the optimal IS and TS. However, this blend had a 

lower YM and FS than those of the neat r-PET. Based on 

the highest IS and TS, the 60/40 r-PET/PBS was selected 

for  preparing  composites  with  five  contents  of 

wollastonite (10-40 phr). The results showed that TS and 

YM of the composites were improved (optimal at 40 phr), 

while the IS, EB and FS was decreased with the 

incorporation of wollastonite. Moreover, the addition of 

PBS and wollastonite to r-PET leads to the 

biodegradability of the samples. 
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Abstract 

 

The mechanical stability time (MST) of latex is an important parameter indicating the colloidal stability of 

concentrated natural rubber latex (CNRL). This stability is crucial for the transport and storage of CNRL before   the 

product forming processes. A popular method to increase the MST of CNRL of RRIM600 Hevea brasiliensis, the most 

popular clone in Thailand, is by adding laureth soap or other surfactants. Nevertheless, the laureth soap provides a steady 

but slow increase in the MST for this NR clone without reaching a stable value after 30 days . At the same time, the 

phospholipids on the surfaces of natural rubber latex particles will naturally undergo hydrolysis reaction leading to even 

higher MST.   For long storage, too high MST leads to coagulation problem in the product-forming step. Therefore, 

alternative methods were studied in this research to expedite phospholipid hydrolysis, which results in the increase in 

MST for CNRL without causing problems from excessive negative ions in the product-forming process. The alternative 

methods  including heating in the presence of metal chips and the use of enzyme lipase were compared to the popular 

laurate soap addition method. It was found that lipase addition was the most effective method to expedite the hydrolysis 

of phospholipids to reach the standard MST value within 3 days, and reach a plateau within 10 days. 

 
Keywords: concentrated natural rubber latex, mechanical stability time of latex, hydrolysis of phospholipids 
. 

1. Introduction 
 

The most popular clone of NR in Thailand is 

RRIM600 Hevea Brasiliensis because it can grow on 

several areas and produce a lot of rubber latex. 

Unfortunately, the MST of the CNRL from this clone does 

not increase satisfactorily with time.   A popular method to 

increase its MST at present is by adding laureth soap or 

other surfactants, which means that negative ions are 

directly added.  At the same time, the phospholipids 

naturally present on the surfaces of natural rubber particles 

slowly undergo hydrolysis reaction over time leading to 

the continuous increase in MST.   Too high MST leads to 

coagulation difficulty during the product forming step, 

especially at longer storage time. 

In 1 9 7 8 , Pendle et al.  reported that the mechanical 
 

stability  of  CNRL depends  on  various  factors.    These 

factors directly relate to colloid stability [ 1] .  The ionic 

strength of water is one of the main factor affecting the 

MST of latex.  High ionic strength causes the reduction of 

the electrostatic double layer surrounding rubber particles 

and thus the reduction of latex stability. On the other hand, 

negative ions around the surface of NR particles lead to 

higher electrostatic potential of particles and to higher 

repulsive force between particles.  The strength of this 

repulsive force manifests itself in terms of higher MST. A 

year later, Blackley et al. ( 1 9 7 9 ) investigated the effect of 

potassium fatty acid soap on mechanical and chemical 

stabilities of CNRL [2]. They found that the mechanical and 

chemical stabilities of latex increased with the length of 

long- chain alkyl group.   In 1 9 8 4 ,  Chen and  Ng [ 3] 

investigated the increase in long- chain fatty acid soap in 

NRL  with  the  presence of  ammonia preservative 

substance. They found that hydrolysis reaction of lipid 

generated long-chain fatty acid soap on rubber particle 

mailto:cattalee@engr.tu.ac.th
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surfaces. They found that the amount of soap increased 

rapidly with time in the first 1-2 weeks and reached a 

constant level within 3 - 6  weeks. In addition, they found 

that 92 percent of long-chain fatty acid soap was adsorbed 

on latex rubber particle surfaces. Increasing the amount of 

long-chain fatty acid soap led to increasing anion on rubber 

particle surface and to higher MST of CNRL. 

Many researches mentioned adding various types of 
 

surfactant for increasing MST of CNRL. Nithiuthai et al. ( 

1995 ) [ 4] investigated on accelerating MST of CNRL by 

adding carboxylated soap.   They found that adding 

carboxylated soap could accelerate the MST value of 

CNRL and laureth soap was the best soap to increase the 

MST value. The reason for high MST was that molecules 

of laureth soap have suitable size to adhere around the 

surface of NR particles. They also investigated the addition 

of other soaps including castor oil soap, coconut oil soap, 

palm oil soap, and olive oil soap and found that castor oil 

soap was the most effective soap to increase the MST 

value of CNRL. This might be because castor oil soap was 

the only soap with hydroxyl groups ( OH- ) .  Blackley et al. ( 

1 9 77 )  [ 5] investigated the effect of ethylene oxide on the 

MST of CNRL by adding 6 - 3 0 % by mole of ethylene 

oxide. They found that the MST of CNRL depended on 

amount of ethylene oxide. The MST of CNRL was higher 

when increasing the amount of ethylene oxide. Tanaka el 

al.  ( 1 9 9 7 )  [ 6] investigated the method for preserving the 

stability of CNRL which has low protein content by adding 

stabilizer including a negative surfactant, an amphoteric 

surfactant, a nonionic surfactant, and an oligomer or 

amphoteric polymer. They found that all of preservative 

substances could significantly increase the MST  value, 

where sodium polyoxyethylene dodecyl ether sulfate was 

the most effective substance to increase the MST value. In 

2 0 0 9 , Silva et al. [ 7] investigated on the effect of adding 

ammonium laureth soap on CNRL.  They found that the 

MST value increased when adding ammonium laureth 

soap in the amount of more than 5 millimole per 100 grams 

of CNRL. The MST value increased at higher ammonium 

laureth soap content and leveled off when amount of 

ammonium laureth soap was above 5 0 millimole per 1 0 0 

grams of NRL. 

Sansatsadeekul et al.   ( 2 0 1 1 )   [ 8]   investigated the 
 

characteristics of protein and phospholipid on CNRL. They 

found that the layer of phospholipid and protein around 

rubber particles contributed to the MST of CNRL and that 

the phospholipid actually located in the backbone of NR 

chains. Moreover, the zeta potential of the rubber particles 

had the most negative value leading to the highest MST. 

Moreover, Santiphanusophon and Riyajan ( 2 0 1 2 )  [ 9] 

investigated the effect of preservation of fresh NR by 

adding ammonia on the properties and coagulation of 

CNRL. It was found that the amount of ammonia affected 

the increase in MST, volatile fatty acid (VFA), gel content, 

and phosphate content over time. Besides, the MST of 

CNRL depended on the amount of ammonia added to and 

the storage time of fresh NR. 

From the  aforementioned literature  review,  it  was 
 

found that the popular method to expedite the MST of 

CNRL is by adding surfactants directly into the CNRL. 

However, this method had some drawbacks. If CNRL was 

stocked before using, the phospholipid around the NR 

particle would hydrolyze more and more at longer storage 

time leading to too high MST. This would cause the 

problem on film-forming process. Therefore, this research, 

we investigated on alternative methods to accelerate the 

hydrolysis of phospholipid on NR particle instead of 

adding surfactant directly on CNRL. By doing so, the MST 

of CNRL would reach a saturation point when the 

phospholipids are fully hydrolyzed, which would not lead 

to too high MST value. 

 
 
2. Experimental 
 
2.1 Materials 
 

The CNRL used in this study was the high- 

ammonia grade before maturation provided by Thai 

Eastern Rubber Co.  Ltd.   The commercial grade of CNRL 
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with lauric acid, which was supposed to form ammonium 

laurate soap, was also provided from the same company. 

(The amount of lauric acid was not disclosed by the 

company) The enzyme lipase was provided by Brenntag 

Ingredient (Thailand) Public Co. Ltd. 

2.2 MST acceleration methods 
 

1) By heating with the presence of metal plates 
 

This method was carried out by heating 750 ml of 

CNRL at 60 °C in a water bath for 30 minutes with the 

presence of metal plates. The metal plates investigated here 

include aluminium and iron plates. 

 
 

2) By using lipase enzyme 
 

The enzyme lipase at the concentration of 0. 02% 

and 0. 04% by volume of CNRL was added to the neat 

CNRL and kept at room temperature. 

 
 

2.3 Maturation of samples 
 

All samples were stored at room temperature and 

measured for the MST values.  The MST value of all 

samples were measured for 28 days. At the 29th  day, the 

samples  were  characterized  for  the total  solid  content 

( TSC) , the dry rubber content ( DRC) , and the volatile fatty 

P30 = Plasticity of rubber after heating at 140 °C for 
 

30 min 
 

P0 = Plasticity of untreated control 
 
 
4. Results and Discussion 
 

4.1 The effect of heating 
 

For the effect of heating, the MSTs of heated CNRL 

samples with and without aluminum or iron plates were 

measured 22 days after heating. The heated samples were 

compared to the reference sample, which was the CNRL 

sample kept for the same period of time without heating as 

shown in Figure 1. As can be seen, the heated sample 

without metal plates ( Heat) possessed only slightly higher 

MST value than that of the reference sample ( Blank) .   On 

the other hand, the heated samples with the presence of 

metal plates could increase the MST of CNRL by more 

than 50% , where the iron plates ( Heat with Fe)   could 

increase the MST of CNRL more than the aluminium 

plates (Heat with Al). This is because iron is known to be a 

more active catalyst for the hydrolysis process than 

aluminum. 
 

MST (s) VS. Conditions (at 22nd day) 
 

200 
 

acid number ( VFA) . Moreover, we coagulated the samples 

and measured the initial plasticity ( Po) and the plasticity 

retention index (PRI). 

 
 

2.5 Characterization 
 

The MST was characterized by using Mechanical 
 

Stability Test Machine following the ISO 35:2004 standard 
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at the Rubber Research Institute of Thailand. The VFA 

property was characterized by ISO 506: 1992. The PO and 

PRI properties were characterized by using plastometer 

following the ISO 2930: 2009 standard. The equation for 

calculating PRI is 

PRI = (P30/P0) x 100 (1) 
 

where PRI = Plasticity retention index 

Reference Heat Heat with Al Heat with Fe 
 
 
Fig.1 The effect of heating without and with metal plates 

on the MST (s). 
 
 
4.2 The effect of the enzyme lipase 
 

The MST of CNRL after addition of lipase in the 

amount of 0. 02% and 0. 04% by volume of CNRL were 

followed for 28 days and compared to the blank sample, 
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 TSC DRC VFA Po PRI(%) 

Reference 61.58 60.11 0.026 35.5 11.3 

Heat with 
 

Fe 

61.36 59.97 0.025 39.5 8.9 

lauric 
 

acid 

61.33 59.93 0.027 38.5 7.8 

0.02% 
 

lipase 

61.44 60.04 0.026 31.0 12.9 

0.04% 
 

lipase 

61.61 60.02 0.030 37.0 17.6 
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(s
) 
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%
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the heated sample in the presence of iron, and the 

commercial CNRL with the addition of lauric acid as 

shown in Figure 2.  As can be seen, the MST of the blank 

sample and the heated sample were not improved 

satisfactorily after 28 days, whereas the MST of the 

commercial lauric acid added CNRL steadily increased 

without a sign of leveling off.  On the other hand, the 

enzyme lipase was very effective in increasing the MST of 

CNRL. As can be seen, the CNRL with lipase jumped to 

the acceptable value within 2 days.  Moreover, the good 

thing of the enzyme lipase was that the increase in the MST 

of CNRL in this case was due to the accelerated hydrolysis 

of the phospholipid surrounding the rubber particles 

without introducing external charge species.         Therefore, 

the MST when adding different amounts of lipase was 

found to reached the same stable level.     However, the 

0. 04% lipase was better than the 0. 02% in that the 0. 04% 
 

could reach the same stable value ( 10 days) faster than at 

0. 02% ( 28 days) . This is because the higher lipase content 

could expedite the hydrolysis of phospholipids faster. 

The TSC and DRC of all samples were about 61.3 - 
 

61. 8% and 59. 9 - 60. 1% , respectively, as shown in table 1. 

It was found that the values of TSC, DRC and the VFA 

were not affected by the treatment. However, the PRI value 

had increased when treating CNRL with lipase addition. 

This indicated that the enzyme treatment did not cause any 

adverse effect on the CNRL. On the other hand, it could 

improve the resistance to breakage of rubber molecules at 

high temperatures. 

 
 
Table 1 Other properties of CNRL samples treated by 

several methods at 30 days 

 
 

1200 
MST vs. storage time 

 
1000 

 
800 

 
600 

 
400 

 
200 

 
0 

 
 
 
 
 
 
 
 
 
 
 
 
 
0 10 20 30 
 

Storage time (day) 
 

Reference Heat with iron 
 

Lauric acid 0.02% lipase 
 

0.04% lipase 

Po VS. Conditions 
 

50 

40    35.5  
39.5  38.5 37   

31 
30 

 

20 
 

10 
 

0 
a) Conditions 
 
 

PRI(%) VS. Conditions 
 

20    17.6 
 

15 12.9 
11.3 

10 8.9   7.8 

 
 
 
 
Reference 

Heat with Fe 

Lauric acid 

0.02% lipase 
 

0.04%lipase 
 
 
 
 
 
 
Reference 

Heat with Fe 

Lauric acid 
Fig. 2 The MST of the CNRL samples treated by different 

methods comparing to the blank reference. 

5 
 
0 

Conditions 

 

0.02% lipase 
 

0.04%lipase 

 

 

 



  384 
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Fig. 3 The a)  Po and b)  PRI ( % )  of the CNRL 

samples treated by different methods comparing to the 

blank reference. 

5. Conclusion 
 

This research investigated the alternative 

methods in accelerating mechanical stability of 

concentrated natural rubber latex. It was found that the 

CNRL treated with the enzyme lipase could 

significantly increase the MST value of CNRL, 

without causing the over- stabilized problem because 

the lipase only accelerate the hydrolysis of the existing 

lipids around the rubber particles without introducing 

external charges. As for the amount of lipase, it was 

found that 0.04% lipase was better than 0.02% lipase as it 

could reach a stable value faster (10 days compared to 28 

days) without causing problems  from  excessive 

negative ions in the product-forming process. 
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Abstracts 

 
In the present study, high density polyethylene (HDPE) composite films having thickness of approximately 10 

μm, containing different amounts of copper powder 1, 2, 3, 4, 5 and 10 wt% were prepared by melt mixing in an 
internal mixer followed by blown film extrusion. Dispersion of copper powder within the HDPE matrix was determined 
by scanning electron microscope (SEM). Comparisons of the corrosion behavior of the composite films having different 
amounts of copper were also evaluated by calculated the weight that changes continuous for the long time. 

 
Keywords: HDPE, copper, blown film, composite 

 
1.Introduction 

 
In the industry, Metals is the most important thing 

is produced the many kind of production. The problem 
that found in the metal is corrosion from oxidation under 
environmental conditions. Rusting of iron consists of the 
formation of hydrated oxide, Fe(OH)3, FeO(OH), or even 
Fe2O3.H2O.  It   is   an   electrochemical  process   which 
requires the presence of water, oxygen and an electrolyte. 
In the absence of either of these rusting does not occur to 
any significant extent. In air, a relative humidity of over 
50% provides the necessary amount of water, at 80% or 
above corrosion of bare steel is worse. When a droplet of 
water containing dissolved oxygen falls on a steel item, 
the  solid  iron  or  Fe(s)  under  the  droplet  oxidizes  as 
shown in Eq (1): 

 
Fe(s) --> Fe2+(aq) + 2e- (1) 

 
The electrons are quickly consumed by hydrogen 

ions from water (H2O) and dissolved oxygen or O2(aq) at 
the edge of the droplet to produce water Eq (2): 

 
4e- + 4H+(aq) + O2(aq) --> 2H2O(l)   (2) 

 
More acidic water increases corrosion. If the pH is 

very low the hydrogen ions will consume the electrons 
anyway, making hydrogen gas instead of water according 
to the Eq. (3): 

 
2H+(aq) + 2e- --> H2(g) (3) 

 
High density polyethylene (HDPE) is one of the 

most widely used polymers since it possesses good 
mechanical properties, near-zero moisture absorption, 
excellent chemical inertness and high processability. Its 
highly crystalline structure in comparison to other kinds 
of polyethylene, results in very high tensile strength. 
HDPE have attracted great attention due to their 
remarkable properties compared to the neat polymer, 
including mechanical strength, flame retardancy, 
impermeability to gases, and lower oxygen permeability 

 
[1,2,5]. And Copper has been one of the important 
materials in the industry to its high electrical and thermal 
conductivity, mechanical workability, and its relatively 
noble properties [3]. 

In such blown film process, a predominant 
deformation is applied in the machine direction (MD) 
while simultaneously being stretched in the transverse 
direction (TD). The polymer melt is shaped in the form of 
a bubble by blowing air from inside the bubble. An air 
ring is used around the bubble to cool the molten blown 
film and crystallization occurs in a short time (typically 
less than 2 second) under the influence of an elongational 
stress (and is concentrated at the frost-line height (FLH)) 
[4]. 

The morphology of blown films generally depends 
on the overall processing parameters such as draw ratio, 
blow-up ratio, FLH, extruder temperature as well as on 
the molecular structural parameters such as molecular 
weight (MW), molecular weight distribution (MWD) and 
long-chain branching (LCB). Considerable effort has 
been devoted to define the relationship between the 
processing conditions and the structure and properties of 
blown films [4]. 

For outdoor applications as well as for packaging 
applications, it is important to investigate the corrosion 
behavior of these composites. 

In the present study, high density polyethylene 
(HDPE) composites with Cu powder were prepared by 
the melt-mixing method [1,2]. The aim was to prepare 
thermal analysis and corrosion properties, appropriate to 
be used as reactive packaging materials for protect 
corrosion from environment. Copper powder was used 
for the first time in such applications. 
 
2. Experimental 
 
2.1 Materials 

High density polyethylene (HDPE) appropriate for 
blown  film  production  was  supplied  by  PTT  Global 
Public Company Limited (Bangkok, Thailand) under the 
trade name InnoPlus HD7000F. It has a melt flow rate 
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(MFR) of 0.047g/10min at 2.16 kg/190 ◦C, density of 
0.957 g/cm3. Copper powder has diameter about 10 μm 
from Lab Systems Company Limited (Bangkok, 
Thailand). Stearic acid solution was prepared for coating 
copper powder surface by stearic acid 20 g was diluted in 
ethanol 500 ml at 60◦C. and were dried by heating in a 
vacuum oven at 70 ◦C for 24 h. until copper powder is 
dried. 
2.2 Composites preparation and characterization 

HDPE-copper composites containing 0, 1, 2, 3, 4, 
5 and 10 wt% of copper powder was prepared by melt 
mixing in the internal mixer at 200 ◦C and 60 rpm for 5 
min. Prior to melt mixing the copper powder was coating 
surface with stearic acid and were dried by heating in a 
vacuum oven at 70 ◦C for 2 h. The two components were 
physically  premix  before  being  fed  into  the  internal 
mixer. 

Materials characterization was performed using 
scanning electron microscopy (SEM). Using the EVO® 

HD scanning electron microscopy from Carl Zeiss. Prior 
analysis specimens were coated thin film with gold 

 
2.3 Thermal gravimetric analysis (TGA) 

Thermal analysis of the composites was performed 
using a thermal gravimetric analysis (TGA) for each 
measurement a placed in an aluminum pan, and heated to 
900 ◦C at a heating rate of 10 ◦C/min. The percent weight 
loss of the composites was measured. 

 
2.4 X-ray diffractometric (XRD) 

XRD study of HDPE composites, in the form of 
thin films, was performed over the range 2θ from 20 to 
80◦,  at  steps  of  0.05◦    and  counting  time  of  1   s. 

 
2.5 Corrosion test 

Put the metals in the composite film and vacuum 
seal the film at room temperature and compared the 
corrosion behavior of the metals in the composites film 
and calculated the weight that changed in several 
times.The weight of metal is calculated as follows: 

 
A = B – C (4) 

 
where A is the changing of weighing, B is weighing 
before changing and C is weighing after changing 
in the  material. Using Eq. (4) for calculated and  plot 
graph between weighing and time 

 
3. Results and discussion 

 
3.1 X-ray diffractometry 

Further research on the crystalline structure of 
the samples was performed using X-ray diffractometer. 
The data collected showed three basic peaks, the (110), 
(200) and (011) refractions of the pure HDPE and HDPE 
blend at 2θ range = 21.75 – 21.87◦, 24.04 – 24.23◦and 
36.40 – 36.75◦ in order and two peaks, (111) and (200) 
refractions of copper at 2θ range = 43.49 -43.67◦ and 
50.70-50.90◦ in order (Fig. 1).  It shows the increasing of 
the crystallinity when copper powder is added to the 
HDPE matrix. 

 
 
Fig. 1 X-ray diffraction patterns of different amount of 
copper powder is filled into HDPE-Cu composites 
 
3.2 Thermal gravimetric analysis 

Fig. 2 depicts TGA thermogram in the nitrogen 
of HDPE/Cu composite. The TGA curves show, as 
expected, that content adds the thermal stability of the 
composite is higher 

Thermal degradation of HDPE and HDPE/Cu 
composites was studied by thermogravimetric analysis 
(TGA). The evolution of the weight loss from 25 ◦C to 
900 ◦C of HDPE and HDPE/Cu composites is shown in 
Fig. 2. The degradation process takes place in a stage for 
HDPE,  the  first  step  weight  loss  around  210-520  ◦C 
which is due to the degradation of the HDPE polymer. 
The HDPE is close to 97.99 wt%. as calculated by a step 
analysis in the TG curve. 

For HDPE 99 Cu 1 wt%, HDPE 98 Cu 2 wt%, 
For HDPE 97 Cu 3 wt%, HDPE 96 Cu 4 wt%, HDPE 95 
Cu 5 wt% and  HDPE 90 Cu 10 wt% the first step weight 
loss around 266 - 482 ◦C which is due to the degradation 
of the HDPE polymer. If HDPE-Cu film was added more 
The HDPE is close to 99.53, 98.32, 97.77, 96.73, 95.87 
and 91.82 wt% respectively. as calculated by a step 
analysis in the TG curve. The second degradation step 
occurs at higher temperatures and corresponds to the 
thermal decomposition of copper powder which cannot 
decomposition. The total weight loss in this second 
degradation step is close to 0.47 wt% at HPDE 99 Cu 1 
wt% and second degradation can be increased by added 
the different amount of copper powder. At HDPE-Cu film 
composite that containing amount of copper powder 2, 3, 
4, 5 and 10 wt% the total weight loss in this second 
degradation step is close to 1.68, 2.23, 3.27, 4.13, 8.18 
wt% respectively. 
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Fig. 2 TGA curve of HDPE/Cu composite show content 
adds the thermal stability of the composite is higher when 
copper powder 

 
3.3 Characterization of HDPE-Cu composites 

From SEM images show different image 
magnifications of copper powder that coated with stearic 
acid (1000X and 3000X). Copper powder was prepared 
successfully. These copper powder is of high purity, have 
an average diameter of 2-10 μm (Fig 3). Copper powder 
was used to prepare composites with HDPE by melt 
mixing. Stearic acid was coated on the surface of copper 

 
(a)Cu (b)Cu 

 
 
 
 
 
 
 
 

Fig. 3 SEM images of copper powder at different image 
magnifications (a) 1000X (b) 3000x 

 
From SEM images (Fig. 4) it is clear that copper 

powder   was  dispersed  inside   the   HDPE  matrix  at 
different image magnifications (2000X and 3000X) were 
used. Comparing the different SEM images it can be seen 
that interactions between copper powders are in intense 
and aggregates are formed. 

 

 
 
Fig. 4 SEM images of different amount of copper powder 
was added in HDPE matrix at different image 
magnifications (left) 2000X (right) 3000x (a,b) pure 
HDPE and HDPE/Cu composites containing different 
Copper powder contents (c,d) 1wt% (e,f) 2 wt% (g,h) 
3wt% (i,j) 4wt% (k,l) 5wt% (m,n) 10 wt% 
 
3.4 Corrosion test 

The weighing gain of metal specimen increase 
continuously in the conditions at room temperature and 
humidity of 48% RH were 10.00 to 10.43 g of metal 
specimen (Fig. 5). The higher the increasing time, the 
higher weight was in significant because rusting of iron 
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consists of the formation of hydrated oxide, 
Fe(OH)3, FeO(OH), or even Fe2O3.H2O. After 30 
days, all of the HDPE/Cu composites still have 
gained 10.06 to 10.30 g of rust. It shows that the 
best condition of HDPE 90%/Cu 10 %wt that 
can protect corrosion due to the less weight that 
change at least. 

 

 
Fig. 5 Shown the corrosion behavior in one month 
 
 There  are  three  factors  for  rust  to  the  metal 
follows in the Eq (5) 

Metal + Corrosive gases + moisture rust (5) 

HDPE-Cu film can protect the metal by capture the 

corrosive gas (such as Cl2, SO2  etc.) and block out 

new moisture to the surface of the metal in Fig 6 
 

 
 

Fig 6 Diagrams that shown how HDPE – Cu film 
can protect the corrosion 

 
4. Conclusions 
 

The  amount  of  copper  was  increased, the 
corrosion protection ability is better because copper 
can resist the factor of corrosive. The best condition 
that can protect corrosion is HDPE 90 % / Cu 10 %wt 
composites because when copper powder was added 

10%wt, the corrosion on the metal is at least. 
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Abstract 

This research studied the properties of PLA composites with the addition of bacterial cellulose fiber (BC) and 
bacterial cellulose which treated by 3-aminopropyl(diethoxy)methylsilane (SiBC) . The BC and SiBC fiber, the 
reinforcing part, was freeze dried before blending with PLA resin. The influences of bacterial cellulose content and 
interfacial interaction between PLA and bacterial cellulose on the properties of PLA composites were studied by mean of 
morphology, mechanical and thermal properties. Morphology of PLA composites from SEM micrograph show that 
PLA/4wt%BC has more agglomeration and poor distribution of bacterial cellulose. Mechanical property of 
PLA/4wt%SiBC is the highest in the parts of tensile strength and Young’s modulus. Tensile strength of PLA/4wt%SiBC 
is 66.80 MPa, Young’s modulus is 2.89 GPa. However, elongation of PLA/4wt%SiBC is 3.34% and impact strength is 
2.93 kJ/m2 which were less than PLA and PLA/1wt%SiBC. Thermal properties of PLA composites are analyzed  by 
TGA and DSC. Thermal stability of PLA composites are higher than PLA while crystallinity of PLA composites are less 
than PLA. 
Keyword: Poly(lactic acid), Bacterial cellulose, Reinforced composites 
 

1. Introduction 

 In the present, the human is experiencing 
environmental problems caused by waste materials which 
cannot degradable so that the use of biopolymer have been 
increasing due to biopolymer is biodegradable material 
which have a less disastrous effect on the environment in 
terms of greenhouse effect and other pollution compared 
to petroleum base [1]. Biopolymer is polymer which 
synthesized from natural ingredients such as rice, starch, 
sugarcane and corn. The synthesis of biopolymer has 
several ways. The fermentation of flour from agricultural 
raw materials is one of synthesis which popular because it 
has available materials in Thailand and low cost. 
Biopolymer which used widely are Thermo Plastic Starch 
(TPS), Polylactic acid (PLA) and Polyhydroxyalkanoates 
(PHA) [2]. 
 PLA is a biodegradable thermoplastic polyester 
produced from L- and D-lactic acid, which is derived from 
the fermentation of corn starch [1]. PLA is one of 
biopolymers available today which have similar properties 
as petroleum based polymers. However, PLA softens at 
lower temperatures and It also has some properties that are 
inferior to petroleum base polymer [3]. 
 Cellulose is the most abundant natural homo-
polymer which is considered to be one of the most 
promising renewable resources. Cellulose derived from 
plant that has been used extensively as a reinforcing filler 
in polymer matrix [4]. In addition, cellulose can 
synthesized by certain bacteria. Although there are the 
same chemical structure but different composition 
between bacterial cellulose and cellulose derived from 
plants. BC is produced as a high pure form of cellulose,  
more environmentally friendly, and demands less 
energetic methods than cellulose from plants for 
purification. In comparison, the bacterial cellulose has 
better mechanical properties, higher crystallinity, smaller 
crystalline and higher purity. The most important 
properties of bacterial cellulose are their mechanical 

strength, water content, high degree of crystallinity and 
high purity [5,6]. 

Biodegradable composites of PLA reinforced with 
natural fibers have been extensively studied by several 
researchers [1,2]. Although natural fibers can offer the 
resulting composites many advantages, the usually polar 
fibers have inherently low compatibility with non-polar 
polymer matrices [2]. The incompatibility may cause 
problems in the composite processing and material 
properties. Hydrogen bonds may form between the 
hydrophilic fibers, and thus the fibers tend to agglomerate 
into bundles and unevenly distribute throughout the non-
polar polymer matrix during compounding. There is also 
insufficient wetting of fibers by the non-polar polymer 
matrices, resulting in weak interfacial adhesion. As a 
result, the stress transfer efficiency from the matrix to the 
reinforcing fibers is decreased [3].  

Surface modification techniques such as physical 
treatments using solvent extraction or physico-chemical 
treatments like the use of corona and plasma discharges or 
laser and UV bombardment further chemical 
modifications both by direct and grafting by free radical or 
ionic polymerization also have been attempted by various 
researchers [7,8]. 

In this study, bacterial cellulose was chemically 
modified using silane coupling agent which was                          
3-aminopropyl(diethoxy)methylsilane (APDES) in order 
to improve interfacial interaction between PLA and 
bacterial cellulose. The influences of bacterial cellulose 
content and bacterial cellulose surface treatment on the 
properties of the composites were evaluated by  
mechanical and thermal properties. 
 

2. Experimental 
2.1 Materials 

Poly(lactic acid) used in this study was purchased 
from NatureWorks® IngeoTM (3051D Injection grade) with 
specific gravity of 1.24 
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3 -aminopropyl(diethoxy)methylsilane (APDES) 

was purchased from Sigma–Aldrich with density of 0.916 
g/ml and 97% assay. 

 
2.2 Preparation of bacterial cellulose 

 Bacterial cellulose (BC) was prepared by 
fermenting the Acetobacter Xylinum in coconut water for 
3 day in static culture containing 5% (w/w) sucrose, 0.5% 
(w/w) ammonium sulfate and 1% acetic acid. The BC 
were purified by boiling in a 0.5 M aqueous solution of 
Sodium Hydroxide for 15 min. The BC pellicle was 
washed with water several times. 
 
2.3 Silane treatment 

5 wt% (compared to bacterial cellulose) of 
respective silane coupling agent 3-aminopropyl(diethoxy) 
methylsilane (APDES) was added into a mixture of water–
ethanol (40:60) system. The pH of the solution was 
adjusted to 4 with acetic acid and stirred continuously for 
1 h. Then the bacterial cellulose was soaked in the above 
prepared solution for 3 h and washed with distilled water 
and then freeze dried. 
 
2.4 Preparation of PLA composites 

20% w/v of PLA was dissolved in 
dichloromethane. The solution was stirred continuously 
for 6 hr by mechanical stirrer. After that, certain amount of 
bacteria cellulose was added into the solution and mixed 
by homogenizer at 7,000 rpm for 10 min. The mixture was 
then casted onto a glass plate and the solvent was left to 
evaporize at room temperature. The dried sheet was peeled 
out of the casting plate. Composite sheets were cut into 
small pieces and dried at 80⁰C for 24 hr. Finally, testing 
specimens were prepared by injection molding. 

 
2.5 Morphology 

Cross section of PLA composites were investigated 
under scanning electron microscope (JEOL, JSM-5410) at 
accelerating voltage of 15 kV. Specimens were fractured 
after immersion in liquid nitrogen and the fractured 
surface was then coated with gold. 
 

2.6 Tensile testing 

The specimens of PLA composites were keep in 
desiccator for 48 hr before testing. The tensile test was 
performed according to ASTM D-638 using a universal 
testing machine (Instron Model 5969) at crosshead speed 
of 50 mm/min with a load cell of 50 kN. Ten specimens 
were tested and the average values were reported. 

 
2.7 Impact testing 

Notched Izod impact test was conducted on PLA 
composite specimens according to ASTM D-256 using 
impact tester (Pendulum Impact Tester B5102.202 4 J). 
Ten specimens were tested and the average values were 
reported. 
2.8 Thermogravimetric analysis (TGA) 

TGA test of PLA composites as conducted under 
nitrogen atmosphere (N2) by using thermogravimetric 

analyzer (Perkin-Elmer,TGA7). Samples were heated 
from 50 ºC to 600 ºC at heating rate of 10 ºC/min. 
 

2.9 Differential Scanning Calorimetry (DSC) 

 DSC test of PLA composite was conducted under 
nitrogen atmosphere by using differential scanning 
calorimeter (Mettler Toledo DSC 1). Samples were heated 
from 25⁰C to 200⁰C at heating rate of 10⁰C/min.  
 
3. Results and Discussion 

3.1 Morphology 

   

  

Figure 1. SEM micrographs of PLA specimens at 
fractured surface. (a) Pure PLA, (b) PLA/1wt%SiBC 
(c) PLA/4wt%SiBC and (d) PLA/4wt%BC. 
 
 SEM micrographs of PLA specimens at fractured 
surface are exhibited in Figure 1. Rather smooth surface of 
pure PLA is shown in Figure 1(a). Figure 1(b) showes 
fractured surface of PLA composites with 1 wt% of silane 
modified BC (PLA/1wt%SiBC). There are small BC fibers 
embedded in the PLA matrix and pores which occuring 
from pulling out of the BC fiber.  With loading  more 
silane modified BC content (PLA/4wt%SiBC),  higher 
amount of pores and BC fibers can be observed in Figure 
1(c). In addition, distribution of BC fiber in the matrix is 
still well distributed. However, in Figure 1(d), the 
composite with unmodified BC fiber (PLA/4wt%BC) 
exhibits rough surface with a number of larger pores and 
clusters and layers of BC fiber. These results indicate that 
poor interfacial adhesion occurs between unmodified BC 
fiber and PLA matrix [4,7,10]. 
 
3.2 Tensile testing 

The tensile strength of PLA composites are shown 
in Figure 2. Tensile strength is increased by the addition of 
bacterial cellulose which modified surface by using silane 
coupling agent type 3-aminopropyl ( diethoxy ) methyl 
silane (APDES). The composite with addition of bacterial 
cellulose 4 wt% which modified surface by using APDES 

a b 

c d 
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(PLA/4wt%SiBC) is the highest tensile strength (66.80 
MPa). 

 

 

Figure 2. Tensile strength of PLA composites 

The addition of bacterial cellulose 4 wt% 
(PLA/4wt%BC) gives the lowest tensile strength (58.91 
MPa). The incorporation of BC within the PLA matrix 
decreases the tensile strength which is probably due to 
poor adhesion between the BC and matrix that contributes 
to poor stress transfer from the matrix to BC. Apart from 
bacterial cellulose content and interfacial adhesion 
between PLA and bacterial cellulose are affect to tensile 
strength of composites [2,7]. The tensile strength in Figure 
2 shown that the increase in  SiBC as a result of the 
increase in the tensile strength. However, PLA/4wt%SiBC  
shown  increased tensile strength as compared with 
PLA/4wt%BC due to surface treatment of bacterial 
cellulose by using silane treatment, silane form siloxane 
bond with bacterial cellulose and form hydrogen bond 
with PLA [1,4] and SEM micrographs in Figure 1 shown 
that silane helps in fibrillation of SiBC that contributes 
improved dispersion and interfacial adhesion within PLA 
so that the incorporation of  SiBC within the PLA matrix 
increases the tensile strength due to it contributes to good 
stress transfer from the matrix to SiBC [10] . 

 

 
Figure 3. Young’s modulus of PLA composites 

Young’s modulus is increased by the addition of 
bacterial cellulose due to bacterial cellulose is rigid than 
PLA [4,9]. The Young's modulus of  PLA composites  are 
shown in Figure 3. Young’s modulus of PLA/4wt%SiBC 

is the highest (2.89 GPa) while Young’s modulus of 
PLA/4wt%BC is 2.76 GPa due to PLA composite with 

bacterial cellulose which modified by using APDES has 
more rigidity of interfacial adhesion between PLA and 
bacterial cellulose when compare to PLA composite with 
bacterial cellulose which noticed from SEM [10]  and from 
the result of DSC in Table 2 found that the crystallinity of 
PLA/4wt%SiBC is higher than PLA/4wt%BC which the 
crystallinity of PLA composite is the one of influences 
which affect to Young’s modulus of PLA composites [6]. 

 
Figure 4. Elongation at break of PLA composites 

Elongation at break of PLA composite is decreased 
when bacterial cellulose content is increased due to 
increasing bacterial cellulose content contributes to an 
increase in the discontinuity of dispersion which results in 
decrease in the percentage of elongation in PLA composite 
but increase in brittleness of PLA composite is increased. 
Moreover, from SEM micrographs found that bacterial 
cellulose disperse in PLA matrix which interrupt the 
vibration and the movement of the polymer chains so the 
chains are difficult to slip through each other [2,8,10]. 
Considering the influence of surface treatment of bacterial 
cellulose, in the result from Figure 4 found that 
PLA/4wt%SiBC is higher elongation when compare to 
PLA/4wt%BC due to PLA composite with untreated 
bacterial cellulose has worse interfacial adhesion between 
PLA and bacterial cellulose [10]. 

3.3 Impact testing 

 
Figure 5. Impact strength of PLA composites 

 Impact strength of PLA composite is decreased 
when bacterial cellulose is increased due to increasing 
bacterial cellulose content contributes to an increase in the 
discontinuity of dispersion which results in the increasing  
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stress concentration [3,9]. From the result in Figure 5 
considering the influence of surface treatment found that 
impact strength of PLA/4wt%SiBC is more than 
PLA/4wt%BC due to PLA/4wt%BC is poor interfacial 
adhesion between PLA and bacterial cellulose and from 
SEM micrographs found the agglomeration of BC and 
voids in PLA/4wt%BC also act as the defect to decrease 
the mechanical properties [3,10]. 
 
3.4 TGA analysis 
 

 
Figure 6. TGA thermogram of PLA composite 
 
Table 1. Thermogravimetric analyses (TGA) 

 
All composite show weight loss in two steps. The 

first weight loss at approximately 80-120oC was due to 
volatilization of water. The second weight loss at 300-
400oC is due to the thermal degradation of the PLA and 
bacterial cellulose [4,7]. Thermal degradation of PLA 
composites are also enumerated in Table 1,the addition of 
bacterial cellulose affect to the increase in Tonset and Td of 
PLA composites due to thermal stability of bacterial 
cellulose is higher than PLA. Considering the influence of 
surface treatment, Tonset and Td of PLA/4wt%SiBC is 
higher than PLA/4wt%BC due to silane helps in 
fibrillation of SiBC that contributes improve interfacial 
adhesion and interaction within PLA [3]. 

3.5 DSC analysis 

Table 2. Differential Scanning Calorimetry (DSC) 

 

Thermal properties of PLA composites by DSC 
are shown in Table 2 which found that the addition of 
bacterial cellulose doesn’t affect to glass transition 
temperature (Tg) of PLA composites. For cold 
crystallization temperature (Tcc) and melting temperature 
(Tm), the addition of bacterial cellulose affect to Tcc and 
Tm slightly. However, comparision of Tcc and Tm between 
PLA/4wt%SiBC and PLA/4wt%BC found that Tcc and Tm 
of PLA/4wt%BC are less than PLA/4wt%SiBC due to 
PLA composite with untreated bacterial cellulose has poor 
interfacial adhesion and interaction between PLA and 
bacterial cellulose. Considering crystallinity of PLA 
composite, crystallinity of PLA composite is lower than 
PLA due to bacterial cellulose interrupt the migration and 
movement of polymer chain which affect to crystallization 
of PLA composite [5,9]. However, crystallinity of 
PLA/4wt%BC is less than PLA/4wt%SiBC due to 
interfacial adhesion and interaction between bacterial 
cellulose which treated by silane coupling agent and PLA 
has better. 

 
4. Conclusion 

Bacterial cellulose reinforced poly(lactic acid) 
composites were prepared by injection molding. The 
addition of bacterial cellulose affects the movement and 
migration of polymer chain, stress concentration and 
stiffness of PLA composites while surface treatment by 
using silane coupling agent (APDES) affects interaction, 
interfacial adhesion between PLA and bacterial cellulose 
as well. Morphology of PLA composite in SEM 
micrographs shown that PLA/4wt%BC has more 
agglomeration and poor distribution of bacterial cellulose 
in PLA matrix. Tensile strength and Young’s modulus of 
PLA/4wt%SiBC are the highest. Tensile strength of 
PLA/4wt%SiBC is 66.80 MPa, Young’s modulus is 2.89 
GPa. However, elongation of PLA/4wt%SiBC is 3.34% 
and impact strength is 2.93 kJ/m2 which less than PLA and 
PLA/1wt%SiBC. Thermal properties of PLA composites 
are analyzed  by TGA and DSC. Thermal stability of PLA 
composites are higher than PLA while crystallinity of PLA 
is higher than PLA composites. The addition of bacterial 
cellulose which treated by using silane coupling agent 
cause mechanical and thermal properties of PLA 
composites are better. 
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Abstract 

Multiple-shape memory polymers represent a highly class of the materials. As one of representative of smart 

polymers, these materials could be deformed to more than one temporary shapes; they could be recovered to the original 

shape in a single deformation cycle. In this research, thermal and mechanical properties of BA-a/PU copolymers were 

investigated by differential scanning calorimeter (DSC) and universal testing machine (UTM). The results revealed that 

the suitable curing conversions of BA-a/PU resin mixtures affect the shape memory behaviors. The BA-a/PU copolymers 

demonstrated the increase in flexural strength and flexural modulus with increasing BA-a mass ratio from 55 to 80%. 

Furthermore, multiple-shape memory properties was evaluated by a two-step bending process on UTM. The results 

showed that the samples exhibited high values of shape fixity (70-96% for first temporary shape and 83-99% for second 

temporary shape) and shape recovery (88-96% for first temporary shape and 97-99% for original shape). 

 
Keywords:  Thermal properties, Mechanical properties, Multiple-shape memory, Benzoxazine, Urethane. 

 
1. Introduction 

Multiple-shape memory polymers (multiple-SMPs) 

have attracted considerable interest in recent years [1]. 

Multiple-SMPs can represent polymers that can memorize 

more than one temporary shapes and recover to their 

permanent shape upon external stimuli [2]. These stimuli 

include heat, water, pH, light, electric and magnetic field 

[1, 3]. Among these, activation by heat can be considered 

the most commonly method. Multiple-SMPs have been 

used in wide range of applications including packaging, 

textiles, aerospace, electronics, medication, transportation, 

and construction due to their light weight, low cost, ease of 

processing, and great flexibility in terms of material design 

[3].  

Generally, thermosetting polymers are an important 

family of SMPs. When they were heated to above their 

glass transition temperature (Tg), they can be deformed to 

temporary shape by applying small load [4]. In fixing 

process, the materials were obtained that stores energy in 

chain conformation. When the materials were released 

form the constraint and heated again, they can be recover 

to the permanent shape. Benzoxazine resin (BA-a) is a 

newly class of thermosetting resin derived from ring-

opening polymerization of its precursors [3]. The polymer 

possesses many notable properties such as high thermal 

stability, high glass transition temperature, excellent 

mechanical properties, low melt viscosity before cure 

resulting in its high processability and low water 

adsorption [3, 5]. Polyurethane is already well known to 

have outstanding properties such as easy preparation 

method, high resistance to organic solvent and aqueous 

solution, long-term stability against exposure to sunlight, 

consistent elastic property, and possible biocompatibility 

[6]. Based on properties of these two resins, the thermal, 

mechanical and multiple-shape memory properties of BA-

a/PU copolymers are the topics of interest in this study.. 

 Recently, Erden and Jana [7] have studied effects 

of polybenzoxazine on shape memory properties of 

polyurethane and described the degree of conversion of 

benzoxazine resin in urethane prepolymer, based on 

methylene diisocyanate and polytetramethylene glycol, 

was about 70%. In this curing conversion, shape fixity and 
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shape recovery of 17.5 wt% of BA-a filled in PU were 

reported to be close to 100%. In addition, Rimdusit et al. 

[5] have studied chemorheology and thermomechanical 

characteristics of BA-a and PU which synthesized from 

toluene diioscyanate and propylene glycol. The authors 

explained that the flexural strength of the BA-a/PU 

copolymers was synergism when compared with the neat 

BA-a. In addition, the flexural strength values were found 

to increase systematically with an increase of the BA-a 

fraction. In parts of flexural modulus was also found to 

linearly increase with increasing amount of BA-a for all 

BA-a/PU copolymers systems.  

Consequently, BA-a/PU copolymers are 

investigated in this work for the potential use as multiple 

shape memory polymers. The curing behaviors and 

mechanical properties of the copolymers are also studied. 

 

2. Materials and methods 

2.1 Materials 

Bisphenol-A (polycarbonate grade) was supported 

by PTT Phenol Co., Ltd. (Thailand). Para-formaldehyde 

(AR grade) was purchased from Merck Company whereas 

aniline (AR grade) was purchased from Loba Chemie Pvt. 

Ltd. Toluene diisocyanate (Mw = 2000) was provided by 

the South City Group (Thailand) while polypropylene 

glycol polyol was supplied by TPI Polyol Co., Ltd. 

(Thailand). 

2.2 Resin preparation 

Benzoxazine monomer (BA-a) was synthesized 

from bisphenol A, aniline, and paraformaldehyde at a 

1:2:4 molar ratio based on a patented solventless method 

[8]. Benzoxazine monomer is transparent yellow solid at 

room temperature. The synthesized monomer was then 

ground into fine powder for further material 

characterizations or processing. Urethane prepolymer was 

prepared by reacting propylene glycol with 2,4-tolulene 

diisocyanate (TDI) at a 1:2 molar ratio. Dibutyltin 

dilaurate (DBDT) (0.075 wt%) was used as a catalyst for 

the synthesis. The two reactants for urethane resin 

preparation were stirred under a nitrogen atmosphere at 

70oC for 2 hr. After the completion of the reaction, the 

obtained clear and viscous urethane prepolymers were 

cooled down to room temperature and kept in a nitrogen-

purged, closed container. 

2.3 Benzoxazine-urethane copolymers preparation 

The benzoxazine monomer (BA-a) was blended 

with the urethane prepolymers (PU) to provide BA-a/PU 

mixtures. Each resin mixture was measured at a desirable 

mass fraction. The mixture was then heated to about 115oC 

in aluminum pan and mixed until a homogeneous mixture 

was obtained. The molten resin mixture was poured into 

an aluminum mold and step-cured in an air-circulated oven 

at 150oC for 1 h, 160oC and 170oC for 2 hr each. The 

specimen was finally left to cool down to room 

temperature and was then ready for material 

characterizations. 

2.4 Characterization methods 

 Curing behaviors of BA-a/PU mixtures were 

studied by a differential scanning calorimeter (DSC) 

model DSC1 Module from Mettler-Toledo (Thailand). The 

samples with a mass in range of 5-10 mg were 

systematically scanned under a nitrogen flow rate of 50 

ml/min. The heating rate used was 10 °C/min and the 

sample was scanned from room temperature to 300oC. The 

degree of conversion of a sample was determined 

according to the relationship in Equation (1): 

Conversion (%) = (1- Hrxn
H0

 ) × 100  (1) 

 

Where Hrxn is the heat of reaction of the partially cured 

samples and H0 is the heat of reaction of the uncured 

mixture. 

Flexural properties of BA-a/PU multiple-shape 

memory samples were measured by a universal testing 

machine (Instron,model 5567) with a thermal chamber at 

room temperature for permanent shape, and at Tg - 10oC 

and Tg + 10oC for temporary shapes. The dimension of a 

rectangular specimen was 10 mm × 50 mm × 2 mm. The 

test method was a three-point bending mode with a 

supporting span of 32 mm. The test was performed using a 

crosshead speed of 1.0 mm/min. 

Shape fixity and shape recovery properties of BA-

a/PU multiple-shape memory samples were measured by a 

universal testing machine (Instron, model 5567). The test 

method was a three-point bending load with a supporting 
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span of 32 mm and tested at a crosshead speed of 

5.0 %/min. A dimension of a rectangular shape sample 

was 10 mm × 50 mm × 2 mm. 

Shape fixity of BA-a/PU multiple-shape memory 

samples were studied by a universal testing machine under 

a three point bending mode. Firstly, the first temporary 

shape was formed by applying force for 5% bending to a 

sample (10 mm × 50 mm × 2 mm) at Tg + 10°C, then the 

sample was cooled to Tg - 10°C and applying force again 

for 10% bending to a sample. After that, the sample was 

left to cool down to room temperature. The force was then 

removed completely to obtain a second temporary shape 

(10% bending). The deflection after unloading was then 

measured, and shape fixity at each temporary shape of 

each sample was then determined. 

In shape recovery test, the sample was heated to 

temperature at Tg - 10°C to recover to first temporary 

shape and followed by heating to Tg + 10°C. At this 

temperature, the sample gradually recovered to its original 

rectangular shape.  

 

3. Results & Discussion 

3.1 Curing behaviors of BA-a/PU resin mixtures  

Figure 1 illustrates DSC thermograms at a heating 

rate 10°C/min of the benzoxazine resins and urethane 

prepolymer at the mass ratio of 55:45 at various curing 

conditions. The appropriate curing conditions of BA-a/PU 

mixtures has been considered by the partial disappearance 

of the area under the curve of peak exothermic in DSC 

test. The heat of reaction of the uncured sample which 

calculated by Equation 1 was measured to be 172.9 J/g. 

After a step curing at 150°C, 1hr, 160°C, 2hr, and 170°C, 

2hr, the values were decreased to 154.1, 136.9, and 49.6 

J/g, respectively, which was corresponded to the degree of 

conversion of 10.8, 20.8 and 71.3%. Erden and Jana [7] 

suggested that the degree of conversion about 70% of 

17.5wt% of BA-a filled in shape memory polyurethane 

provided samples with good balance properties for shape 

memory performance. Therefore, the curing process under 

this step cure conditions to achieve approximately 70% 

conversion was used in this work to cure all BA-a/PU 

mixtures preparing the BA-a/PU multiple-shape memory 

samples for further characterizations. 

 

Figure 1 DSC thermograms of BA-a/PU resin mixtures at 

55:45 mas ratio at various curing conditions: () uncured, 

() 150oC, 1hr, () 160oC, 2hr, () 170oC, 2hr. 

 

3.2 Mechanical properties of BA-a/PU copolymers 

 The mechanical properties of benzoxazine-

urethane copolymers play an important role in their 

efficient use. In this research, the mechanical properties 

include flexural strength and flexural modulus were 

investigated in the glassy state (room temperature) by 

universal testing machine. 

 Figure 2 exhibits plots of flexural strength and 

flexural modulus of the BA-a/PU copolymers as a function 

of BA-a content. The flexural strength values are 23.9, 

27.1, 77.6 and 98.1 MPa in BA-a/PU at mass ratios of 

55:45, 60:40, 70:30, and 80:20. It can be noted that the 

flexural strength of BA-a/PU copolymers increases with 

increasing BA-a content. The flexural modulus of BA-

a/PU copolymers are 0.6, 0.7, 2.2 and 3.7 GPa in BA-a/PU 

at mass ratios of 55:45, 60:40, 70:30, and 80:20, 

respectively. The phenomenon was due to the addition of 

BA-a resin results in a systematic increase of the modulus 

of the copolymers. This could be due to the addition of the 

more rigid BA-a structure into urethane-based SMP 

increasing the stiffening of the copolymers [3, 5]. 
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Figure 2 Flexural strength and flexural modulus of BA-

a/PU copolymers at various compositions at room 

temperature: () flexural strength, () flexural modulus.  

 

3.3 Effect of BA-a contents on shape fixity of BA-a/PU 

multiple-SMPs 

 Multiple-shape memory properties were 

investigated by universal testing machine in flexural mode 

(three-points bending). The various states of bending in 

multiple-SMPs were shown in Figure 3. The photographs 

show bending steps in multiple-shape memory process for 

BA-a/PU copolymers in five stages. The initial stage at 

room temperature shows the original rectangular shape of 

BA-a/PU SMPs as depicted in Figure 3(a). The sample 

was heated to a temperature above glass transition 

temperature about 10oC (Tg + 10oC) with deforming the 

first temporary shape by bending for 5% as shown in 

Figure 3(b). Then, the sample was cooled down to Tg - 

10oC as shown in Figure 3(c). In this step, the first 

temporary shape fixity was determined and bending again 

for 10% to deformed the second temporary shape. After 

that, the sample was left to cool down to room temperature 

and measured the second temporary shape fixity at this 

step.  In shape recovery process, the bent shape of the 

sample was recovered to the first temporary shape by 

reheated up to Tg - 10oC considerably as can be seen in 

Figure 3(d). In this step, the first temporary shape recovery 

was determined. Finally, the sample was reheated up again 

to Tg + 10oC. It was gradually recovered to its original 

shape as shown in Figure 3(e). Moreover, the glass 

transition temperature (Tg) at various mass ratios of 

BA/PU copolymers were shown in Table 1. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3 Photographs showing various states of bending 

in multiple-shape memory process for BA-a/PU samples: 

(a) original state of sample, (b), deformed state of first 

temporary shape at Tg + 10oC, (c) deformed state of 

second temporary shape at Tg - 10oC, (d) shape-recovered 
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state to first temporary shape and (e) shape-recovered state 

to original shape 

Table 1 Glass transition temperature of various BA-a/PU 

contents.  

 

 

Figure 4 Effect of BA-a contents on shape fixity to 

temporary shapes of BA-a/PU copolymers: () first 

temporary shape (Tg + 10oC), () second temporary 

shape (Tg - 10oC). 

 

Shape fixity (Rf) is one important shape memory 

performance indicating an ability to memorize temporary 

shape of multiple-shape memory polymers (multiple-

SMPs). Figure 4 showed shape fixity of first and second 

temporary shapes of the BA-a/PU shape memory samples. 

From the figure, Rfs of the first temporary shape were 

measured to be 70.2%, 88.7%, 99.4% and 96.3% for BA-

a/PU at mass ratios of 55:45, 60:40, 70:30, and 80:20. In 

parts of Rfs of the second temporary shape were also 

measured to be 83.2%, 99.2%, 99.5% and 99.6% for BA-

a/PU at mass ratios of 55:45, 60:40, 70:30, and 80:20, 

respectively. It could be seen that the Rf values of all 

samples at various fixing temperatures were increased to 

be closed to 100% by an increase in the BA-a contents 

from 55 to 80 wt%. The increase in the shape fixity values 

due to both increased reversible net-points of 

polybenzoxazine and decreased switching units of 

polyurethane had also been reported by Kuang et al. [2]. In 

their studies, the shape fixity of first and second temporary 

shape at fixing temperature of 140°C and 80°C of 

diglycidyl ether bisphenol-A epoxy (DGEBA) was 

reported to increase from 38% to 75% with an increase of 

diamine cross-linker for first temporary shape. While, 

shape fixity of second temporary shape was nearly 100%. 

 

3.4 Effect of BA-a contents on shape recovery of BA-a/PU 

multiple-SMPs 

 

Figure 5 Effect of BA-a contents on shape recovery of 

BA-a/PU copolymers: () first temporary shape (Tg - 

10oC), () original shape (Tg + 10oC). 

 

Shape recovery (Rr) is used to reflect on how great 

a permanent shape of the sample has been memorized. 

Shape recovery characterizes the ability of the SMPs to 

recover the accumulated strain in the fixing step after 

cooling upon reheating to the rubbery state [3]. The shape 

recovery process of the bent specimens were determined 

by measuring the flexural strain of the specimens. As 

shown in Figure 5, the BA-a/PU specimen was heated up 

to its transition temperature for the first temporary shape at 

Tg - 10oC and the original shape at Tg + 10oC. The shape 

Mass ratio of BA-a:PU 
Glass transition 

temperature (oC) 

55:45 130 

60:40 135 

70:30 157 

80:20 180 
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recovery to the first temporary shape of BA-a/PU at mass 

ratios of 55:45, 60:40, 70:30, and 80:20 were 96.2%, 

92.1%, 91.8% and 88.5% and Rr to the original shape were 

99.2%, 98.8%, 98.3% and 97.6%, respectively. The Rr of 

all values at various transition temperature were slightly 

decreased by an increase in the BA-a contents from 55 to 

80 wt%. In this study, the shape recovery was tested 

following the previous study by Kuang et al. [2] 

 

4. Conclusions 

Benzoxazine-urethane copolymers at BA-a mass 

ratio of 55 to 80 were successfully demonstrated to 

possess multiple-shape memory behaviors. BA-a/PU 

multiple-SMPs showed excellent shape fixity values of 70-

96% for first temporary shape and 83-99% for second 

temporary shape. In terms of shape recovery, the multiple-

SMPs also provided outstanding values of 88-96% for first 

temporary shape and 97-99% for original shape by 

increasing of amount of BA-a resin. Interestingly, the 

appropriate curing conversion affects to multiple-shape 

memory behaviors of BA-a/PU copolymers. In this work, 

the curing conversion about 70% is sufficient for this 

polymer behaves as multiple-SMPs. Furthermore, the 

flexural strength and flexural modulus at room 

temperature were found to increase with increasing 

amount of BA-a content. 
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Abstract 

A positive working photosensitive copolyimide based on poly(amic acid) (PAA) and 1,4-dihydro-2,6-dimethyl-4-

(nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl ester (nifedipine) as a photoreactive compound has been developed. 

The PAA was prepared from three monomers, i.e. 3,3′,4,4′-biphenyltetracarboxylic dianhydride (s-BPDA), 1,4,5,8-

naphthalenetetracarboxylic dianhydride (NTDA) and 4,4′-oxydianiline (ODA), by a two steps polycondensation reaction in 

n-methyl pyrrolidone (NMP). The obtained copolyimide film (PI) exhibited high thermal stability with Tg of 360°C and Td 

up to 474°C. In addition, positive-type patterns could be obtained from nifedipine containing the copolyimide (PSPI) with 

a sensitivity of 200 mJ/cm2. The results revealed that the present PSPI system is a promising candidate as a novel cover 

layer material for flexible printed circuit board (FPC). 

 

Keywords:  Copolyimide, Nifedipine, Positive-type photosensitive polyimide, Flexible printed circuit (FPC), Cover layer 

 

1. Introduction 

Flexible printed circuit (FPC), which is fabricated 

by copper-patterning of a copper clad laminated sheet 

(CCL) and subsequent protection with a cover layer (CL), 

is a very important component in microelectronic devices 

such as cellular phones and mobile personal computers. [1] 

In our recent work, s-BPDA/NTDA/4,4’-ODA 

copolyimide system has been demonstrated to provide 

various characteristics useful as cover layers of flexible 

printed circuits due to their high thermal stability, 

excellent mechanical and electrical properties. However, 

the copolyimide, as practical insulating materials in 

microelectronics, needs a photoresist characteristic to be 

used in a microlithography process. In the process, pattern 

formation of the photoresist and the following etching 

procedure are required. The process can be achieved by 

using photosensitive polyimides (PSPIs) as a cover layer 

which will simplify the fabrication process and does not 

need an additional photoresist system in the 

microlithography. If a PI precursor is directly utilized for 

pattern formation, it is possible to convert the precursor 

pattern into the corresponding PI by thermal imidization. 

[2-3] 

Most PSPIs are reported to be a negative working 

type which needs organic solvents as a developer. 

However, negative PSPI usually swells during 

development, because the developer is an organic solvent. 

Thus, it limits the pattern resolution. In order to overcome 

these problems, positive-working PSPIs that can be 

developed with water based solutions have been attracting 

great interest. There are many reports of the fabrication of 

positive working PSPIs, which are mainly prepared from 

PI precursors and dissolution inhibitors such as 

diazonaphthoquinone and nifedipine.[4]  

Omote and Yamaoka reported that nifedipine 

(1,4-dihydro-2,6-dimethyl-4-(nitrophenyl)-3,5-pyridinedi-

carboxylic acid dimethylester) can act effectively as a 

dissolution inhibitor in poly(amic acid) after a post-

exposure bake (PEB). This system is positive-working and 

developable with base aqueous solution and exhibits a 

good sensitivity and contrast.[5] 
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In this work, we have developed positive-type 

photosensitive s-BPDA/1,4,5,8-NTDA/4,4’-ODA copoly-

imide containing the nifedipine as photosensitive 

compound which can be directly formed on the printed 

circuits by the simple casting process of the polyimide 

solution and displays high thermal stability. The relevant 

properties for a use as photosensitive cover layer for FPC 

of the resulting films will be characterized. 

 

2. Experimental 

2.1 Materials 

The chemicals used in this work were purchased 

from commercial sources listed in Table 1 and used as-

received. 

Table 1 Sources and purity of chemicals used.  

 

2.2 Synthesis of poly(amic acid) (PAA) 

A solution of 4,4’-ODA (3.0 mmol) in NMP (3.5 

ml) was mixed with s-BPDA (2.1 mmol or 70% of 3.0 

mmol) and NTDA (0.9 mmol or 30% of 3.0 mmol). The 

mixture was stirred mechanically at room temperature for 

2 h and 80ºC for 30 min to form homogeneous poly(amic 

acid) (PAA) solution. 

 

 

2.3 Synthesis of photosensitive polyimide (PSPI) 

 The poly(amic acid) (PAA) obtained was mixed 

with nifedipine (20 wt% of PAA). The mixture was stirred 

at room temperature for 30 min to yield homogeneous 

photosensitive PAA solution. 

 

2.4 Dissolution rate determination 

The PSPI was coated onto a copper foil and baked 

at 85ºC for 15 min. The resultant 30 µm thick PSPI films 

were exposed on a 250W UV lamp through a photo mask. 

The exposed films were post-baked at 130-160oC for 20 

min then developed in 10wt% potassium hydroxide 

aqueous solution at 40oC and 1 min and then rinsed with 

40oC hot water for 20 seconds. The dissolution rates 

(Equation 1) were calculated from the film thickness 

before and after developing in the KOH solution, followed 

by dividing the decreased thickness by the developing 

time.[6] 

Dissolution rate = Ti-Tf
tdev

         (1) 

When  Ti  is film thickness before development 

 Tf  is film thickness after development 

tdev  is developing time 

 

2.5 Photosensitivity and contrast evaluation 

The 30μm PSPI films on copper foil were exposed 

to the filtered UV lamp, and were developed in 10wt% 

potassium hydroxide aqueous solution at 40oC 1 min and 

then rinsed with 40oC water for 20 seconds. The 

characteristic exposure curve was obtained by plotting the 

normalized film thickness against exposure energy. The 

normalized film thickness and the contrast of film were 

calculated using Equation 2 [7] and 3 [8], as expressed 

below. 

Normalized film thickness = Thickness of exposed film
Thickness of unexposed film

   (2) 

Contrast(γ) = 1

log10(
Df
Do

)
         (3) 

 

When  Do  is the highest exposure dose that has the 

normalized film thickness as 1.0 

 Df  is the lowest exposure dose that has the 

normalized film thickness as 0.0 

2.6 Characterizations of the resulting PI cover films 

 Nicolet 6700 FTIR spectrometer was used to 

monitor the effect of UV exposure dose on the film 

Monomer Source Purity 

(%) 

3,3′,4,4′-Biphenyltetracarboxylic 

dianhydride (s-BPDA) 
Aldrich 99.0 

1,4,5,8-

Naphthalenetetracarboxylic 

dianhydride (NTDA) 

Aldrich 99.5 

4,4′-Oxydianiline (4,4’-ODA) TCI 98.0 

Nifedipine Aldrich 98.0 
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properties. The spectrum was reported from 400 to 4,000 

cm-1 with scanning times of 64 at a resolution of 4 cm-1. 

 Glass transition temperature (Tg) was measured 

with a differential scanning calorimeter (Perkin Elmer 

DSC 8000) at a heating rate of 10°C/min in a nitrogen 

flow. The sample mass used is 5-10 mg. 

A Diamond TG/DTA thermogravimetric/-

differential Thermal Analysis (TGA) was conducted to 

evaluate thermal stability of the PI and PSPI films at a 

heating rate of 10°C/min in a nitrogen flow. The 

degradation temperatures at 10% weight loss (Td10) of the 

films were then compared. 

Relief patterns formed by development under an 

optimum condition were observed by optical microscopy 

(model Nikon ECL1PSE E600 POL).  

 

3. Results and Discussion 

 

3.1 Photolithographic evaluation 

Nifedipine has been reported to effectively act as 

a dissolution inhibitor in a polyimide precursor after post-

exposure bake (PEB).[5] Upon UV exposure, nifedipine 

photoconverted quantitatively to 4-(2'-nitrosophenyl)-2,3-

dicarboxymethyl-3,5-dimethylpyridine (NDMPy) in a 

polyimide precursor film. It has been confirmed that 

nifedipine and NDMPy in the film acts as a dissolution 

inhibitor and as a disolution promotor, respectively. The 

dissolution inhibition and promotion mechanisms were 

further investigated and subsequently expressed as 

follows: 

1) Dissolution inhibition is due to resistivity of the 

polyimide precursor to an alkaline aqueous solution 

through intermolecular hydrogen bonding between -

COOH in the polymer structure and -NH- in nifedipine.[5] 

2) Dissolution promotion is due to the hydrogen 

bond-breaking by photoconversion from nifedipine to 

NDMPy and the newly formed intermolecular complex 

between the COOH and -N= in NDMPy. The pattern 

making mechanisms were proposed in Figure1.[5] 

 

 
Figure 1 Chemical reactions or interactions occur through 

the PEB process between a polyimide precursor and 

nifedipine.[5] 

 

 
Figure 2 Change in IR spectra of PSPI film with an 

increase in UV exposure doses.  

Figure 2 shows IR spectral change for PSPI film 

upon UV irradiation from a UV lamp. The nifedipine 

absorption wavenumber at 3500 cm-1 decreased with an 

increase in exposure dose due to the photochemical 

reaction of nifedipine dispersed in the copolyimide film. 

The result indicated that the reaction was nearly completed 

with an exposure dose of 1000 mJ/cm2. [1,5]  

The relationship between the post-exposure bake 

(PEB) temperature (for 20 min) and the dissolution rate of 

PAA containing 20 wt% of nifedipine is shown in Figure 

3. The dissolution rate was estimated by measuring the 

film thickness after development. This was performed at 

40oC by using 10wt% KOH aqueous solution as a 

developer. The exposed (1000 mJ/cm2) film containing 20 

wt% of nifedipine dissolved faster than the unexposed film 

at all tested PEB temperatures. In the low PEB 

temperature regions, the dissolution rates of both exposed 

and unexposed areas were too fast to achieve good 

patterns. However, at 140°C of PEB temperature, the 

dissolution contrasts between the exposed and unexposed 

parts were large enough to obtain a good pattern image. [3] 
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Figure 3 Relationship between the PEB temperature (for 

20 min) and dissolution rate of a copolyimide containing 

20 wt% nifedipine. 

 

 
Figure 4 Relationship between the PEB time and 

dissolution rate of a copolyimide containing 20 wt% 

nifedipine at 140°C PEB temperature. 

In order to investigate the dissolution rate of an 

exposed (1000 mJ/cm2) and an unexposed area, Figure 4 

shows the relationship between the post-exposure bake 

(PEB) time and the dissolution rate of PAA containing 20 

wt% of nifedipine at 140°C PEB temperature. The 

dissolution rate of the exposed area decreased with 

increasing PEB times, and the exposed film dissolved 

faster than the unexposed film at all PEB times. 

Furthermore, the dissolution rates of the unexposed films 

for PEB time were almost identical. This result suggested 

that nifedipine can act as a dissolution promoter of PI film 

with PEB time of 12.5 min being sufficient to achieve a 

good dissolution contrast. [3] 

The sensitivity and contrast of the PSPI system 

were further evaluated by using characteristic curves 

(Figure 5). All samples were prepared by the method 

described in the Experimental section through exposure at 

140°C PEB for 13 min, and development in a 10%wt 

KOH aqueous solution. The characteristic curves were 

prepared from the films containing 20 to 30 wt% 

nifedipine.[5] The sensitivity, determined from the dose 

where the PSPI film was completely dissolved (the 

normalized thickness became zero), was found to increase 

with increasing nifedipine content, reflecting total 

photochemical conversion of nifedipine for each sample. It 

should be noted that even at a relatively low nifedipine 

content such as 20 wt%, the amount was enough for fine 

patterning. 

 
Figure 5 Characteristic curves of the PSPI films with 

various content of nifedipine. 

 

Table 2 Lithographic characteristics of the obtained PSPI 

system in this work. 

Content of 

nifedipine (wt%) 

Sensitivity 

(mJ/cm2) 

Contrast  

(ɣ) 

20 200 2.35 

25 300 2.51 

30 350 3.77 

The values of sensitivity and contrast are listed in 

Table 2. Those values suggest that these PSPI systems can 

be applied as photoimageable materials in FPC 

fabrication.[5] Figure 6 exhibits the optical micrographs of 

a positive-image fine patterns obtained from PSPI (30 µm 
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thick, nifedipine 20 wt%) by post-baking at 140°C for 12.5 

min after exposure of the film to UV light at 200 mJ/cm2. 

This resist was capable of resolving a 400 µm feature 

when 30 µm thick films were used.[3] 

 
Figure 6 Optical micrographs of positive-type fine 

patterns obtained from our PSPI (30 µm thick, nifedipine 

20 wt%). 

 

3.2 Thermal stabilities of the copolyimide and 

photosensitive copolyimide films 

DSC thermograms of copolyimide films (PI) and 

photosensitive copolyimide films (PSPI) are shown in 

Figure 7. From the thermograms, the glass transition 

temperature (Tg) of the copolyimide film (PI) was 

determined to be 355oC.  

The Tg of photosensitive copolyimide film (PSPI) 

was slightly higher than that of the copolyimide film (PI) 

i.e. 360oC. This is due to the fact that some crosslinking 

reaction took place between the OH groups in PI and 

nifedipine during annealing at 300oC [9] thus resulting in 

the observed higher Tg value of the PSPI film. 

 

 
Figure 7 DSC thermograms of copolyimide film (PI) and 

photosensitive copolyimide film (PSPI).  

TGA thermograms of copolyimide film (PI) and 

photosensitive copolyimide film (PSPI) after curing at 

300°C for 2 h are shown in Figure 8. The PSPI curve 

exhibited slopes with two steps of weight loss being 

evident. The first weight loss starts at around 370°C, 

indicating that both vaporization of residual solvent and 

degradation of the nifedipine begin at this temperature. 

The weight loss continues up to 450oC, while the 

decomposition of the polyimide occurs at temperature 

higher than 500°C. The 10% weight loss temperature of 

PSPI film was 474°C. On the other hand, the PI curve 

shows no weight loss below 370°C and the 10% weight 

loss temperature was 569°C.  

 
Figure 8 TGA thermograms of the copolyimide films (PI) 

and photosensitive copolyimide films (PSPI). 

 

These results indicate that nifedipine as the 

photoreactive compound can be effectively removed with a 

300°C post-development bake, and the PSPI exhibited 

relatively good thermal stability.[3-4] 

 

Conclusions 

A photosensitive copolyimide synthesized from s-

BPDA, 1,4,5,8-NTDA and 4,4’-ODA to be used as a cover 

material has been developed. The PAA containing 20 wt% 

of nifedipine was found to show a positive-type 

photosensitive polyimide precursor, in which nifedipine 

acts as the dissolution controller. This resist system is 

capable of being developed with aqueous alkaline solution. 

The relatively good sensitivity and contrast of the PAA 

with nifedipine i.e. 200 mJ/cm2 and 2.35, were achieved. 
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The obtained PSPI films also possess high thermal 

stability with the values meet the requirements of a FPC 

cover layer material.  
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Abstract 
 

Nowadays, Smartphone is a must-have personal electronic device. By the end of 2015 there will be 7 billion 

smartphone subscribers, two to three times number of the world population today. Many researchers now begin to 

explore potential applications of smartphone in medical and point-of-care services, Lab-on-chip, lab-on-Phone and 

smartphone microscope. This research presents  a new technique  for PDMS  lens fabrication  called  the confined 

sessile drop technique.  The technique  is simple, rapid, cost effective, and template-free  for mass-scale production 

of plano-convex elastomeric PDMS (ePDMS) lens.   We can couple ePDMS plano-convex lenses with smartphone 

camera and transform overall device to portable microscope with 10X-75X magnification. The diameter, radius of 

curvature, and focal length of ePDMS plano-convex lens can be precisely controlled by the diameter of the circular disk 

substrate from 2 to 10 mm and the volume of liquid PDMS (lPDMS) from 3-100 µL. The crystal clear ePDMS plano- 

convex lens with smooth surfaces was formed from the polymerization of lPDMS under the equilibrium of gravitational 

force and surface tension. The PDMS plano-convex lens exhibited the 95% transmittance over the visible region. The 

quality of the smartphone digital microscopic images were comparable to the conventional optical microscope with 

insignificant image distortion and aberration. 

 
Keywords: PDMS elastomeric lens, plano-convex lens, and smartphone digital microscope 

 
1. Introduction 

 

The  worldwide  availability  of  compact  and 

lightweight smartphones with powerful processor, high 

quality display, large volume storage, connectivity, ease 

to use apps, and state-of-the-art sensors at an affordable 

prices makes smartphones the promising mobile point-of- 

care devices of the future. There were 87 million new 

global subscriptions of mobile phones in the third quarter 

of 2015. At the end of 2015, the number of mobile phone 

subscriptions was greater than that of the global 

population with a greater number of smartphone 

subscriptions compared to that of the basic phone.1 Lab- 

on-phone devices that take advantage of smartphone 

functionalities as biosensors, spectrometer, and 

colorimetric  sensors  have  been  fabricated.  Powerful 

image processing with high pixel density of image sensor 

encouraged   researchers   to   explore   its   potential   as 

affordable mobile digital microscope capable of capturing 

and sharing detailed microscopic images anywhere 

anytime  by  attaching  an  external  lens  onto  the 

smartphone camera. Various types of lenses including 

objective lens, ball lens, plano-convex lens, iPhone lens 

module, PDMS elastomeric lens, and microscope lens 

were employed for coupling the magnified image into the 

optical system of the smartphone without a hardware 

modification. The image quality and magnification are 

strongly dependent on the lens and attachment design. 

Microscopic images with resolutions of 1.2 μm by an 

objective lens,2  1.5 μm by a plano-convex lens,3  1.5 μm 

by a ball lens,4 1.1 μm by a PDMS elastomeric lens,5 3.9 

μm by a hanging drop PDMS elastomeric lens6 were 

acquired by smartphone microscopes. 

Due  to  its  optical  transparency  from  UV  to  NIR 
 

regions  and  non-fluorescence  property,  optical  grade 

mailto:sanong.e@chula.ac.th
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liquid  polydimethylsiloxane  has  been  used  for 

elastomeric optics (lenses, mirrors, and gratings), 

microfluidic device, and microelectromechanic system 

(MEMS)  fabrications.  PDMS  elastomer  is  highly 

chemical resistant and inert. It could withstand 

dimensional alteration without losing or degrading optical 

properties. 

A thermal curing at moderate temperature (80-200 oC) 
 

enables rapid fabrication of plano-convex PDMS 

elastomeric lenses for smartphone and MEMS 

applications.5,7 The milli-lenses capable of transforming a 
smartphone into a smartphone microscope were 

successfully fabricated by an inkjet printing,5,7 hanging 

drop technique,6  and replica molding.8  As suggested by 

G. M. Whitesides,9  elastomeric optics will not offer the 
best optical performances as those of the optical glasses. 
However, new type of optical performances, useful 

characteristics, and novel devices at a relatively low cost 

are the major advantages of elastomeric optics. 

Although there were several successful techniques for 

PDMS milli-lens and micro-lens fabrications,10 a method 

capable of making PDMS plano-convex lenses with 

precisely controlled properties and reproducibility is 

required. The greater social penetration of high quality 

smartphones at affordable prices would continually 

promote non-traditional use of smartphone microscopes. 

Smartphone microscope and its attachments will become 

common gadgets for general publics with 

microphotography enthusiastic while serving as point-of- 

care device for researchers.11,12
 

This  research  introduces  the  confined  sessile  drop 
 

technique as a simple, cost effective, template-free, and 

highly reproducible approach for fabricating elastomeric 

PDMS (ePDMS) plano-convex lens with controllable 

parameters (size, curvature, focal length, and 

magnification) for using with smartphones. We exploit 

the surface tension of viscous liquid PDMS (lPDMS) for 

automatically forming a spherical cap with precisely 

controlled curvature as its axisymmetric spreading was 

stopped by the sharp edge of a circular disk. The low- 

temperature-cured  PDMS   spherical   cap   free   of   air 

bubbles   became   a   plano-convex   lens   capable   of 

transforming the smartphone imaging system into a 

personal mobile digital microscope. The lens parameters 

can be manipulated by changing the volume of dispensed 

lPDMS and diameter of the PMMA disk. 

 
2. Experimental methods 
 

Fabrication of ePDMS planoconvex lens: lPDMS 

precursor   (Sylgard   184,   Dow   Corning,   USA)   was 

prepared by mixing the PDMS base and curing agent 

according to the recommended weight ratio of 10:1. The 

homogenous mixture was vacuumed for 30 min to de-gas 

and  to  remove  solvents  before  filling  into  a  10-mL 

syringe. A laser-cut 1-mm thick PMMA disk with a 

diameter of 2-10 mm was employed as a substrate for 

precisely controlling the diameter of the ePDMS 

planoconvex lens. lPDMS (5-40 µL) was syringe-pump- 

dispensed onto the PMMA disk with the tip positioned at 

~10 mm above the flat surfaces in order to avoid an 

impact-induced spreading of the falling droplet. The 

lPDMS was left undisturbed for at least 5 min to allow 

the droplet to transform into a stable spherical cap 

structure before thermally cured at 80 oC for 30 min. By 

controlling the volume of the dispensed lPDMS, ePDMS 

planoconvex lenses with reproducible curvature, focal 

length, imaging area, field of view, and magnification 

could be fabricated. 

Reproducibility of the fabrication process: To 

demonstrate a potential of the confined sessile drop 

technique for mass-scale production of ePDMS 

planoconvex lenses with high reproducibility and 

controllability, 20 of 6-mm lens with dispensed volumes 

of 5, 10, 15, 20, 25, 30, 35, and 40 µL were fabricated. 

Additionally, 20 lenses with diameter and volume of 2 

mm (3 µL), 3 mm (6 µL), 4 mm (15 µL), 5 mm (30 µL), 

6 mm (40 µL), 7 mm (60 µL), 8 mm (70 µL), 9 mm (90 
 

µL), and 10 mm (100 µL) were fabricated. 
 
 
3. Result and Discussion 
 

To explore the potential of the confined sessile drop 

technique for ePDMS planoconvex lens fabrication, we 

investigated  the  spreading  of  lPDMS  droplet  on  flat 
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surfaces  of  poly(methyl  methacrylate)  (PMMA)  sheet 

(Fig.  1).  As  the  15-µL  lPDMS  droplets  reached  the 

surfaces,   it   spread   axisymmetrically  in   a   stick-slip 

those techniques require a complex instrument or multi- 

step production protocol. 

manner under the influence of gravitational force while 

the  interfacial  tension  force  made  the  surface  of  the 

 
t = 0 s 

 
t = 1 s 

 
t = 2 s 

 
t = 3 s 

 
t = 4 s 

lPDMS atomically smooth.9 The lPDMS droplet 

transformed into a hemispherical cap within 1 s and a 

large spherical cap of low curvature within 5 s. At 10 s, 

 
t = 5 s 

 
t = 6 s 

 
t = 7 s 

 
t = 8 s t = 9 s 

 

the 15-µL lPDMS droplets reached spreading diameters 

of  5.6  mm  on  PMMA  sheet  and  the  contact  angle 

Fig.  1  Time-dependent photographic images of 15-μL 

lPDMS sessile drops on flat surfaces of PMMA sheet. 

Scale bars indicate 2 mm. 
decreased from 112o  to 32o. The spreading continued and    

 

the droplet transformed into a thin film with zero contact 

angle in 30 min (data not shown). The lPDMS spread 

faster on the solid surfaces in the order glass > PMMA > 

PC > PDMS. 

Water  droplet  with  high  interfacial tension (72.8 

dyne/cm) retains its hemispherical shape on polymeric 

surfaces with certain contact angel governed by Young’s 

law.  The lPDMS with low interfacial tension  (20-23 

dyne/cm), on the other hand, spread into a thin film with 

equilibrium  (thermodynamic)  contact  angle  of  0o.7,13
 

However, within a few seconds after discharging from 
 

syringe, one can cure the lPDMS into a working ePDMS 

planoconvex  lens   as   the   droplet   attain   an   optimal 

curvature with near 90o contact angle. By thermally cure 

the sessile drop within 2 s (i.e., by dispensing the droplet 

on to a pre-heated substrate), the solidified PDMS 

spherical cap become a planoconvex lens as the PDMS 

elastomer is transparent in the UV/visible region with a 

refractive index of ~1.42.7 However, due to high viscosity 

and temperature-dependent curing rate of lPDMS, a rapid 

curing at 180-200 oC makes the fabrication of PDMS 

elastomeric lenses with reproducible curvature, focal 

length, and diameter impossible. The viscosity of the 

liquid  PDMS  increases  rapidly  within  a  short  storage 

period,   especially   at   high   temperature   and   high 

To fabricate the ePDMS planoconvex lenses with a 

more efficient, controllable, and reproducible manner, we 

developed the confined sessile drop technique that takes 

advantage of the resistance to spreading by sharp edge for 

reproducibly fabricating spherical cap of lPDMS on a 

circular PMMA disk. A commercially available 1-mm 

thick PMMA sheet with flat surfaces was laser cut into a 

disk (2-10 mm in diameter) and was employed as a 

substrate for reproducibly making lens with controllable 

size and focal length. The three phase contact line 

(lPDMS/Air/PMMA) radially expanded with a 

concomitant decreasing of contact angle. When the 

lPDMS  reached  the  edge  of  the  PMMA  disk,  the 

spreading stop with a local contact angle of θP. Unlike 

those in Fig. 1 where the lPDMS keep spreading and 

eventually become a thin film, the spherical cap in Fig. 2 

was stabilized without flowing over the subtended edge. 

The lPDMS spherical caps were highly stable as the 

curvature was retained without an observable change for 

at least 24 h. The liquid PDMS does not flow across the 

sharp edge of the disk as long as θP  is smaller than the 

critical contact angle for spreading over the edge (θC) 

defined by the Gibbs inequality equation as:13,17-19
 

 

θC = (180-φ) + θe (1) 
 

where φ is the subtended angle at the edge (in this case φ 

concentration of  hardener.14   A  production loss  due  to 
 

=  90o), θe 

 
is  the  equilibrium (thermodynamic) contact 

irregular curvatures and air bubbles is common under a 

high temperature curing. As a result, PDMS micro-lenses 
angle (in this case  θe = 0o).13,19 From our experiment, the 

lPDMS spread into a thin film (θe = 0o) on PMMA sheet 
and   PDMS   milli-lens   were   normally  fabricated  by  

within 30 min. According to Eq. 1,  θC 
 

in our system 
controllable  approaches  such  as  lithography,  thermal- 

reflow process, or hanging drop technique.6,15,16 However, 
equals 90o. 
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The edge effect prevent the viscous liquid to flow 

down the subtended corner while the interfacial tension 

force pulled the lPDMS to the center and form into a 

spherical cap within 6 s. The lPDMS spherical caps can 

be thermally cured (80 oC, 30 min) into ePDMS 

planoconvex lenses. The 3-mm ePDMS planoconvex 

lenses in Figures 2A has focal length of 5.0 mm with 

magnification of ~50X and viewing area of 5.0x3.8 mm2. 

The magnification power is calculated according to the 

expression: Magnification X=250/FL, where FL is the 

focal length in mm.4,20 

The curing can be accelerated thermally.5-7,21 Due to the 

high viscosity of the liquid PDMS, the flow across the 

sharp edge occurs very slowly. 
 
 
 

30 
 
 
 

20 
 
 
 

10 

 
t = 0 s t = 1 s t = 2 s t = 3 s 0 

0  10  20  30  40 
Volume (µL) 

 
 

t = 4 s 
 
t = 5 s 

 
t = 6 s 

 
t = 7 s 

Fig. 3 6-mm ePDMS plano-convex lens of various focal 

lengths fabricated by dispensing 5, 10, 15, 20, 25, 30, 35, 

and 40 μL lPDMS on 6-mm PMMA disks. The standard 
 

Fig. 2 Time-dependent photographic images of 15-μL 

lPDMS confined sessile drops on 3-mm PMMA disks. 

Scale bars indicate 1 mm. 

 
To demonstrate efficiency, reproducibility, and 

controllability of the confined sessile drop technique, we 

produced 6-mm ePDMS planoconvex lenses of various 

focal lengths by dispensing different volumes of lPDMS 

onto 6-mm PMMA disks. As shown in Fig. 3, a larger 

dispensed volume produced lens with a shorter focal 

length. The focal length decreased from 34.2 mm to 13.0 

mm while the contact angle increased from 22o to 95o as 

the dispensed volume was increased from 5 µL to 40 µL 

(Fig. 3). The narrow distributions of the focal length 

implied a high degree of reproducibility of the fabrication 

technique. Due to the non-volatile and dimensional 

stability nature of the lPDMS, the contact angles of the 

spherical caps equaled those of the lenses. The contact 

angle of ePDMS planoconvex lens in Fig. 3 agree with 

the Gibbs inequality condition as θP increased from 22o to 

95o  when the dispensing volumes were increased from 5 
 

µL to 40 µL. However, at a dispensing volume of 45 µL, 
 

θP is much greater than 90o. The confined sessile drop of 

lPDMS was highly stable and self-cured into ePDMS 

planoconvex lens in 24 h at room temperature (30o  C). 

 

deviation (SD) bar of each lens set was calculated from 
 

20 lenses. 
 
 

We could also control focal length of the ePDMS 

planoconvex lens by using PMMA disk of different 

diameters (i.e., 2-10 mm disk with 1 mm increment). The 

maximum possible volume of lPDMS was dispensed on 

PMMA disk in order to fabricate a lens with the shortest 

focal length. The focal length decrease as the diameter of 

the disk becomes shorter. The focal length of the ePDMS 

planoconvex lens decrease from 55.2 mm to 3.4 mm as 

lens diameter was decreased from 10 to 2 mm (Fig. 4). 

The narrow distributions of the focal length confirmed a 

high degree of reproducibility of the fabrication technique. 

By changing the volume of the dispensed lPDMS and 

diameter of the PMMA disk, we could systematically 

manipulate size, focal length, and magnification of the 

ePDMS planoconvex lens. A confined sessile drop on a 

smaller disk produces ePDMS planoconvex lens with 

higher curvature, shorter focal length, and higher 

magnification. The lenses can be efficiently fabricated 

with controllable and reproducible manner. 



  411 

 

Fo
ca

l L
en

gt
h 
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Fig. 4 ePDMS plano-convex lenses fabricated by 

dispensing the highest possible volume of lPDMS on 

PMMA disks of various diameters: 2 mm (3 µL), 3 mm 

(6 µL), 4 mm (15 µL), 5 mm (30 µL), 6 mm (40 µL), 7 

mm (55 µL), 8 mm (65 µL), 9 mm (80 µL), and 10 mm 

(100 µL). The SD bar of each lens set was calculated 

from 20 lenses. 

 
4. Conclusion 

 

We have successfully developed a simple, rapid, cost 

effective, and template-free technique for mass-scale 

production of ePDMS plano-convex lens of controllable 

size and focal length. By taking advantage of the 

resistance to spreading of liquid by a sharp edge, a stable 

spherical cap lPDMS with certain curvature and contact 

angle on a PMMA disk could be fabricated. A thermal 

treatment at 80o C for 30 min cured the lPDMS into a 

bubble-free ePDMS plano-convex lens capable of turning 

a smartphone into a portable digital microscope. 

Elastomeric PDMS plano-convex Lenses with focal 

lengths  of  55.2-3.4  mm  and  magnifications  of  4.5X- 

73.5X could be reproducibly fabricated by dispensing 3- 
 

100 µL lPDMS on 2-10 mm PMMA disks. The 

smartphone digital microscope could image small objects 

invisible to the naked eyes at high resolution. 
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Abstract 

 

Self-healing   hybrid   nanocomposite   was   successfully  prepared   from  epoxy  resin  containing   self-healing 

microcapsules and modified nano-silica as a reinforcement to enhance anticorrosion performance of neat epoxy coating. 

3-Glycidoxypropyl-trimethoxysilane  (GPTMS)  and  3-aminopropyl-trimethoxysilane  (APTES)  were  used  to  modify 

nano-silica surface in order to accomplish proper dispersion of nanoparticles in polymer matrix to form anticorrosion 

barrier  of  organic  and  inorganic  coating  on  a  cold-rolled  steel  (CRS)  substrate.  The  surface  modification  of 

nanoparticles and the presence of self-healing agents were characterized using Fourier transform infrared spectroscopy 

(FTIR).  Optical  microscope  (OM)  was  used  to  observe  the  microstructure  and  dispersion  of  nanoparticles. 

Anticorrosion performance of the coated CRS specimens was investigated by Tafel plot and cyclic voltammetry (CV). 

The incorporation of GPTMS-modified silica nanoparticles possessed the best corrosion performance (Icorr = 0.0020 

µA/cm2 and corrosion rate of 0.0091 MPY). Electrochemical results were in agreement with the morphological results 
 

obtained from optical microscope. 
 

Keywords: Nanocomposite coating, Nano-silica, Corrosion, Epoxy coating, Self-healing 
 

1. Introduction 
 

Corrosion is the most concern problem which 

encounters  with  the  material  failure,  equipment 

shutdowns, waste of valuable resources, loss or 

contamination of product, reduction in efficiency and 

usually expensive to repair. Anticorrosion approaches 

commonly used to slow down the corrosion rate by a 

protective coating, cathodic protection and addition of 

inhibitors. Surface coating is one of the most potential 

methods for anticorrosion of metal. It can conventionally 

isolate metal surface from the corrosive media. It was 

reported that the anticorrosion properties of the coating 

can be enhanced by adding fillers into the coatings [1]. 

Furthermore, the addition of nanoparticles fillers tends to 

enhance anticorrosion properties even at low amount 

compared to micron size additives [2]. Therefore, in the 

last few years, many scientists focused on the study of 

nanocomposite   coatings   performance   due   to    their 

beneficial properties  such as  mechanical,  electrical, 

optical and electrochemical properties [3-8]. Various 

nanoparticles, including TiO2, ZnO, ZrO2, CeO2, CaCO3 

and Fe2O3, have been used in order to improve coating 

performance  and  increased  tortuosity  of  diffusion 

pathway of O2  and H2O molecules in the polymer matrix 

which will improve the anticorrosion performance. Apart 

from mention above, another material which process the 

same   advantage   is   silica   nanoparticles.   It   has   high 

hardness,  reasonable  price  compared  to  other 

nanoparticles and easy to be modified. In order to prevent 

low compatibility between the interface of organic matrix 

and inorganic silica nanoparticles, surface treatment with 

organosilanes is commonly recommended in order to 

enhance  the  compatibility  between  silica  nanoparticles 

and weakly polar polymer matrix. Nanocomposite with 

silica nanoparticles as reinforcement performed better 

scratch  and  abrasion  resistance  [9].  In  this  work,  an 

mailto:ksuwadee@tu.ac.th
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anticorrosion nanocomposite coating, which 3- 

Glycidoxypropyl-trimethoxysilane (GPTMS) and 3- 

aminopropyl-trimethoxysilane (APTES) were used as 

organosilane to modify the surface properties of silica 

nanoparticles, was prepared and studied. The dispersion 

of silica nanoparticles and anticorrosion performance of 

the epoxy coatings were discussed. 

 
2. Experimental 

 

2.1 Material 
 

A hydrophilic fumed nano-silica (Aerosil 200) 

with an average particle size of 12 nm and a specific 

surface area of 200 m2/g was supplied by Degussa 

(Thailand).    Diglycidyl    ether of bisphenol-A    (Sigma- 

Aldrich) and polyamine hardener, tetraethylenepentamine 

(TEPA) and p-Phenylenediamine (p-PDA) were used as 

an organic matrix for dispersion of nano-silica. 3- 

Glycidoxypropyl-trimethoxysilane (GPTMS) and 3- 

aminopropyl-trimethoxysilane (APTES) were brought 

from  Sigma–Aldrich  and  used  without  further 

purification. Cold  Rolled  Steel sheets (CRS)  of 5cm x 

2cm x 0.1cm were used in the corrosion study. 
 
 

2.2 Synthesis of modified-SiO2  nanoparticles 
 

2.2.1 APTES-modified silica 
 

2 g of dried nano-silica was dispersed in 60 mL 

of  toluene  then  1.7  g  of  amino-silane  (APTES)  was 

added. The slurry was refluxed with toluene for 3 h, 

vacuum filtered,  then washed  with  100  mL  of toluene 

three times to remove unreacted amino-silane. The 

modified-silica was then dried at 80 ºC in vacuum for 4 h 

before further used [10]. 

2.2.2 GPTES-modified silica 
 

2 g of dried nano-silica was dispersed in 50 mL 

ethanol and stirred for 1 h at room temperature. 12 mL of 

GPTMS and 3.8 mL of deionized water were gradually 

added to the slurry and stirred for further 2 h. In order to 

have  a  maximum  efficiency  of  silane  hydrolysis,  pH 

value in this step was adjusted to 2 using 1.0M 

hydrochloric  acid.  The  mixture  was  refluxed  for  48  h 

[11]. After reflux, mixture was centrifuged (4000 rpm) 

and the residue was washed with ethanol and deionized 

water until neutral. The remained precipitate was dried in 

an oven at 60 ºC for 4 h. 
 
 
2.3 Preparation of epoxy nanocomposite coating 
 

Diglycidyl ether of bisphenol-A was dissolved in 

xylene/butanol  mixture  (7:3).  The  nano-silica  was 

gradually added to the epoxy polymer and stirred with for 

1 h at 30±2°C. Then, curing agent (TEPA /p-PDA) was 

added to the mixture and stirred for 5-10 min before 

coating.   During   the   mixing  steps,   neat   epoxy  film, 

untreated silica and modified silica nanoparticles 

incorporated in the epoxy-hardener film were prepared. 

In order to make a suitable coating properties, the mass 

ratio of the resin to the hardener was adjusted to 10:1. 

The prepared nanocomposite coatings were spray coated 

on the microscope slide with 25 mm × 75 mm in 

dimensions (for optical microscope study) and cold rolled 

steel (CRS) sheets of 1cm × 1cm × 0.1cm (for corrosion 

study).  In  order  to  remove  any  contaminates  on  the 

surface, the surface was rinsed with acetone. The coating 

was  deposited  by  high-pressure  air  spray  system.  The 

film was then dry in an oven at 100°C for 1 h for film 

with TEPA as a curing agent and overnight for film with 

p-PDA as a curing agent. 
 
 
2.4 Characterization 
 

The grafting of APTES and GPTMS on the silica 

nanoparticles  was  characterized  by FTIR  spectrometer. 

The  FTIR  spectrum of modified  nano-silica  were 

recorded in transmission mode in the range of 400–4000 

cm-1 using 32 scans. The dispersion of nano-silica was 

evaluated using optical microscope at the magnification 

of 40X and 200X. The electrochemical behavior of 

nanocomposite coated samples were studied via cyclic 

voltammetry with the scan potential range of   0.0V to 

1.0V and scan rate of 50 mV/s in 1.0M H2SO4 electrolyte 

with  Ag/AgCl  as  reference  electrode.  The  Tafel  plots 

were obtained by scanning the potential from 500 mV 

below to 500 mV above the Ecorr at a scan rate of 50 

mV/min. The corrosion current (Icorr) was determined 

through  superimposing  a  straight  line  along  the  linear 
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portion of the cathodic or anodic curve and extrapolating 

it through Ecorr. The corrosion rate (Rcorr, in milliinches 

per  year,   MPY)  was  calculated  from  the  following 
 

equation [11] 
 

Rcorr(MPY)  = 0.13 x Icorr(E.W.) 

A x d 

Where E.W. was the equivalent weight (in g/eq.) of the 

cold rolled steel (CRS), A was the area (cm2) of the 

coated CRS, and d was the density (g/cm3) of the CRS 

 
3. Result and discussion 

 

3.1 Characterization of modified-SiO2  nanoparticles 
 

Untreated silica nanoparticles, APTES-modified 

silica nanoparticles (AMS) and GPTMS-modified silica 

nanoparticles (GMS) were characterized using FTIR 

spectroscopy. Fig. 1 showed the FTIR spectra of treated 

and untreated silica. A weak peak at 690 cm−1 and a small 

peak at 1650 cm−1 was observed in AMS spectrum which 

indicated the existence of amine groups (N–H bending) 

on the treated silica. The peak of Si–O–Si in the range of 

1130–1000 cm−1 in both treated nano- silica indicated that 

organosilane were successfully grafted on the silica 

nanoparticles [9]. The broad peak in the region of 3100– 

2800 cm-1  was indicated the alkyl groups [–(CH2)n–] of 
 

the GPTMS and APTES on the treated surface [12]. 
 
 

3.2 Dispersion of nanoparticles 
 

From optical microscope results, the silica 

nanoparticles in the nanocomposite reflected light. This 

observation can approximately observe the dispersion of 

the nanoparticles in the polymer matrix. Fig. 2 showed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. FTIR spectra of (a) untreated nano-silica (b) 
AMS (c) GMS 

poor dispersion of untreated silica nanoparticles in the 

polymer matrix and agglomeration when increased the 

amount   of  untreated   silica,   especially   5   wt%.   The 

untreated silica nanoparticles were terribly dispersed in a 

polymer matrix due to the difference in the polarity of 

untreated silica and epoxy coating.  Therefore, the 

untreated  silica  nanoparticles  tend  to  agglomerate  and 

form a cluster. 

On the other hand, as shown in Fig. 3 APTES- 

modified silica (AMS) showed well dispersion in the 

polymer matrix and tend to have less cluster compared to 

untreated silica nanoparticles. The amino-modification on 

the nanoparticles surface dominanted the hydrophobic 

property. Therefore,  amino-modified silica was properly 

dispersed  in  a  hydrophobicity  polymer  matrix.  In 

addition,  Fig.  4  showed  that  GPTES  modified  silica 

(GMS) also have good dispersion in the polymer matrix 

even 5 %wt at magnification of 200X. The contact angle 

of polymer matrix were investigated to confirm the 

dispersion  of  nanoparticles.  As  shown  in  Fig.  5,  the 

contact angle of neat epoxy polymer matrix significantly 

increased from 61.62º to 80.49º after added AMS. After 

added GMS, the contact angle of neat epoxy polymer 

matrix greatly increased from 61.62º to 100.84º. This 

indicated that the epoxide functional group on the 

modified-silica nanoparticles enhanced the hydrophobic 

property on the nanoparticles surface and enhanced the 

dispersion of nanoparticles. 
 

 
 

(a)    (b)  
 

(c)   (d)  
 

 
Fig. 2. Epoxy/3 wt% untreated silica nanoparticles at 
magnification of 40X (a) and 200X (b) Epoxy/5 wt% 
untreated silica nanoparticles at magnification of 40X (c) 
and 200X (d) 
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(a) (b) 
 
 
 
 
 
 
 

(c) (d) 

(d) 
 
 
(c) 

(b) 

(a) 
 
 
 

Fig. 3. Epoxy/3 wt% AMS silica nanoparticles at 
magnification  of 40X  (a)  and  200X  (b)  Epoxy/5  wt% 
AMS silica nanoparticles at magnification of 40X (c) and 
200X (d) 

 
 
 
Fig 6. Cyclic voltammetry of the hybrid nanocomposite 
(a) Neat epoxy, (b) unmodified silica composite, (c) AMS 

 

(a) 
 

(b) silica composite and (d) GMS silica composite 
 

 
 
 
 
 
 

(c) (d) 
 
 
 
 
 
 
 

Fig. 4. Epoxy/3 wt% GMS silica nanoparticles at 
magnification  of 40X  (a)  and  200X  (b)  Epoxy/5  wt% 
GMS silica nanoparticles at magnification of 40X (c) and 
200X (d) 

(b)  (c) 

(a) 
(d) 

 
 
 
 
 
Fig 7. Tafel plot of the hybrid nanocomposite (a) Neat 
epoxy, (b) unmodified silica composite, (c) AMS  silica 

(a) (b) composite and (d) GMS silica composite 
 
 
 
 
 
 
 

(c)     (d)  
 
 

Fig. 5. Contact angle of (a) neat epoxy, (b) untreated 
nanocomposite, (c) AMS nanocomposite , (d) GMS 
nanocomposite 

3.4 Corrosion performance test 
 

In this study, the nanocomposites were 

characterized by cyclic voltammetry using a three- 

electrode electrochemical cell. As shown in Fig. 6, the 

electrochemical cyclic voltammetric indicated that the 

epoxy  nanocomposite  film  coating  showed  single 

oxidation peak. Neat epoxy film showed the oxidation 

current (Iox) of 3.81 mA/cm2 whereas epoxy film 

incorporate with AMS and GMS showed the oxidation 

current of 2.72 mA/cm2 and 2.5 mA/cm2 respectively. 
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Table 1. Electrochemical measurements of epoxy nanocomposite 
 
 
 

Compound 
Electrochemical measurements 
Ecorr (mV) Icorr (µA/cm2)  Rcorr (MPY) Thickness (µm) 

Neat epoxy polymer 682.0 0.0251 0.1143 50 
Untreated nanocomposite 730.4 0.0063 0.0282 50 
AMS nanocomposite 610.2 0.0031 0.0144 50 

  GMS nanocomposite  580.5  0.0020  0.0091  50   
 
 

The corrosion current of AMS and GMS are shown in 

Table 1. The AMS and GMS have the corrosion current 

of 0.0031 and 0.0020 µA/cm2. Meanwhile, neat epoxy 

polymer   showed   higher   corrosion   current   (0.0251 

µA/cm2) compare to other. The AMS and GMS 

nanocomposite showed good corrosion resistance 

performance  with  the  corrosion  rated  of  0.0144  and 

0.0091 MPY. The result envisioned that the GMS based 

nanocomposite  coating  may  reveal  an  effectively 

enhanced  anticorrosion  performance  due  to  modified- 

silica nanoparticles act as effective hinder to enhance the 

oxygen barrier property 
 
 

4. Conclusions 
 

Hybrid nanocomposite coating was successfully 

prepared and the effect of modified nano-silica particles 

was  investigated.  APTES  and  GPTES  were  used  to 

modify the surface of silica nanoparticles to enhanc the 

dispersion on polymer matrix and increased the corrosion 

resistance of epoxy coating. The FTIR spectrum showed 

a peak in the range of 1130–1000 cm−1 in both treated 

nano-silica  which  indicated  the  presence  of  Si–O–Si 

bond.  A  peak  at  690  cm−1    and  1650  cm−1  in  AMS 

spectrum indicated the existence of amine groups. The 

broad  peak   in  the   region  of  3100–2800   cm-1    was 

indicated the alkyl groups in the GPTMS and APTES. 

The FTIR result indicated that the organosilane were 

successfully grafted on the silica nanoparticles. Modified 

silica nanoparticles were then incorporated in to the 

polymer matrix, the result showed that AMS and GMS 

successfully dispersed, especially GMS. The optical 

microscope   result   revealed   that   GMS   nanoparticles 

showed less agglomeration in polymer matrix compare to 

AMS  and  unmodified  silica  nanoparticles  even  at  high 

amounts. The electrochemical measurements showed that 

the  incorporated  of  treated  silica  nanoparticles 

significantly enhanced the anticorrosion performance of 

epoxy  coating.  The  corrosion  current  of  neat  epoxy 

coating was greatly decreased from 0.0251 (Rcorr = 0.1143 

MPY) to 0.0031 µA/cm2  (Rcor = 0.0144 MPY) with the 
 

incorporated of AMS and 0.0020 µA/cm2 (Rcorr = 0.0091 
 

MPY) with  the  incorporated  of  GMS.  Therefore,  the 

GMS incorporated with epoxy coating showed best 

corrosion resistance performance. 
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Abstract 

 The aim of this study was to prepare the formaldehyde-free adhesives for particle boards.  The oleic acid modified 

poly(vinyl alcohol) (PVA) with varying types of the PVA were prepared by esterification reaction.  The FTIR spectra 

showed that the products were successfully synthesized.  After that, the adhesives containing PVA, oleic acid modified 

PVA and Tung oil were prepared.  Three types of PVA, i.e., high molecular weight PVA with partially hydrolyzed, low 

molecular weight PVA with partially hydrolyzed, and low molecular weight PVA with fully hydrolyzed, as main 

components in the adhesives were varied.  Subsequently, the adhesives were mixed with rubber tree flake for preparing 

particle boards.  The mechanical properties, internal bond, and swelling behavior of the particle boards were investigated.  

The results from the mechanical test indicated that the mechanical properties of the particle boards were enhanced when 

using the adhesives containing PVA with high molecular weight and partially hydrolyzed.  In addition, the internal bond 

value and water resistance of the particle boards were improved when using the adhesive containing oleic modified PVA.  

  

Keywords:  Formaldehyde-free adhesive, Oleic acid, Particle board, Poly(vinyl alcohol), Tung oil  

 

1. Introduction 

 In the present, adhesives based formaldehyde has 

been commonly used in wood industry.  However, the 

formaldehyde can be released from the products during 

usage which can affect health issues such as skin irritation, 

cancer, and allergy to the human.  In addition, the 

formaldehyde is considered to be a priority pollutant by 

the U.S Environmental Protection Agency and The 

International Agency for Research on Cancer (IARC).  

Several efforts have been made to reduce or replace the 

adhesive based formaldehyde [1-3]. 

Poly(vinyl alcohol) (PVA) is a non-ionic water 

soluble synthetic polymer containing vinyl groups.  It is 

non-hazardous and environmental friendly [4].  One 

application of the PVA is an adhesive.  However, the 

major drawback of the PVA is that it cannot resist to 

water, limiting its application as a wood adhesive. 

To overcome the abovementioned issue, our 

research group has prepared the water resistance adhesives 

from the combination of PVA, Tung oil and latex.  The 

adhesives were used for preparing particle boards.   The 

results showed that the adhesives could be used instead of 

common adhesive based formaldehyde.  Nevertheless, the 

water resistance of the particle boards prepared by the 

adhesives cannot pass JIS A 5908 and TIS 876 standards 

[5].  

 In this work, wood adhesives were prepared from 

the combination of PVA, PVA modified with oleic acid 

and Tung oil.  The molecular weight and hydrolysis 

percentage of PVA were varied.  The adhesives were then 

used for preparing particle boards.  The mechanical 

properties, internal bond and water resistance of the 

particle boards were studied. 

 

2. Experimental Methods 

2.1 Materials 

 PVA (J) was 85.0-87.0% hydrolysis, with average 

molecular weight of 120,000 g/mol, purchased from Japan 

VAM & POVAL Co., Ltd.  PVA (G) 86.5-89.0% 

hydrolysis, with average molecular weight of 29,400 g/mol 
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and PVA (N)  98.5% hydrolysis, with average molecular 

weight of 22,000 g/mol were purchased from Nippon 

Synthetic Chemical Industry Co., Ltd.  Tung oil was 

purchased from U.V. Photo Graphic Co., Ltd.  Oleic acid, 

p-toluenesulfonic acid (PTSA) and potassium persulfate 

(KPS) were purchased from Carlo Erba Reagents Co., Ltd. 

 

2.2 Preparation of oleic acid modified PVA 

 PVA (J and G) was dissolved in distilled water 

with well stirred at high temperature.  The 10%w/w PVA 

solution was mixed with oleic acid  and p-toluenesulfonic 

acid with stirring at 600 rpm, at 90 °C for 24 h.  

 

2.3 Characterization of oleic acid modified PVA by FT-IR  

 Oleic acid modified PVA (J* and G*) were 

casted in Petri dishes and evaporated at room temperature.  

The FTIR studies were carried out using Spectrum GX 

(Perkin Elmer Inc.).  The spectra were acquired in the 

range of 4000-400 cm-1 at a resolution of 4 cm-1 

 

2.4 Preparation of formaldehyde free adhesive 

 The 10%w/w PVA solution (J, G and N) was 

mixed with oleic acid modified PVA, Tung oil, PTSA and 

KPS with high speed agitator at 9000 rpm until 

homogeneous emulsion of the adhesive was obtained. 

 The adhesive formula used in this research were 

J2N8, J3N7, J*2N8, J*3N7, J*1.5N3.5G*3.5 and 

J*1N2.5G*5.  All formula contained 85%wt PVA solution 

plus oleic acid modified PVA and 15%wt Tung oil.  For 

“J”, “N”, “G”, “J*”, and “G*”, they were denoted to 

10%w/w PVA (J) solution, 10%w/w PVA (G) solution, 

10%w/w PVA (N) solution, oleic acid modified PVA (J*), 

and oleic acid modified PVA (G*), respectively.  The 

number at the end of each are noted as the %wt of the two 

or three components.  For example, J2N8 represented the 

mixture at the weight ratio of 2:8 of J and N. 

 

2.5 Preparation of particle board 

 The rubber tree flake was controlled size of 12-20 

mesh and humidity at 3-5%  moisture content.  The 

pre-particle board, the mixing between wood flake and 

30 %wt of adhesive, was pressed in hot press machine 

under pressure at 150 psi and 230 °C for 5 min.  After that, 

the particle board was further post-cured in an oven at 

100 °C for 24 hr. 

 

2.6 Testing 

 Properties of particle board, i.e. density, moisture 

content, internal bonding and swelling were tested 

according to the standard method of TIS 876 [5] and JIS A 

5908 [6].  Moreover, bending strength and bending 

modulus were also determined.  The details are as 

mentioned below. 

 1) Density of particle board 

 The test piece volume can be calculated from its 

average values of lengths, widths and thickness.  The mass 

is obtained by weighing it.  The density can be calculated 

by the following equation. 

 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑚
𝑉

                              (1) 

where  m : mass of particle board (g) 

  V : volume of particle board (cm3) 

 

 2) Moisture content of particle board 

 The test piece was weighed to obtain m1 and then 

dried in an oven at 103 ± 2 °C to constant weight and 

denoted as m0.  The moisture content can be calculated by  

the following equation. 

 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  𝑚1−𝑚0
𝑚0

 × 100          (2) 

 where m0 : mass of particle board (g) after drying 

m1 : mass of particle board (g) before drying 

 3) Bending strength and bending modulus of 

particle board 

 Using the testing apparatus by applying a load at   

10 mm/min from the surface of the test piece and continue 

loading until the test piece has been deformed.  The 

maximum load (P) and the force (F) have been obtained 

led to the bending strength and the bending modulus of 

each test piece as following equations. 

 

𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑁/𝑚𝑚2) = 3𝑃𝐿
2𝑏𝑡2

               (3) 

 where  P : maximum load (N) 

   L : span length (mm) 

   b : width of test piece (mm) 
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   t : thickness of test piece (mm) 

 

𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝑁/𝑚𝑚2) = 𝐿3𝐹
4𝑤ℎ3𝑑

             (4) 

 where  L : span length (mm) 

   F : force (N) 

   w : width of test piece (mm) 

   h : hight of test piece (mm) 

   d : the deflection due to the load F (mm) 

  

4) Internal bond of particle board  

 A test piece was tightened to steel or aluminum 

blocks and then applied a tension load vertically to the 

board around 2 mm/min.  The maximum load (P) has been 

obtained when the test piece has been broken.  Then the 

internal bond can be calculated from the following 

equation. 

 

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑏𝑜𝑛𝑑𝑖𝑛𝑔 (𝑁/𝑚𝑚2) = 𝑃
𝑏𝐿

                  (5) 

where  P : maximum load (N) at the time of failing force 

  b : width of test piece (mm) 

  L : length of test piece (mm) 

 

5) Swelling in thickness after immersion in water 

 The thickness of the test piece is measured in 

which it is later immersed in water for 24 h.  The 

measurement of its thickness is performed again at 1 h and 

24 h.  Thus the swelling is able to calculated from the 

following equation. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%)  =    𝑡2−𝑡1
𝑡1

× 100                  (6) 

where  t1 : thickness (mm) before immersion in water 

  t2 : thickness (mm) after immersion in water 

 

3. Results and Discussion 

3.1 The FTIR measurements 

 The esterification reaction occurs between 

hydroxyl groups of PVA and carboxylic group of oleic 

acid.  The chemical structure of oleic acid modified PVA 

is shown in Figure 1. 

 
Fig 1.  Schematic representation of oleic acid modified 

PVA structure.  

 

Figure 2 showed the FTIR spectra of  PVA (J and 

G) and oleic acid modified PVA (J* and G*).  The FTIR 

spectra of PVA (J and G) exhibits several characteristic 

bands.  The broad band at 3350 cm-1 corresponded to the 

O-H stretching vibration of hydroxyl group.  The strong 

absorption peak at 1095 cm-1 assigned to the C-O 

stretching of hydroxyl group.  Two sharp bands at 1734 

cm-1 (or 1735) and 1258 cm-1 (or 1255) attributed to the 

C=O stretching and the C-O stretching vibration of acetate 

group of PVA, respectively.  The oleic acid modified PVA 

(J* and G*) spectra showed the shift of C=O stretching 

vibration (from around 1735 to 1710 cm-1).  In addition, 

the shifts of C-O stretching vibration (from about 1255 to 

1215 cm-1) were also observed.  This indicated that oleic 

acid was successfully reacted with PVA (J and G) via 

esterification reaction. 

 

3.2 Density and moisture content  

 Table 1 showed the density and moisture content 

of particle board using formaldehyde-free adhesive.  The 

density values of particle boards were in the ranges of          

0.59-0.62 g/cm3 (0.4-0.9 g/cm3 for the standard of JIS A 

5908 and TIS 876).  The change in the proportion of PVA 

families in adhesive was insignificant effect on density of 

the particle board.  
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Fig. 2. FTIR spectra of (a.) PVA (J), (b.) oleic acid 

modified PVA (J*), (c.) PVA (G) and (d.) oleic acid 

modified PVA (G*)  

 

 Table 1 also showed the moisture content of 

particle board, in which the values were in the ranges of 

1.44-3.77%.  All particle board could control the values 

under the maximum values of the standard at 13%.  It can 

be seen that all the values of moisture contents of all 

particle boards can pass the JIS A 5908 and TIS 876 

standard. 

 

Table 1. Density and moisture content of particle board 

Formula Density (g/cm3) Moisture (%) 

J2N8 0.59 3.72 

J3N7 0.59 3.77 

J*2N8 0.60 1.57 

J*3N7TP 0.59 1.44 

J*1.5N3.5G*3.5 0.62 3.49 

J*1N2.5G*5 0.60 3.06 

JIS A 5908 0.4-0.9 ≤ 13 

TIS 876 0.4-0.9 ≤ 13 

 

3.3 Bending strength and bending modulus  

Figure 3 and 4 provided the information of the 

bending strength and bending modulus of the particle 

boards with various ratios and types of PVA in adhesive 

formula. 

The bending strength and bending  modulus values 

of all particle boards were in the ranges of 4.00-4.89 MPa 

and 625-842 MPa, respectively.  From the results, it could 

be seen that the bending strength and bending modulus of 

the particle board containing J*3N7 as an adhesive was 

higher than the others.  This could be attributed to large 

content of relatively high molecular weight of PVA in the 

adhesive which could enhance mechanical properties of 

the particle board.  Furthermore, the hydrogen bonding 

among hydroxyl groups of PVA and the chemical 

crosslinking at double bond or allylic positions of Tung oil 

can improve the mechanical properties. 

 

Fig. 3. Bending strengths of particle board containing 

various adhesives formula. 

 

Fig. 4. Bending moduli of particle board containing 

various adhesives formula. 

 

3.4 Internal bond 

Figure 5 presented the internal bonding of particle 

boards.  The values were in the ranges of 0.53-0.81 MPa, 

which higher than the lowest acceptable values of the 

standard JIS A 5908 (0.3 MPa) and TIS 876 (0.4 MPa).  

This could be suggested that the formation of hydrogen 

bonds from hydroxyl groups of cellulose in wood flake 

and those in adhesives and the crosslinking reaction of 
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Tung oil could enhance internal bond values of the particle 

boards.  Particularly, it could be seen that the particle 

boards containing adhesives with high ratio of oleic acid 

modified PVA (J*1.5N3.5G*3.5 and J*1N2.5G*5) showed 

higher internal bond value than the others due to the 

presence of a number of double bonds from oleic acid 

which could be crosslinked, resulting in the improvement 

of the values. 

 

 
Fig. 5. Internal bond of particle board containing various 

adhesives formula. 

 

3.5 Swelling in thickness after immersion in water 

 Figure 6 demonstrated the swelling behavior of 

the particle boards at 1 and 24 h.  Varying in the content of 

PVA (J and N) and oleic acid modified PVA (J* and G*) 

would affect to %swelling behavior of the particle boards.  

From the data, the particle boards containing of J* and G* 

in the adhesive formulae, such as J*2N7, J*3N7, 

J*1.5N3.5G*3.5 and J*1N2.5G*5 gained the decrease 

in %swelling.  The water resistance of those adhesives 

could be ascribed to the increment of hydrophobic part due 

to the esterification reaction between PVA and oleic acid.   

All of the particle boards could control the values 

under the maximum value of the standard TIS 876 at 14 % 

for 1 h but not of JIS A 5908 at 12 % for 24 h.  It can be 

seen that all of particle boards can pass only for the TIS 

876 standard. 

 

 
Fig. 6. Swelling properties of particle board containing 

various adhesives formula at 1 h and 24 h. 

 

4. Conclusion 

 The oleic modified PVA (J* and G*) were 

successfully synthesized by esterification reaction 

observed by FTIR.  An environmental friendly 

formaldehyde-free adhesives were prepared using PVA (J, 

N and G), oleic modified PVA (J* and G*), and Tung oil 

as major components.  From the results, the adhesives 

containing PVA with high molecular weight and partially 

hydrolyzed (J) can improve the mechanical properties of 

particle boards.  In addition, the internal bond and water 

resistance of particle boards were enhanced when using 

the adhesives containing oleic modified PVA (J* and G*)  
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Abstract 
 

In this study, poly(methacrylic acid-co-2-methacryloxyethyl phosphorylcholine) (PMAMPC)-functionalized 

magnetic nanoparticles (MNPs), thereafter called ―MNPs-PMAMPC‖ were successfully synthesized in one-pot reaction 

by a chemical co-precipitation method  of ferrous/ferric mixed  salt-solution in alkaline medium and  direct  polymer 

addition method. The obtained MNPs-PMAMPC had spherical shape, well-dispersed in water, and exhibited good 

magnetic  properties.  The  size  and  size  distribution  of  nanoparticles  were  determined  by  transmission  electron 

microscopy (TEM) with an average size in the range of 11-12 nm. The anchorage of PMAMPC on the surface of MNPs 

was confirmed by Fourier transform infrared spectrometer (FT-IR) and thermogavimetric analysis (TGA). To evaluate 

the peroxidase catalytic activity of MNPs-PMAMPC, the oxidation reaction of 3,3',5,5'-tetramethylbenzidine (TMB) in 

a presence of H2O2  catalyzed by MNPs-PMAMPC was studied. The catalytic activity of MNPs-PMAMPC exhibited 

almost the same that of uncoated MNPs. These MNPs-PMAMPC with peroxidase-like activity are potential to use for 

colorimetric biosensing application instead of enzyme horseradish peroxidase (HRP). 
 

Keywords: Magnetite nanoparticles, Chemical co-precipitation, Catalytic activity 
 

1. Introduction 
 

At  present,  magnetic  nanoparticles  (MNPs), 

especially   magnetite   nanoparticles   (Fe3O4NPs),   have 

been widely used in many applications such as protein 

separation [1], drug delivery [2] and biosensor [3]. The 

application of magnetite nanoparticles in biochemical 

analysis  mostly bases  on  magnetic  properties  and 

intrinsic peroxidase-like activity, an ability to catalyze the 

oxidation of organic substrates producing a colour change 

similar to that found in enzyme horseradish peroxidase 

(HRP) discovered by Yan et al [4]. The detection of 

analytes can be observed by the change of color which 

can be monitored by the instrument or the naked eye 

known as colorimetric detection. 

However, MNPs are not stable and tend to aggregate 

and precipitate because of their hydrophobic nature. To 

enhance the performance in these applications and to 

explore novel applications, the surface functionalization 

of  the  nanoparticles  is  particularly  importance.  Ideally, 

the functionalization should provide nanoparticles with 

very good colloidal stability in the usual conditions and 

provide as many as possible functional groups that can be 

employed for further modification. 

The  simple  and  versatile  method  for 

functionalization of the MNPs’ surface is based on the 

coordinate covalent bond between iron atom and donor 

atom of ligands which is known as a chelation [5,  6]. 

There are many researches that show the using of 

carboxylate-based ligands such as citric acid [7] and 

poly(acrylic acid) [8, 9] for stabilizing MNPs. Free 

carboxylic acid groups on the surface not only provide 

dispersibility in aqueous media but also render functional 

groups for further reaction [1, 10]. 

Poly(methacrylicacid-co-2-methacryloxyethyl 

phosphorrylcholine) (PMAMPC) is a copolymer 

compose of methacrylic acid   (MA)   and 2- 

mailto:piyapornn@buu.ac.th
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methacryloyloxyethyl phosphorylcholine (MPC) units 

showing a suitable dual functionality for biosensors 

application [11]. The MPC unit, a biocompatible, can 

reduce the nonspecific adsorption of plasma proteins and 

cells, whereas the carboxylic acid groups from the MA 

units  introduce  active  site  for      further  surface 

modification such as the immobilization of active 

biomolecules  that  can  act  as  sensing  probes  for 

biospecific detection of target molecules. 

This research aims to develop a simple synthetic 

methodology for synthesis PMAMPC-functionalized 

magnetic nanoparticles (MNPs-PMAMPC) by ―one-pot 

reaction‖ using a chemical co-precipitation of ferrous/ferric 

ions and direct polymer addition method (Figure 1). To 

explore the applicability for colorimetric biosensing based 

on peroxidase catalytic activity, we also investigated the 

activity   of   MNPs   to   catalyze   the oxidation reaction 

of organic substrate such as 3,3',5,5'- tetramethylbenzidine 

(TMB). 
 
 

2.    Experimental Method 
 

2.1 Material 
 

FeCl2·4H2O (Sigma-Aldrich), FeCl3·6H2O (Sigma-

Aldrich), 28%w/v NH4OH (QREC), poly(methacrylic 

acid)-co-(2-methacryloyloxyethyl phosphorylcholine) 

(PMA37MPC63, Mw  = 54.5kDa) [12], acetic acid 

(QREC), sodium acetate (Sigma-Aldrich), 3,3',5,5'-
tetramethylbenzidine, TMB (Sigma-Aldrich), 

hydrogenperoxide, H2O2 (Sigma-Aldrich) 
 
 

2.2 Preparation of MNPs-PMAMPC 
 

First, FeCl3·6H2O 298 mg (1.10 mmol) and 

FeCl2·4H2O 114 mg (0.57 mmol) were dissolved in 20 

mL of distilled water at room temperature. After the salt 

completely dissolved, the mixture was added in a three- 

neck flask under nitrogen atmospheric condition at 60 °C 

and mechanical stirred at 750 rpm for 30 min. A 6 mL of 

28%w/v ammonia solution was slowly added to solution, 

and then the solution color changed from orange to black, 

indicating the forming of MNPs. The colloid solution was 

continuously mechanical stirred for 1 h at 60 °C. Second, 

the surface of MNPs was functionalized with various 

amount of PMAMPC (10, 20, and 40 mg) by direct 

addition to black colloid solution providing MNPs- 

PMAMPC10, MNPs-PMAMPC20, and MNPs- 

PMAMPC40, respectively. The reaction  was continuously 

stirred  for 1 h at 60 °C and  then cooled down to room 

temperature. Final, MNPs-PMAMPC were easily 

separated by a magnet. Washing cycles in distilled water 

were repeated several times to remove unreacted chemical. 

The MNPs-PMAMPC were dispersed in distilled water 

and stored in aqueous colloid solution. 
 
 
2.3 Characterization 
 

The morphology, size and size distribution were 

observed using transmission electron microscopy (TEM, 

Philips TECNAI 20). Fourier transform infrared (FT-IR) 

spectra were recorded by PERKIN ELMER using a KBr 

disk method. The amount of polymer content was 

determined by thermogavimetric analysis (TGA, Mettler 

Toledo TGA/SDTA 851e). The weight loss of the dried 

samples was monitored under nitrogen atmosphere at 

temperatures ranging from 25 to 800 °C with a heating 

rate 10 °C/min. 
 
 
2.3 Colloidal stability 
 

Aqueous colloid solution of MNPs-PMAMPC, a 

given concentration 0.1 mg/ml, was tested a colloidal 

stability through the precipitation during a period of time 

without external magnetic field. 
 
 
2.4 Peroxidase catalytic activity test. 
 

To investigate the catalytic activity of MNPs- 

PMAMPC, the 3,3',5,5'-tetramethylbenzidine (TMB) was 

chosen as an organic substrate. In experiment, 25 µL of 

MNPs-PMAMPC colloid solution (1 mg/mL) was added 

to 1000 µL sodium acetate buffer (0.1 M, pH 3.6) 

containing 5 µL of TMB (10 mg/mL). A 1.9 µL H2O2 

(30%) was added to the mixture and incubated at room 

temperature. The catalytic activity of MNPs-PMAMPC 

was  characterized  by  measuring  a  blue  color  solution 

using UV-visible spectrophotomer at 652 nm. 
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Figure1. Scheme for the preparation of PMAMPC-functionalized magnetite nanoparticles by one-pot reaction. 
 

 
 
 

 
3. Results and Discussion 

 

3.1  Characterization of MNPs-PMAMPC 
 

The  TEM  images  of  the  synthesized  uncoated 

(A) (B) 

 

MNPs and  MNPs-PMAMPC  were  shown  in  Figure  2.  
12.29 ± 2.90 

 
12.45 ± 2.88 

Increasing concentrations of PMAMPC caused slightly 

decreases  in  size  of  nanoparticles.  All  samples  were 

nearly spherical shape. 

The  FT-IR   spectra   confirmed  the   success   of 
 

PMAMPC anchored on the surface of MNPs by chemical 

 
(C) (D) 

 

bonding   (Figure   3).   The   strong   peak   at   580   cm-1
 

 
corresponded to the characteristic band of Fe-O stretching 

11.89 ± 2.50 11.29 ± 2.20 

 
vibration  mode  of  Fe3O4.  The  characteristic  band  of 

PMAMPC showed C=O, C-O, P-O stretching vibration at 

1710, 1167, 1094 cm-1, respectively. The presence of 

chelating bond was observed at 1589 cm-1  and 1412 cm-1 

which may be assigned to the symmetric and asymmetric 

C-O stretching of carboxylate groups, agreeing with 

previous report [8]. 

The results of TGA were used for estimation the 

amount of PMAMPC on the MNPs. As seen in Figure 4, 

uncoated MNPs showed weight loss about 8.23% for the 

whole temperature range from 25 to 800 °C. This might 

be due to loss of water. For MNPs-PMAMPC showed the 

additional weight loss between 200 and 400 °C attribute 

to the thermal decomposition of PMAMPC anchored on 

the MNPs. Moreover, the increase in weight loss was 

Figure   2.TEM   images   of   MNPs   (A)   and   MNPs- 
 

PMAMPC  with  different  PMAMPC  concentration;  (B) 
 

10 mg, (C) 20 mg, and (D) 40 mg (scale bar = 50 nm) 
 
 
observed when increasing PMAMPC amount from 10 to 
 

40  mg.  According  to  the  result  of  weight  loss,  the 

contents of PMAMPC anchored on the MNPs are 3.08 %, 

3.79 % and 5.23 % for 10, 20, and 40 mg, respectively. 
 

As shown in Figure 5A, uncoated MNPs started to 

aggregate and precipitate to the bottom of viol within a 

few   minute.   On   the   other   hand,   MNPs-PMAMPC 

provided a colloidal stability of nanoparticles in aqueous 

media. Moreover, MNPs-PMAMPC could be easily 

separated from the aqueous solution by applying an 

external magnetic field (Figure 5b), showing a magnetic 

properties. 
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Figure 5. Photographs of uncoated MNPs (A),  MNPs- 

PMAMPC10 (B), MNPs-PMAMPC20 (C), and MNPs- 
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Figure 3. FT-IR spectra of uncoated MNPs, MNPs- 

PMAMMPC10, MNPs-PMAMMPC20, and MNPs- 

PMAMMPC40. 
 
 

100 
—  MNPs 

—  MNPs-PMAMPC10 

—  MNPs-PMAMPC20 

—  MNPs-PMAMPC40 

under an external magnetic field. 
 
 
functionalized  MNPs  with  different  PMAMPC  amount 

was displayed in Figure 6. The catalytic activity of MNPs 

slightly decreased after functionalization. The different 

amount of PMAMPC on MNPs surface showed different 

levels  of  activity  in  the  order  MNPs-PMAMPC10  > 

MNPs-PMAMPC20  >  MNPs-PMAMPC40.  It  may  be 

due to the influence of polymer coating layer which could 

shield  the  surface  from  the  TMB  substrate  and  hence 
95 

affect the catalytic activity. 
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Figure 4. TGA analysis of uncoated MNPs, MNPs- 

PMAMMPC10, MNPs-PMAMMPC20, and MNPs- 
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3.2 Catalytic activity test 
 

Naturally,  the  magnetite  nanoparticles  can 

catalyze  the  oxidation  of  peroxidase  substrate  such  as 

TMB in the presence of H2O2, and subsequently a blue 

colour product, an oxidized form TMB. The time 

dependent catalytic activity of uncoated MNPs and 

 
Figure 6. The catalytic activity of uncoated MNPs and 

fuctionalized MNPs with different PMAMPC amount 

(Control mean the condition without adding 

nanoparticles). 
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4.  Conclusion 
 

We have demonstrated a simple method for 

preparation of PMAMPC-functionalized MNPs by one- 

pot reaction. The anchorage of PMAMPC onto the 

surfaces of MNPs was occurred by carboxylate chelating 

interaction. After functionalization, MNPs-PMAMPC 

showed an excellent stability in water media and can be 

easily separated under applying external magnetic field. 

Moreover, MNPs-PMAMPC had peroxidase-like activity 

towards typical TMB substrates. It might be possible to 

further apply for colorimetric biosensing application. 
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Abstract 

 

Polydiacetylene (PDA) has received much attention for sensing application due to its colorimetric response when 

subjected to external stimuli. Properties of the PDA-based material is successfully developed by incorporating zinc 

oxide (ZnO) nanoparticles into the PDA assemblies. The obtained PDA/ZnO nanocomposite exhibits higher color 

transition temperature than the pure PDAs, and also reversible thermochromism. In addition, the PDA/ZnO 

nanocomposite can be dispersed in various organic solvents without changing its color. Thus, it can be mixed with 

various polymer matrices for solid-state fabrication. The dispersing stability of the nanocomposite in organic solvents 

can be improved by using polymeric surfactants, which also alter color-transition behavior. This study focuses on 

influences of cationic surfactants including cetyltrimethylammonium bromide (CTAB), dodecyltrimetylammonium 

bromide (DTAB), and decyltrimethylammonium bromide on dispersing stability and color transition of PDA/ZnO 

nanocomposite  in  toluene.  Differences  in  alkyl  chain  length  of  these  cationic  surfactants  are  expected  to  alter 

suspension stability and thermochromic behaviors of the nanocomposite. It is found that increasing in alkyl chain length 

of the cationic surfactants improves dispersing stability of the nanocomposite in toluene. The nanocomposite suspension 

prepared with longer chain surfactants also exhibits higher thermochromic stability, i.e. higher color-transition 

temperature and thermochromic reversibility. Effects of surfactant  concentration on dispersion stability and color - 

transition of PDA/ZnO nanocomposite are also investigated. 

 
Keywords:  Polydiacetylene, Cationic surfactant, Dispersing stability, Color transition 

 
 
 

1. Introduction 
 

Polydiacetylene (PDA) is a type of conjugated 

polymer that can be easily formed into vesicle by UV 

irradiation and can also change from blue to red when 

subjected to several external stimuli such as 

temperature[1,2,4,5], organic solvent[1,3], and mechanical 

stress[1]. According to these advantages, it has received 

much  attention  to  develop  for  sensing  applications. 

Improving properties of PDA-based materials by 

structural  modification  is  effective[3-5],  however, 

expensive and time-consuming. By incorporating zinc 

oxide (ZnO) nanoparticles into the PDA assemblies, 

PDA/ZnO  nanocomposite  is  successfully  fabricated[6]. 

This is a simple and cost-effective method for controlling 

the colorimetric behavior of PDAs. The PDA/ZnO 

nanocomposite  exhibits  higher  color  transition 

temperature than the pure PDAs, and, furthermore, 

reversible thermochromism. 

mailto:Nisanart.T@chula.ac.th
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The nanocomposite is found to disperse in various 

organic solvents without changing its initial color[7]. The 

suspensions also  show comparable thermochromism to 

the aqueous system. The ability to prepare PDA-based 

materials in different organic solvents is very important 

for their utilizations because this allows preparation of 

film by mixing with polymer matrices. However, 

dispersing stability of the nanocomposite in organic 

solvents is the main problem. The PDA/ZnO 

nanocomposite often agglomerate in organic solvents due 

to their polarity differences. This could affect efficiency 

of the nanocomposite in applications. 

The main purpose of this continuing study is to 

improve the dispersing stability of the PDA/ZnO 

nanocomposite suspension in organic solvent. Toluene is 

used as a model study. Cationic surfactants with various 

alkyl chain length are added to the system. The effects of 

the surfactants on colorimetric response of the 

nanocomposite suspension are also studied. 
 
 

2. Experimental methods 
 

The monomer used in this study, 10,12- 

pentacosadiynoic acid (PCDA), and cationic surfactant 

surfactants including cetyltrimethylammonium bromide 

(CTAB), dodecyltrimethylammonium bromide (DTAB), 

and  decyltrimethylammonium  bromide  were 

commercially available at Fluka. The cationic surfactants 

were systematically selected based on their structure as 

shown in Fig. 1. ZnO nanoparticles were purchased from 

Nano   Materials   Technology,   Thailand.   The   PCDA 

monormers were dissolved in ethanol to purify and then 

 

 
 

Fig. 1 Chemical structure of cationic surfactants, cetyltri- 
methylammonium bromide (CTAB), dodecyltrimethylam- 
monium bromide (DTAB), and decyltrimethylammonium 
bromide. 

 
filtered through 0.45 μm pore size nylon membrane. The 

PCDA  solution  was  then  slowly  injected  into  ZnO 

aqueous  suspension  under  ultrasonication.  The 

suspension was continuously stirred at 80°C for about 30 

minutes to remove the ethanol then cooled down to room 

temperature and kept at 4°C for 24 hours to allow self- 

assembling of PCDA monomer onto ZnO nanoparticles. 

The  poly(PCDA)/ZnO  nanocomposite  with  deep  blue 

color was obtained by UV irradiation for 5 minutes. Then, 

the nanocomposite suspension was dried at 45°C for 48 

hours. The cationic surfactants were dissolved in toluene 

and added to the dried nanocomposite. The ratio of 

cetyltrimethylammonium bromide (CTAB), 

dodecyltrimethylammonium bromide (DTAB), and 

decyltrimethylammonium bromide are varied at 0.1, 1.0, 

and 5.0 wt%. The mixed suspension was ultrasonicated 

for 10 minutes to disperse the nanocomposite. 

To study the dispersing stability of the 

nanocomposite suspensions, sedimentation behavior was 

investigated for 24 hours. The absorption spectra of the 
 
 

 
Fig. 2 Sedimentation behaviors of poly(PCDA)/ZnO nanocomposites dispersed in toluene suspension. The suspensions were 
prepared with (1) 0.1 wt%, (2) 1.0 wt%, and (3) 5.0 wt% of (a) cetyltrimethylammonium bromide (CTAB), (b) dodecyl- 
trimethylammonium bromide (DTAB), and (c) decyltrimethylammonium bromide as surfactants. 
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nanocomposite suspension were measured by using UV- 

Vis spectrophotometer (Specord S100B, Analytik Jena) 

to study optical properties and thermochromic behaviors. 
 
 

3. Results and Discussion 
 

3.1 Dispersing stability 
 

The differences in polarity between poly(PCDA) 

head group and toluene leads to the agglomeration of the 

poly(PCDA)/ZnO nanocomposite suspension, and 

inhomogeneous film[7]. To improve dispersing stability of 

the suspension and the homogeneity of the films, cationic 

surfactants were used in this study. The polar head group 

of the cationic surfactant is expected to  interact  with the 

polar head group of poly(PCDA) while the tail of the 

surfactant extends into the media. This steric stabilizing 

mechanism could improve dispersing stability of the 

nanocomposite in toluene suspension. 

Sedimentation behavior of poly(PCDA)/ZnO 

nanocomposites suspension prepared with cationic 

surfactants are illustrated in Fig. 2. The results show that 

increasing in alkyl chain length of cationic surfactants 

tends  to  improve  dispersing  stability  of  the 

nanocomposite suspension. The nanocomposite prepared 

with CTAB 0.1 wt% is stable for about 8 hours, which is 
 

 
Fig. 3 Color photographs of the poly(PCDA)/ZnO nanocomposite suspension in toluene prepared with (1) 0.1, (2) 1.0, and 
(3) 5.0 wt.% of (a) cetyltrimethylammonium bromide (CTAB), (b) dodecyltrimethylammonium bromide (DTAB), and (c) 
decyltrimethylammonium bromide. The photographs were taken upon increasing temperature from room temperature to 
90 °C, followed by cooling to room temperature. 
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Fig. 4 Normallized absorption spectra of poly(PCDA)/ZnO nanocomposites in toluene suspension prepared with 0.1 wt.% of 
(a) cetyltrimethylammonium bromide, (b) dodecyltrimethylammonium bromide, and (c) decyltrimethylammonium bromide 
were measured at room temperature before heating to 90 °C (bold line) and after cooling to room temperature (dashed line). 

 
longer than the ones with DTAB and 

decyltrimethylammonium bromide at the same 

concentration. We suppose that the longer hydrophobic 

tail of CTAB provides better stabilizing effect to the 

system. Increasing in concentration of the surfactants to 1 

and   5   wt%   leads   to   unstable   suspensions,   which 

precipitate within 0.5 hours. This could result from 

polymer bridging that causes agglomeration of the 

nanocomposite[8]. 

3.2 Thermochromism 
 

Color photographs of the poly(PCDA)/ZnO 

nanocomposite suspension in toluene prepared with 

cationic surfactants upon heating are illustrated in Fig. 3. 

It is observed that the different alkyl chain length of 

cationic surfactants affect the thermochromic behavior of 

the nanocomposites. The color-transition temperature 

tends to decrease when alkyl chain length of the cationic 

surfactants is shorten. This could result from insertion of 

the surfactant tail into the PDA layer. With shorter alkyl 

tail, the insertion could be more convenient comparing to 

the longer ones. Therefore, PDA assemblies are disturbed 

at higher level, leading to the decrease in color-transition 

temperature. for the effects of concentration, it is found 

that increasing in concentration of all cationic surfactants 

tends to decrease the color-transition temperature of the 

nanocomposite. This is due to an increasing interference 

to PDA assemblies, which lowers their color-transition 

temperature. 

Absorption spectra of the nanocomposite prepared 

with cationic surfactant in toluene are shown in Fig. 4. 

 
The results are in agreement with previous study[6,7]. The 

initial spectrum of poly(PCDA)/ZnO show a typical peak 

at about 640 nm with vibronic shoulder at about 590 nm, 

corresponding to a blue color. An additional low-energy 

band is also observed at about 675 nm, indicating the 

presence of PDA chain with long conjugation length. 

Thus,  addition  of  all  cationic  surfactants  used  in  this 

study hardly affects the absorption spectra of 

poly(PCDA)/ZnO nanocomposite in toluene. 

When subjected to heating-cooling cycle, most of 

the nanocomposite suspensions exhibit irreversible 

thermochromism. Their red color at 90 °C remains when 

cooling to room temperature. The exception is the 

nanocomposite prepared with 0.1 wt% of CTAB. 

According to Fig. 3 (a) and the spectrum in Fig. 4 (a), the 

nanocomposite exhibit partially reversible 

thermochromism. Its red color at 90 °C changes to purple 

when cooling to room temperature. The spectrum 

measured after cooling (Fig. 4 (a)) show both red phase 

(peak at 540 nm) and blue phase (peak at 640 nm), which 

confirms partially reversible thermochromism of the 

nanocomposite prepared with 0.1 wt% of CTAB. 
 
 
4. Conclusion 
 

Poly(PCDA)/ZnO  nanocomposite  can  be 

dispersed in toluene with addition of cationic surfactants. 

It is found that increasing in alkyl chain length of the 

cationic surfactants improves the dispersing stability of 

the nanocomposite suspensions. The cationic surfactants 

also   alter   thermochromism   of   the   nanocomposite. 



  434 

 

Shortening in alkyl tail of the surfactant decreases color- 

transition temperature and color reversibility of the 

nanocomposite. This could be due to its greater 

interfering to the PDA assemblies. Increasing in 

concentration of the surfactants also increase degree of 

perturbation, resulting in a decrease in color-transition 

temperature of the nanocomposite. The cationic 

surfactants also result in the irreversible thermochromism 

in most of the nanocomposite. Partially reversible 

thermochromism is observed in the suspension with  0.1 

wt% CTAB. 
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Abstract 

 

In this work, we have developed a mesocellular foam silica (MCF) decorated a gold nanoparticle (AuNPs) 

nanocomposite that enhances in the electron transfer of a large enzyme, such as glucose oxidase (GOx), in which the 

flavin adenine dinucleotide is deeply buried within the enzyme. Glucose oxidase (GOx) was immobilized via a physical 

adsorption method on MCF/AuNPs the nanocomposite on a screen print carbon electrode to further helps in the electron 

transfer between GOx and the electrode surface. The chitosan film was then cast over to cover the nanoparticles to protect 

the peeling of the materials among electrochemical process. MCF is a type of mesoporous silica with exclusive specific 

surface area, suitable pore sizes for enzyme immobilization and enhancing enzyme stability. Moreover, gold nanoparticles 

enhances the electrical conductivity of the enzyme carrier. Interestingly, synergy of MCF and AuNPs effect to enhanced 

current responses. The biosensors were tested for their performances with glucose. The results could be attributed to a 

high degree of biocompatibility to glucose oxidase and electrical conductivity of the nanocomposite. 

 
Keywords: Glucose oxidase, immobilization enzyme, mesocellular foam silica, gold nanoparticles 

 
1. Introduction 

 

Enzyme   immobilization   in   solid   support   is 

advantage for enzyme activity, loading, and stability [1-4] 

which directly affect the efficiency of biosensors. [5-6]. 

Mesocellular foam silica (MCF) is a mesoporous material 

which is good for enzyme immobilization ,due to its high 

surface area ,suitable pore sizes and also high pore volume. 

Even of many advantages, MCF still suffer from poor 

electrical   conductivity.  Thus,   some   adjustments  are 

needed. Nanomaterial has been widely used in order to 

enhancement of electron transfer and conductivity. Gold 

nanoparticles has excellent electrical conductivity, good 

electron transfer, and biocompatible. [7] 

Chitosan  is  a  natural  polymer  which  has  good 

biocompatibility, nontoxicity, and adsorption properties 

[8]. Therefore, the chitosan film is used over the modified 

electrode in order to prevent enzyme leakage to the outer 

of  solid  support.  In  this  work,  we  present  the 

development of glucose biosensor to obtain the suitable 

fabrication on SPCE /MCF/AuNPs/GOx/chitosan. 
 
 
2. Materials and Methods 
 

2.1 Reagents 
 

Pluronic P123 was obtained from BASF 

corporation,  USA.  Hydrochloric   acid   (37%   HCl) 

was available from RCI Labscan. 1,3,5 

trimethylbenzene(TMB),      tetraethoxysilane      (TEOS, 

98%), HAuCl4   .3H2O   were   purchased   from   Sigma 

Aldrich,USA. Glucose  oxidase  from  Aspergillus  niger 

(E.C. 1.13.4; Sigma-Aldrich). Acetic acid ( CH3 COOH ) 

was     purchased     from     QReCChamical.     Sodium 
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hydrogenphosphate  ( Na2 HPO4  ),  Sodium  dihydrogen 

phosphate ( NaH2 PO4 ) and Sodium Hydroxide (NaOH) 

were obtained from Ajax Finechem. Chitosan 

(deacetylation degree 95%, MW550 kDa) was available 

from Seafresh chitosan Co.,Ltd., Thailand. All chemicals 

were of analytical reagent grade and used without further 

purification. All the aqueous solutions were prepared with 

deionized water. 

 
2.2 Electrochemical measurement 

 

Electrochemical measurement of cyclic 

voltammetry was performed with an Autolab potentionstat 

(Metrohm, model PGSTAT101) with Nova software 

version 1.5. The electrochemical cell consisted of a three 

electrode system (containing a screen-printed carbon 

(SPE) as the working electrode, a platinum wire as a 

counter electrode, and a silver/silver chloride (Ag/AgCl) 

as a reference electrode). 

 
2.3 Synthesis of MCF 

 

The synthesis of MCFs are consists of three 

processes. The first process is micelle chemistry by using 

2g of pluronic 123 (P123) which is the structure-directing 

agent, using 1g of 1, 3, 5-trimethylbenzene (TMB) as the 

swelling agent and using 4 g of tetraethyl orthrosilicate 

(TEOS) as the silica source. The second process is sol-gel 

by aging for 40 celsius degree and 100 celsius degree about 

24 hr each. The last process is solvent extraction for 

elimination the remaining reactant in the pore area [9] 

 
2.4 Synthesis of MCF/AuNPs 

 

At first, the functional group as APTS was grafted 

with MCF by preparing 1g of MCF and 1.5 ml of ATPS 

which were filled in 20 ml of ethanol solution for stirring 

10 minutes. Then MCF/APTS was put into a tightly 

capped Teflon bottle for aging at 85 celsius degree for 24 

hr. After that, MCF/ATPS was filtered and washed by 

ethanol. Finally, MCF/ATPS was dried at 120 C in the 

oven. 

1 g of MCF/APTS and 25 ml of DI water were put 

into breaker for sonication at 40 hz about 15 minutes. 

Before starting of sonication process, 25 ml of 1 mM gold 

was also filled into breaker .Finally, MCF/AuNPs was 

ready to use. 

 
2.5 Enzyme immobilization 
 

Immobilization of GOx within MCF/AuNPs was 

initiate by dissolving 0.0001g GOx in 2 mL PBS 0.1 M pH 

7 and stirring at 4 C.Then, MCF /AuNPs was added to the 

prepared GOx solution with mild continuous striring at 4 

celsius degree for 2 hr. The particles were filtered and 

washed with 0.1 MPBS (pH 7) to remove unattached 

enzyme. Finally, MCF /GOx was obtained and kept at 4 

celsius degree for further uses [10] 

 
2.6 Electrochemical procedures 
 

The electrochemical properties of the modified 

electrodes were measured by cyclic voltammetry method, 

was set with scan rate of 50 mV/s from -1.0 to 1.0 (vs. 

Ag/AgCl) in the electrolyte solution containing 0.1 M PBS 

solution (pH 7.0) and 22.5 mM of glucose solution as 

substrate. 

 
3. Result and discussion 
 

3.1 Characterization of MCF 
 

Figure 1 shows TEM image of synthesized MCF, 

which posseses cells and framed structure which is 

structural characteristics of MCF [11]. Mesostructure of 

MCF is unfavorable for enzyme immobilization because 

spherical cells are not big enough to accommodate the 

immobilized enzyme such as glucose oxidase (6 nm × 5.5 

nm × 7.8 nm ) which is bigger than MCF   as following in 

the table 1. [12-13] However, the pore size of MCF must 

be adjusted by changing the amount of reactants such as 

TMB, P123 or TEOS because the pore size of the support 

directly affect to either enzyme loading or activity. The 

step of the synthesis is also important for adjusting the pore 

size. Figure 2 shows the nitrogen adsorption–desorption 

isotherms of the synthesized materials .MCF resulted in 

the isotherm of type IV which signify the presence of 

meso-porous structures [14] ,and a hysteresis loop of H2. 
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Figure 3 Pore size distribution of MCF 
 
 

Figure 1 TEM image of MCF 
 
 

The results indicated that the synthesized material 

contained cage-like pore structures with a typical “ink 

bottle” pores wherein large cells are connected by 

relatively narrow pores which are good for immobilization 

of enzyme. 

 
800 

 

Table 1 Characterization of MCF sample 
 
 

Sample Surface area 
(BET) (m2 /g) 

Volume 
(ml/g) 

Pore diameter 
(nm) 

 
MCF 

 
611.75 

 
0.9516 

 
3.614 

 
 

GOx adsorbed on modified SPCE was investigated 

by cyclic voltammetry in Nitrogen-saturated PBS pH 7 and 

22.5 mM of glucose solution 
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Figure 2 Nitrogen adsorption and desorption results of 
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Figure 3 shows a narrow and monodal pore size 

distribution with the main pore diameter of 3.61 nm, and 

pore volume for a prepared samples are shown in Table 1. 

The BET surface area of the materials is 611 m2/g which 

is high surface area for enzyme immobilization.[14] 

Figure 4 CV (cyclic Voltametry) of  Bare electrode (a) , 

SPCE/MCF/GOx (b) and SPCE/MCF/AuNPS/GOx(c) 

in nitrogen saturated PBS 7.0 and 22.5 mM of glucose 

solution,respectively. 
 
 
3.2 Electrochemistry of modified electrode with 

enzyme and without enzyme 

Figure 4a  shows no  current response of  SPCE, 
 

indicating that the redox peaks of the modified electrode 

should be ascribed only to GOx. A pair of well-defined and 

quasi-reversible redox peaks was observed at the CVs of 

SPCE/MCF/GOx and SPCE/MCF/AuNPs/GOx (Fig. 4b 

and 4c). The formal potential of the redox peaks was 0.025 
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V. The current response of SPCE/MCF/AuNPs/GOx is 

higher  than  SPCE/MCF/GOx,  indicating  that  AuNPs 

could enhance the electron transfer. Although, 

MCF/AuNPs shows a good performance for current 

response when it was compared with MCF. 
 

4. Conclusion 
 

As-synthesis of MCF resulted the isotherm of type 

IV to signify the presence of meso-porous  structures [14] 

,and a hysteresis loop of H2.This work demonstrated that 

the modified electrode of SPCE//MCF/AuNPs/GOx 

produced highest current response of all other variations. 

However, the pore sizes of MCF must adjust to be bigger 

pore sizes for enzyme. 
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Abstract 
 

The objective of this research was to study the effect that the structure of the cross-linker had on a novel porous 

hydrogel wound dressing system.   The design goal of these dressings is to absorb a large about of fluid quickly while 

still maintaining  good mechanical  strength,  while preserving  the other advantages  of hydrogel  wound  dressings.   If 

successful this will enable hydrogel dressings to be used over a wider range of wound types and increase their effective 

use.   Three different olefin cross-linkers  were evaluated for the effect they had on the physical properties of the final 

products.     The  three  cross-linkers   chosen   were  di(ethylene   glycol)   diacrylate   (XLA)   and  di(ethylene   glycol) 

dimethacrylate (XLM) and N, N'-methylenebisacrylamide (XLS).  Porous hydrogels were synthesized using each cross- 

linker and then assessed in terms of physical appearance, swelling, porous morphology and mechanical properties.  The 

results indicated  that the cross-linker  did indeed  have a significant  effect on the physical  properties  of the gels.   In 

summary,  cross-linker  XLS gave the highest  elastic  modulus  but the worst  physical  appearance  giving  inconsistent 

porous structure visible in both the macro and microscale, it also had the lowest swelling. Cross-linker XLM gave the 

weakest and most inconsistent  gel in terms of mechanical  properties.   It did produce a porous morphology  but there 

were a lower number of pores.  Cross-linker XLA performed the best overall, giving the most consistent appearance, an 

open pore structure, which resulted in the highest amount of swelling, the gel also gave the most consistent gel with 

increasing strain% as witnessed by the low tan delta.  Its elastic modulus was also adequate for use as a wound dressing. 

Therefore,  the collective  results  showed  di(ethylene  glycol)  diacrylate  was  the best  of the selected  cross-linkers  to 

synthesis porous hydrogel wound dressings designed for heavy exudating wounds. 

 
Keywords:  Porous hydrogels, Cross-linking, Wound healing. 

 
1. Introduction 

 

The wound dressing market continues to grow and 

with a larger aging worldwide population and improving 

medical care this trend should continue, however few 

dressings have all the required characteristics for ideal 

wound healing.   The role of wound dressings in a 

physiological wound environment should try to and fulfil 

the following objectives: [1] 

-  Wound kept moist 
 

-  Excess exudate absorbed without leakage 
 

-  Thermal insulation provided 
 

-  Dead space eliminated (nidus for infection) 

-  Avoidance of trauma/pain on dressing change 
 

-  Scar tissue formation minimized 
 

-  Minimal toxicity to surrounding skin and base 
 

-  Non-viable tissue debridement 
 

-  Maintenance of gas exchange 
 

The concept of moist wound healing has been 

examined  and  gradually  accepted  by  wound  care 

clinicians during the last 40 years, and has led to the 

development of dressings that support a moist wound 

environment [2].   One of these dressings are hydrogel 

wound  dressings,  these  contain  water  and  are  able  to 

donate  moisture  to  dehydrated  tissue  and  absorb  some 
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moisture  from  an  exudating   wound  [3].     In  patients 

treated with moist wound dressings, wounds healed in an 

average  of 5.1 days with 3 dressings  changes  compared 

with   8.5   days   and   25   dressing   changes   for   gauze. 

Patients with a moist wound environment had minimal to 

no complaints of pain, whereas the patients treated with 

gauze had moderate  to severe complaints  of pain.   This 

pain reduction is thought to come from the fact that 

hydrogels produce a marked cooling sensation on the skin 

(without drying the wound area) and thus are extremely 

useful  for  the  treatment  of  thermal  burns  (particularly 

sheet  hydrogels  which  is  the  form  of  gel  used  in  this 

project) [4-8].  Hydrogel wound dressings are available in 

two-forms, amorphous hydrogels and sheet hydrogels [9]. 

Amorphous hydrogels are soft formless gels that become 

less viscous as they absorb fluid [10]. Sheet hydrogels are 

firm sheets of gel that swell when fluid is absorbed but 

maintain their integrity [11].  In general terms a hydrogel 

can   be   described   physically   as   a   three-dimensional 

network  of  hydrophilic  polymers  (usually  cross-linked) 

that are swollen  but not dissolved  by water.   Hydrogels 

can be synthetic or natural with many synthetic hydrogels 

being  based  on  hydrophilic  polymers  that  contain 

hydroxyl groups.  The first synthetic hydrogel was made 

from 2-hydroxyethyl methacrylate (HEMA) in the 1960’s 

by  Otto  Wichterle,  [12]  this  materials  has  seen  great- 

success and it is a testament to his pioneering work that it 

is still in use today in applications such as contact lenses. 

Natural  hydrogels  that  occur  in  the  body  such  as  the 

cornea,   intervertebral   disc   or   articular   cartilage   use 

systems based on proteoglyans for controlling moisture 

retention.      In the natural proteoglycans, the 

glycosaminoglycans  provide the moisture.  These contain 

the functional carboxylic acid, sulphonic acid, amide and 

hydroxyl groups pendent to sugar rings.  There are ready 

available monomers that contain all of these functional 

groups, therefore, in order to follow the principles of 

biomimesis, synthetic hydrogels can use these monomers, 

to  synthesis   analogues   of  proteoglycans.     This  work 

focuses   on  one  of  these  monomers   (2-acrylamido-2- 

methyl-1-propanesulphonic  acid  –  AMPS).     The  high 

water content of hydrogels facilitates the transmission  of 

water vapour and oxygen whilst allowing the donation of 

water molecules to the wound surface [13].   Hydrogel 

wound dressings can be used for a wide range of wounds 

(Shallow and deep open wounds e.g. pressure sores, leg 

ulcers, surgical and malignant wounds, partial thickness 

burns,  scalds,  and  lacerations)  and  because  they  have 

elastic properties they can also be used for hard-to-fit 

locations on the body, such as joints, hands, face. 

Although  one  area  where  hydrogel  wounds 

dressings can currently not be used is heavy exudating 

wounds  that usually require foam dressings.   Therefore, 

to   help   solve   this   our   group   has   produced   porous 

hydrogel  wound  dressings  that  can  imbibe  large 

quantities of fluid quickly.   These gels have a similar 

composition   to  conventional   hydrogels   but  contain   a 

system for producing a porous structure during the 

polymerization.   In this work a foaming agent (sodium 

bicarbonate)  is decomposed  by an acid to produce  CO2 

during  the  gelation,  which  polymerizes   the  hydrogels 
 

around  the  gas  bubbles  producing  a  hydrogel  with  a 

porous  structure.   The balance  of all components  has a 

large  effect  on the  final  structure  and  properties  of the 

gels. 

This  work  investigates  the  effect  of  the  cross- 

linkers structure used during the formation of the porous 

hydrogels.   The choice of cross-linker is vital in the 

formation  of  these  samples  and  can  have  a  significant 

effect  on the physical  properties.    This  paper  examines 

the effect the cross-linker has on the appearance, swelling 

and mechanical strength.   These properties are important 

for  the  material   to  perform   adequately   as  a  wound 

dressing for all wound types include heavy exudating 

wounds. 

 
2. Materials and Method 
 
2.1 Materials 
 

The  following   are  the  chemicals   used  in  this 

project: Monomers; 2-acrylamido-2-methyl-1- 

propanesulphonic  acid sodium salt 50% solution (AMPS) 

and methacrylic  acid (MAA).     Cross-linkers;  di(ethylene 
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glycol)  diacrylate  (XLA),  di(ethylene  glycol) 

dimethacrylate (XLM), N, N'-methylenebisacrylamide 

(XLS) (structures shown in figure 1).  The redox initiator 

pair was Ammonium Persulphate (APS) and N, N, N, N, 

-tetramethyl  ethylenediamine  (TEMED).    The  foaming 

agent  was  sodium  bicarbonate  and  the  foam  stabilizer 

was the surfactant Pluronic F127.   All chemicals were 

obtained from Sigma-Aldrich Singapore. 

 
Figure 1: Structure of the different cross-linkers used in 

preparing the porous hydrogels. 
 
 

2.2 Methods 
 
 

2.2.1 Porous hydrogel preparation 
 

Hydrogels were prepared via redox initiated free 

radical polymerisation  using Ammonium  Persulphate 

(APS) and N, N, N, N,-tetramethyl ethylenediamine 

(TEMED)  as the redox  initiation  pair.   These  initiators 

were prepared to a concentration  of 1M before use.  The 

monomer (AMPS / MAA), water/surfactant,  cross-linker, 

foaming  agent  and  redox  pairs  were  mixed  together  in 

three separate sample vials (A, B and C).  For vials A and 

B;  the  amount  of  foaming  agent  was  split  equally  and 

(pre-prepared)  stock 0.5% surfactant  solution was added 

to each  vial.   The  monomer  AMPS  was  added  to both 

vials A and B, along with the slected  cross-linker.   For 

the  redox  pairs  one  was  added  to  each  vial,  APS  was 

added to vial A and TEMED  to vial B.   Vials A and B 

were  then  shaken  until  the  solutions  were  mixed 

thoroughly.   The last component methacrylic acid was 

prepared  in vial C by mixing  with  the remained  of the 

extra added water / surfactant solution.   Finally, each of 

the vials  A, B and  C were  poured  into  a mould  in the 

order  of C, B and  finally  A.   Using  a stirring  rod,  the 

solution was rapidly stirred for a set time period in order 

to combine all the components before the foaming and 

gelation occured. 
 
 
2.2.2 Swelling properties 

In  order  to  study  the  swelling  properties  of  the 

gels, hydrogel samples were prepared by cutting a 1 cm3 

piece of gel, these gels were then weighed and soaked in 

DI  water  for  set  periods  of  time.  Upon  removal  the 

hydrogels  were re-weighed  and the dimensions  re- 

measured at each of the chosen time periods (0, 5, 10, 15, 
 

20, 25, 30, and 60 mins). 
 
 
2.2.3 Scanning electron microscope (SEM) 
 

The morphology of the hydrogels was examined 

using scanning  electron  microscopy  (SEM)  (Leo Model 

1455VP).     The  preparation   of  the  samples  for  SEM 

testing was as follows.  The hydrogel was cut and placed 

on  a  aluminum  stub,  which  had  a  diameter  of  1  cm. 

Carbon  tape  was  used  to join  the hydrogel  sample  and 

stub together.  The hydrogels were then dehydrated in a 

desiccator, in order to ensure no moisture was present in 

the hydrogel before coating with gold.  At this point the 

hydrogels were ready for testing. 
 
 
2.2.4 Rheology testing 
 

A  rotational  rheometer  (Gemini  200  HR  Nano) 

was used to measure the viscoelastic properties of the 

prepared porous hydrogels.  The hydrogel samples were 

place  in  between  two  25mm  parallel  plates.    All  tests 

were carried out at 37°C to mimic body temperature.  The 

top  plate  was  lowered  until  the  sample  was  in  contact 

with both plates, then the test parameters begin.   Two 

parameters were used for each sample, a frequency sweep 

from 0.1-25Hz with 0.1% strain, and a strain sweep from 

0.01-150% at a frequency of 1Hz. 
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3. Results and Discussion 

 
 

Porous hydrogels were produced using the method 

in section 2.2.1, table 1 shows the exact composition  of 

each sample.  The same composition was used for each 

sample with only the cross-linker being altered. 
 
 

Table 1: Sample composition 
 

Name  XLA  XLM  XLS 

AMS (g)   5.0   5.0   5.0 

Surfactant (%)  0.50  0.50  0.50 
 

Water (g)  4.0  4.0  4.0 

sponge  (or foam),  whereas,  XLM  although  looks  like a 

sponge, has a tacky / sticky feel. 
 
 

 
Figure 2: Appearance of porous gels with the three 

difference cross-linkers. 

 
 

Cross-linker 

 
di(ethylene 

glycol) 

diacrylate 

 
di(ethylene 

glycol) 

dimethacrylate 

 
N, N'- 

methylene 

bisacrylamide 

The   consistency   of   the   porous   structure   and 

whether the gel is layered or porous throughout influence 

Cross-link (g)  0.20  0.20  0.20 
 

Foaming agent 
0.50  0.50  0.50 

(g) 
 

MAA (g)  0.25  0.25  0.25 
 

APS (g)  0.65  0.65  0.65 
 

TEMED (g)  0.65  0.65  0.65 
 
 

The first assessment was based on the visual 

appearance  of  the  gels  with  the  results  for  the  three 

different cross-linkers used being shown in figure 2.  The 

pictures show there is a significant difference in the 

appearance   of  the   gels.     All   the   other   components 

remained constant for all three gels include cross-linker 

amount,  these  was  to  access  only  the  structure  of  the 

cross-link  had on the samples.   If we first example  the 

size and shape of the gels, the gel containing N, N'- 

methylenebisacrylamide  or XLS, produced a gel that was 

inconsistent  and  did  not  produce  samples  that  matched 

the shape of the mould.   Di(ethylene glycol) diacrylate 

(XLA)  and  di(ethylene   glycol)  dimethacrylate   (XLM) 

have  similar  cross-linker  structures  and  both  produced 

round consistent samples, however, there was still 

significant differences.   XLA gels produced more foam 

during the polymerization process and this resulted in a 

thicker  gel  and  a  smaller  non-porous  layer,  which  is 

visible in the side view.  Other differences between XLA 

and XLM was that XLA, has the feel and appearance of a 

 

the  mechanical  and  swelling  performance  of  the  gels. 

These two properties are of great importance for the gels 

if they are going to be used as wound dressings.   The 

swelling of the porous hydrogels was measured using the 

method  described  in  section  2.2.2  and  the  results  are 

shown in figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Weight of water imbibed by the porous 

hydrogels with different cross-linkers 
 
 

The results from swelling performance of the three 

samples containing  the different cross-linkers  swelled in 

DI  water  show  that  there  is a large  discrepancy  in  the 

amount of water that can be imbibed by the gels.  The 

sample with cross-linker XLA imbibed the most water, 

absorbing 15 grams of water in 5 mins reaching a total 

volume of over 20 grams in 60 mins.  Cross-linker XLM 

imbibed the second most DI water in the 1 hr time period 

but  absorbed  less  in  the  5 mins  than  cross-linker  XLS 
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(2.2  g to 4 g).   XLS  imbibed  relatively  little  DI water 

after the first 5 min time period, while, XLM reached a 

final weight of 12.5 grams, XLS only reached 4.7 grams. 

In order to investigate this further SEM was used to study 

the  morphology  of  the  gels.    This  enabled  the  porous 

structure of the gels to be examined. 
 
 

 
 

Figure 4: SEM micrographs of samples containing 

different cross-linker 
 
 

Figure   4  shows   the  morphology   of  the  three 

samples.   There are differences in the structure of all 

samples.  The sample with cross-linker XLA has the most 

consistent porous structure and shows an open pore 

architecture,  this  helps  the  explains  its  rapid  swelling 

after  5  mins.    The  sample  with  XLM  presents  surface 

pores  but  does  not  as  many  pores  although  does  have 

some large pore channels, again this morphology fits with 

the data seen in the swelling.  In the sample with XLS the 

inconsistency   is  visible   even   at  this  mircoscale,   the 

porosity is less than XLA but does not suggest why the 

swelling was lower with XLS. 

In  the  introduction  it  was  stated  that  for  these 

samples   to  be   successful   they   would   need   to  have 

excellent swelling performance while maintaining good 

mechanical strength.   In order to examine the dynamic 

mechanical performance was measured using a rotational 

rheometer. 

 
 
 
 
 
Figure 5: Elastic modulus of the porous hydrogels during 

a frequency sweep from 0.1-25Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Tan delta of the porous hydrogels during a 

strain sweep from 0.01-150%. 
 
 

Figures 5 and 6 show the rheology data for the 

samples.  It is important to take account both the elastic 

modulus and tan delta when analyzing mechanical 

performance.   These two properties allow the real world 

use of the material as a wound dressing to be assessed.  In 

terms of tack, shear resistance, peel strength, cohesive 

strength and adhesive strength.  As these gels possess a 

porous structure cohesive strength is most important. 

Cohesive   strength   is  assessed   with  rheology,   by  the 

material having a high elastic modulus (G’) and low tan 

delta   [14].     Elastic   modulus   (G’)   gives   the   overall 

strength of the gel and tan delta gives the ‘consistency’. 

The  results  show  that  the  sample  with  XLS  was  the 

strongest   gel   (~25,000Pa)   over   the   entire   frequency 

sweep.  However, it also had a tan delta than increased 

rapidly with increasing %strain.  The second strongest gel 

(~8,000Pa) contained XLA, this gel was also the most 

consistent,  maintaining  a  low  tan  delta  for  longer  than 

XLS and also not rising as high as XLM and XLS at high 

strain  percentages.    The  gel  with  XLM  had  a  low  G’ 
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(~2,000Pa Ave) and also a tan delta over 0.1 for the 

entire strain sweep.   This gels mechanical  performance  

would be unacceptable for a hydrogel wound dressing, 

whereas, both XLA and XLS could be used in terms of 

mechanical properties.  The high modulus of XLS gives 

an indication of why the swelling of this sample does not 

increase after the first 5 mins, with the gels strength 

holding the cross- linked  network  tighter  together  

than  the  other  cross- linkers. 

 
4. Conclusions 
 

The work presented in this paper examined the effect of 

three different cross-linkers had on the physical 

properties  of sheet porous hydrogels that were designed 

for heavy exudating wounds. All three cross-linkers 

(di(ethylene glycol) diacrylate (XLA) and di(ethylene 

glycol) dimethacrylate (XLM) and N, N'- 

methylenebisacrylamide (XLS)) were used  to successfully 

fabricate porous hydrogels.  However, there were several 

differences between them. In terms of appearance and 

swelling  XLA  produced  the  most consistent, thickest 

gel with the highest swelling.  XLS on the other hand 

produced inconsistent gels, which only swelled slightly 

more than non-porous gels (data not shown). The 

mechanical performance was measured using a rotational 

rheometer, which confirmed that XLA produced  the 

most consistent gel (lowest  tan delta) and also gave an 

elastic modulus adequate for use as a wound dressing. 

XLM gave a weak and inconsistent gel during the 

frequency and strain sweeps. XLS was the highest strength 

gel and was consistent at low %strain but became 

inconsistent with increasing %strain. Overall, all of  the  

data pointed to di(ethylene glycol) diacrylate or XLA as 

the best cross-linker for the AMPS based porous 

hydrogel wound dressings. 
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Abstract 

A series of linear low density polyethylene (LLDPE) films were produced by using three layer co-extrusion 

machine. The effects of the blow up ratio (BUR) and resin characteristics on final film morphology and physical 

properties were studied. The crystalline morphology and orientation during blown film process of LLDPE film were 

investigated using Small-Angle X-Ray Scattering (SAXS). Increasing BUR increased molecular orientation in the 

transverse direction (TD) but decreased orientation in machine direction (MD). The resulting morphology of LLDPE 

could be described in terms of regular lamellar stacking perpendicular to the MD direction. Film morphology was 

observed to strongly influence the mechanical properties. Tear strength was increased in the MD and decreased in the 

TD with increasing BUR. Moreover, Differential Scanning Calorimeter (DSC) was used to determine the degree of 

crystallinity (𝑋𝐶) that was related to the water vapor permeability. 

 

Keywords: Polyethylene, blow – up ratio, LLDPE, blown film. 

 

1. Introduction 

Linear low density polyethylene (LLDPE) possesses 

a good combination of properties, including flexibility, 

strength, toughness, lightness, stability, moisture and 

chemical resistance, and is well suited for recycling and 

reuse. Although the extrusion of LLDPE in packaging film 

is widely applied, there is an interdependence of processing 

parameters on the crystalline morphology which is not 

completely understood. The study on film structure can 

improve the knowledge about the structural formation 

process during film blowing and, the effect of processing 

condition on film properties. The final macroscopic 

properties (such as mechanical and barrier properties) of 

the prepared materials depended on the molecular structure 

of individual chains assembled into nano-structured 

morphologies [1]. 

It is well-known that film production in blown film 

process is influenced by many variables.    Although, 

 

the intrinsic properties of the base polymers such as Mw, 

MWD, density, long and short branches affect the film 

properties, but when the same polymers are fed into 

different equipments or in different processing conditions,  

the products  possess different properties. This means that 

the amount and direction of build up orientation and 

crystallinity and the morphology indeed, have the 

pronounced effects on the final properties [2]. Structural 

parameters such as degree of crystallinity(XC), the structure 

of crystallite and non – crystalline region, crystallite 

thickness showed important roles in distinguishing the 

physical properties of PE blown film [3, 4]. In addition, the 

MD tear strength was observed to be higher when the non-

crystalline chains were closer to equi-biaxial in the plane of 

the film, while the TD tear strength was observed to be 

high when the crystalline lamellae were minimally curved 

and oriented closer to the TD [5]. 
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This study focused on the effect of processing 

parameter namely, blow up ratio (BUR) on tensile 

properties, tear strength and water permeability. Moreover, 

Small-Angle X-Ray Scattering (SAXS) was used to 

monitor the crystallinity and orientation of the films with 

respect to varying BUR and LLDPE type.  

 

2. Experimental  

2.1 Materials 

LLDPE with 1-butene comonomer (LLDPE-C4)  

(MI 1.0, density 0.920 g/cm3) was supplied by PTT Global, 

Thailand. LLDPE with 1-octene comonomer (LLDPE-C8) 

(MI 1.0, density 0.918g/cm3) was supplied by DOW 

Chemical, Thailand. Low density polyethylene (LDPE) 

(MI 2.0, density 0.919g/cm3) was supplied by SCG 

Chemical, Thailand. 

 

2.2 Preparation of LLDPE-C4 and LLDPE-C8 films 

 Film samples were produced by using three layer 

co–extrusion blown film machine from Reifenhauser Co. 

The die diameter and the die gap were 350 and 1.8 mm, 

respectively. The thickness was kept fixed at 100 µm. The 

BUR was varied at 1.7, 2.0, 2.1, 2.5, 2.8 for LLDPE-C4 

and 1.8, 2.0, 2.3, 2.5, 2.7 for LLDPE-C8. 

 

2.3 Mechanical properties 

Tensile test was performed on universal tensile 

testing machine (LLOYD) according to ASTM D882 

standard with sample size 50 ×15×0.001 mm. A minimum 

of five specimens were tested and the average value was 

reported. 

Tear strength test conducted using tear tester 

(Thwing Albert) according to ASTM D1922 standard. A 

minimum of five specimens were tested and the average 

value was reported. 

 

2.4 Characterization 

 Thermal properties 

The thermal behavior of the samples was evaluated 

by differential scanning calorimetry (DSC; PerkinElmer) 

under a N2 atmosphere. The sample was heated from 50°C 

to 150°C at a rate of 10°C/min and held isothermally for 1 

min to erase its thermal history. Then, the sample was 

cooled to 50°C at a rate of 10°C/min under a N2 

atmosphere and subsequently heated to 150°C at the same 

heating rate. The degree of crystallinity (Xc) of the LLDPE 

film was determined by Equation(1); 

𝑋𝐶(%) =  ∆𝐻

∆𝐻𝑀
° × 100                        (1) 

where ∆𝐻𝑀°  and ∆𝐻 refer to melting enthalpy for 100% 

crystalline polyethylene of 289 J/g [3] and melting 

enthalpy for LLDPE blown film sample, respectively. 

 

 Water permeability 

 Permeability to water vapor of blown films was 

measuredby means of a Mocon apparatus. The instrumental 

apparatus consists of a double chamber diffusion cell. The 

film was inserted between the two chambers: a nitrogen 

flux containing water vapor entered in the bottom chamber, 

and a dry nitrogen flux flowed in the upper one. A 

zirconium oxide sensor measured the diffusion of H2O 

across the film. The exposed area of the film was 50 cm2. 

Collected data were converted in water vapor transmission 

rate (WVTR). Permeability measurements to nitrogen and 

water vapor were carried out at 38°C and 90% RH (tropical 

condition). 

 

2.5 Morphological properties 

SAXS data were collected at the Synchrotron Light 

Research Institute (Nakhon Ratchasima) using beamline 

1.3W equipped with a 2D Rapid Detector configured as 

2048×2048 pixels. High quality two dimensional 

scattering patterns were obtained using a 100s data 

accumulation. 

 

3. Results and Discussion 

3.1 Mechanical properties 

 The mechanical properties of LLDPE-C4 and 

LLDPE-C8 blown films are illustrated in Figure 1. Tensile 

strength, modulus of elasticity and elongation at break 

were measured by stretching the films in the MD and TD 

directions. The tensile strength of blown film decreased in 

MD and increased in TD with increasing BUR (Figure 1a 

and 1a'). For the higher BUR process, 
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LLDPE-C4 

 

 
 

 

 

 

the orientation of polymer chain in MD decreased due to 

the increasing take-off speed to maintain the film 

thickness. The Van der Waals forces between the chains 

were not as strong as covalent bonds inside the chains to 

withstand tensile strength. On the contrary, the orientation 

of polymer chain in TD increased, resulting in higher 

tensile strength [2]. While, modulus of elasticity all 

samples (at any BUR) could be explained by row nucleated 

structure [3]. The film was stretched in MD, it could be 

considered as the structure deformed in an iso-stress 

pattern; therefore, the modulus of elasticity was dominated 

by amorphous phase. On the other hand, when the film was 

stretched in TD, it could be explained that the structure 

deformed in an iso-strain pattern; 

 

LLDPE-C8 

 

 

 
 

 

 

 

the modulus of elasticity was dominated by the crystalline 

phase. Thus, the modulus of elasticity in TD was higher 

than that in MD due to that all blown film preferred 

orientation along MD. As BUR increased, the film 

modulus in two directions decreased (Figure 1b and 1b') 

and at high BUR, the core structure was not perfectly 

aligned in the MD, resulting in a more random 

configuration of crystallites [4].  

The elongation at break of LLDPE-C4 and LLDPE-

C8 blown films are shown in Figure 1c and 1c'. All 

samples show plastic deformation via necking and strain 

hardening at high deformation. Generally, higher 

orientation would increase the crystallization rates.  
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Figure 1. Mechanical properties of: LLDPE-C4 blown film: (a) Tensile strength, (b) Young’s modulus, (c) Elongation at 

breakand LLDPE-C8 blown films: (a') Tensile strength, (b')Young’s modulus, (c')Elongation at break. 
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In this case, the higher surface area to cool bubble at high 

BUR could be a major factor and hence, lower the 

crystallinity, resulting in higher elongation in MD and TD 

direction. Thus, the non-uniform stretching behavior of 

film reflected the anisotropic orientation of lamellar 

crystals [1]. 

A film morphology consisting of perpendicular 

stacks of MD and TD lamellae has the potential to strongly 

influence the tear strength. The MD tear strength is 

observed to increase as the BUR is increased for constant 

gauge. It can be explained by row nucleated structure that a 

high degree of chain orientation along the MD leads to 

poor tear strength along the MD. This is due to the fact that 

the tear propagation parallel to the backbone chain requires 

less energy than propagation perpendicular to the backbone 

chain. For any BUR, the tear strength in TD was higher 

than that in MD due to the row nucleated structure. Thus, 

those films which have the greatest degree of orientation 

relative to the MD show the poorest MD tear strength as 

shown in Figure 2.Those films, with the highest degree of 

MD orientation, that are unable to resist tear propagation 

along the MD, have an enhanced ability to resist tear 

propagation along the TD. In addition, the films processed 

with the lowest BUR, and thus containing the greatest 

amount of MD orientation, have the greatest TD tear 

strength [5, 6]. 

Table 1.Thermal DSC characteristics of LLDPE-C4 and 

LLDPE-C8 films. 

Sample Tm (°C) ∆H (J/g) 𝐗𝐜 (%) 

LLDPE-C4_ B1.7 122.0 89.1 30.8 

LLDPE-C4_ B2.0 121.8 87.8 30.4 

LLDPE-C4_ B2.1 121.3 87.8 30.4 

LLDPE-C4_ B2.5 121.2 87.4 30.3 

LLDPE-C4_ B2.8 121.1 87.1 30.1 

LLDPE-C8_B1.8 121.7 90.6 31.3 

LLDPE-C8_B2.0 121.6 86.3 29.9 

LLDPE-C8_ B2.3 121.5 86.5 29.9 

LLDPE-C8_ B2.5 121.4 84.9 29.4 

LLDPE-C8_ B2.7 121.4 80.6 27.9 

 

Table 2. Water permeability of LLDPE-C4 and LLDPE-C8 

films. 

Sample WVTR (g/(μm-day)) 

LLDPE-C4_ B1.7 2.30 

LLDPE-C4_ B2.0 2.33 

LLDPE-C4_ B2.1 2.34 

LLDPE-C4_ B2.5 2.36 

LLDPE-C4_ B2.8 2.38 

LLDPE-C8_B1.8 2.30 

LLDPE-C8_B2.0 2.71 

LLDPE-C8_ B2.3 2.76 

LLDPE-C8_ B2.5 2.85 

LLDPE-C8_ B2.7 3.20 

 

3.2 Thermal properties 

Thermal characteristics of all blown film samples 

are summarized in Table 1. In the blown film process, the 

crystallization of the polymer chains occurs in the melt 

state as a result of the shear stress in both the die extrusion 

and the stretching processes during the film blowing. As 

increasing BUR, the XC of LLDPE-C4 (30.1 – 30.8%) did 

not change due to that the BUR did not affect the XC of 

short branch polymer, while the Xc of LLDPE-C8 

decreased. For LLDPE-C8 blown film, 
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Figure 2.  Effect of BUR on Tear strength of (a) LLDPE-

C4  films, (b) LLDPE-C8  films. 
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increasing BUR actually leads to faster cooling (more 

surface area to cool the bubble) and hence, resulting in 

decreasing crystallinity from 31.3 to 27.9 %. Moreover, 

with increasing of BUR, the peak values of Tm relating to 

LLDPE-C4 and LLDPE-C8 blown film tend to gradually 

be decreased. This indicates that crystallite size becomes 

smaller as increasing BUR. 

 

3.3 Water permeability 

The permeability to water for LLDPE C4 and 

LLDPE C8 blown films are reported in term of WVTR as 

presented in Table 2. The permeability to water vapor of 

LLDPE-C4 was lower than that of LLDPE-C8 and the 

similar results were observedfor all LLDPE films [1]. This 

indicated that the permeability of blown films did not 

depend on the thickness of the films. It is apparent, that the 

addition of small amount of LLDPE-C8 had the 

pronounced effect to increase the permeability to water 

vapor by 10 – 20%, whereas the BUR has very slight effect 

[1, 7]. 

 

3.4 Morphology 

The 2D SAXS results of LLDPE-C4 and LLDPE-

C8 blown films (Figure 3) indicate qualitatively that the 

crystalline morphology of the film has preferred orientation 

along the MD direction. All LLDPE film showed the tear 

drop SAXS shape along the vertical axis parallel to the 

 

 

 

 MD. This confirmed that the stacks of crystalline lamellae 

alternating with amorphous layers were oriented normal to 

the stacks parallel to the MD. The SAXS patterns can be 

interpreted in terms of a two- phase lamellar system where 

the lamellae stacks are perpendicular to the film elongation 

direction. The different structures seen in the 2D SAXS 

(Figure 3a–3e and 3a'–3e') showed the change of the tear-

drop SAXS shape to lobes SAXS shape as BUR increased. 

In addition, Figure 3a and 3a' (BUR = 1.7 and 1.8 for 

LLDPE-C4 and LLDPE-C8, respectively) shows the tear-

drop SAXS shape, representing a stack of parallel lamellae 

where there is a distribution of crystal lamellae and 

amorphous thicknesses. Here, the lobes in the SAXS 

patterns are broadened in the meridional direction (towards 

the beam stop) due to the irregular thicknesses and 

distances between lamellae. As the lamellae become more 

regularly spaced and of equal thickness, the SAXS lobes 

become sharp as in Figure 3e and 3e' (BUR = 2.7 and 2.8 

for LLDPE-C4 and LLDPE-C8, respectively) representing 

a distinct two spot pattern [8]. 

The crystalline morphology of LLDPE-C4 and 

LLDPE-C8 blown films at all BUR was consistent with a 

regular lamellar stack morphology, where the lamellae 

grow perpendicular to the elongation direction from highly 

extended molecular chains or shish. 

                                                               ↑ MD, → TD 

Figure 3.  SAXS pattern of LLDPE-C4 blown films:  (a) BUR 1.7, (b) BUR 2.0,  (c) BUR 2.1,  (d) BUR 2.5,  (e) 

BUR 2.8 and  LLDPE-C8 blown films: (a’) BUR 1.8, (b’) BUR 2.0, (c’) BUR 2.3, (d’) BUR 2.5, (e’) BUR 2.7 
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Figure 4. SAXS intensity distribution curves for  LLDPE-

C4 blown films. 

 

The concentration of shish decreased with increasing BUR 

and at the highest BUR (lowest density of shish), the 

distinct scattering intensity (Figure 4) exhibited on the 

equator at the same time as the meridional scattering from 

the lamellae stacks. Thus, the crystallization of blown film 

could be interpreted using the classical coil stretch model 

for entangled polymer melts [8, 9]. 

 

4. Conclusion 

In this study, the effects of processing parameter, 

namely BUR on LLDPE-C4 and LLDPE-C8 blown films 

properties were studied. Physical properties such as tensile 

strength, modulus of elasticity, elongation at break, tear 

strength and water vapor permeability were strongly 

related with the film morphology. Increasing BUR yielded 

higher molecular orientation in TD direction, resulting in 

increasing tensile strength in TD direction whereas this 

properties in MD direction and modulus of elasticity 

decreased. The increasing BUR also led to faster cooling, 

resulting in lower crystallinity and hence, the elongation at 

break and water vapor permeability increased.  

The crystalline morphology of all film samples at all 

BUR investigated using SAXS revealed the presence of 

stacks of lamellar crystals alternating with amorphous 

layers oriented normal to the layers parallel to the MD 

direction. By increasing BUR, the crystalline lamellae 

grew perpendicular to these shish and were restricted in 

their orientation, so the 2D SAXS showed a meridional 

two-spot pattern representing a highly oriented regular 

lamellar morphology. 
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Abstract 

This research studied on photocatalytic degradation of low-density polyethylene (LDPE) films incorporated titanium 

dioxide (TiO2) as P25 and titanate nanotube (TNT). The effect of catalyst types and loadings at 0.5 and 1.0 phr on 

degradation of the nanocomposite LDPE films were investigated. Synthesized TNT was characterized using X-ray 

diffractometer (XRD). Brunauer–Emmett–Teller surface area analysis (BET) and photocatalytic degradation of methyl 

orange (MO) of catalysts were determined. Compounds were prepared using an internal mixer then shaped with a 

compression molding process. Films were placed in UVA box for 200 hours to study photodegradation. Carbonyl index 

(C.I.), %weight loss, color change (ΔE) and brightness (L) were examined. The results revealed that surface area and 

photocatalytic activity were affected by the calcination of TNT (TNT-C). It was found that TNT-C showed higher MO 

degradation than TNT, but lower than P25. After UVA exposure, the films with P25 and TNT-C had an increase in C.I., 

weight loss, ΔE and L. This suggested that degradation of the LDPE was occurred. Additionally, the LDPE films filled 

with TNT-C was more transparency than those of P25. 

 

Keywords:  Low-density polyethylene (LDPE), Titanium dioxide (TiO2), Titanate nanotube (TNT), Nanocomposite,  

                     Photocatalytic degradation 

 

1. Introduction 

Plastic becomes one of the most widely used 

materials for several applications, such as packaging, 

electrical equipment, household equipment and vehicles 

etc. Polyethylene is a popular polymer due to its low 

melting temperature, easy to process, excellent chemical 

resistance and low cost. Especially low density 

polyethylene (LDPE) with high tensile strength and impact 

strength is widely used in flexible packaging. However, its 

waste has negative impact to environment, because it is 

non-biodegradable and therefore can remain as waste for a 

very long time. LDPE have been estimated to break down 

within an average time of 1000 years. [1] To reduce plastic 

waste problem, the development of plastic that can be 

easily degraded is interesting.  

There are many kinds of degradable plastic. 

Mechanical degradation is a common process to break 

down plastic into small pieces but waste are remained. 

Oxidative degradation involves incorporation of functional 

group, such as hydroxyl group (-OH) and carbonyl group 

(-C=O), which absorbs light and breaks some of the C-C 

bonds. Hydrolytic degradation can be used for polymer 

with ester or amide group that can be broken down by 

hydrolysis. Biodegradable plastic can be attacked by 

bacteria, fungi or other micro-organisms. However, LDPE 

does not possess -OH, -C=O and ketone (C=O) functional 

groups, so that cannot be degraded by oxidative 

degradation, hydrolytic degradation and biodegradation. 

While photodegradation uses UV-Visible light to activate 

electron in catalyst that can attack the C-C bond of LDPE. 

[2] 
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Hence, photocatalysis may well be applied for LDPE 

degradation. This is because photocatalytic degradation 

can be accomplished simply by leaving plastics filled with 

a photocatalyst on the ground. The waste plastic will be 

gradually degraded into soil by sunlight. Among all 

photocatalysts, titanium dioxide (TiO2) is considered to be 

very competitive due to its nontoxic nature, low cost, high 

reactivity and renewable material. However, the 

compatibility of TiO2 with LDPE is poor, leading to 

defects and impaired mechanical properties. In addition to 

typical TiO2, i.e. anatase and rutile, titanate nanostructure 

materials such as nanotubes, nanofibers and nanosheets 

have also attracted attention for their use in photocatalysis 

[3]. Compared to spherical particles of TiO2, the titanate 

nanotube could provide relatively high surface area. The 

interfacial charge transfer rate of catalyst could enhance 

that reduces the electron/hole (e-/h+) recombination 

probability, and hence improves photodegradation ability. 

[4] 

In this work, titanate nanotube (TNT) as photocatalyst 

material was synthesized, and mixed with LDPE. The 

nanocomposite LDPE films with TNT were tested for 

photodegradation activity, as compared to the LDPE films 

with typical TiO2. 

 

2. Experimental 

 
2.1 Materials 

TiO2 powder (P25) was received from Fluka sigma-

aldrich. Sodium hydroxide (NaOH) and hydrochloric acid 

(HCl) was purchased from CARLO ERBA Reagents. 

LDPE with MFI 4.0 g/10 min (190°C, 2.16 kg) was 

purchased from InnoPlus by PTT Global Chemical 

(LD2426K). 

 

2.2 Preparation of titanate nanotube 

TNT was prepared by hydrothermal method 

following the literature procedure [5]. 2 g of P25 was 

added into 50 mL of 10 mol/L NaOH aqueous solution and 

the resulting mixture was stirred for 1 hour at room 

temperature to form a suspension. Then, the mixture was 

transferred to a stainless steel autoclave at 130°C for 24 

hours. After cooled naturally in air, the white powder was 

thoroughly washed with HCl aqueous solution of 0.1 M, 

followed by drying at 80°C (TNT). After that sample was 

placed under calcination for 2 hours at 400°C and is 

labelled as TNT-C. 

 

2.3 Films preparation 

Nanocomposite films were prepared by mixing 40 g 

of LDPE with P25 or TNT-C at loading of 0.5 and 1.0 phr 

using an internal mixer at 170°C with a rotor speed of 100 

rpm for 25 min. Then the films were shaped with a 

compression molding with approximate thickness of 100 

µm. All formulas are presented in Table 1.  

 

Table 1. Film formulas and composition. 

Formula LDPE 
(g) 

P25      
(g) 

TNT-C 
(g) 

LD 40 - - 
LD/P250.5 40 0.2 - 
LD/P251.0 40 0.4 - 

LD/TNT-C0.5 40 - 0.2 
LD/TNT-C1.0 40 - 0.4 

 

2.4 Characterization of titanate nanotube 

The characterization of the P25 and TNT were 

carried out using X-ray diffractometer (XRD, Rigaku, 

DMAX 2200/Ultima+). The scanning was done between 

5° to 80° at a rate of 0.4°/min using Cu Kα radiation at an 

angle of 2θ. Surface area of catalysts was measured by 

Brunauer–Emmett–Teller surface area analysis (BET). 

 

2.5 Photocatalytic activity 

The photocatalytic activity of the catalyst was 

evaluated by photocatalytic oxidation of methyl orange 

(MO) under UVA light irradiation using UVA lamps 

(PHILIPS TL-K 40W) as shown in Figure 1. 20 mg of the  

 

 
Figure 1. Configuration of UVA box. 
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catalyst was mixed with 30 mL of 10 ppm MO solution 

that was further sonicated in the dark for 10 min in order 

to disperse catalyst. Subsequently, it was magnetically 

stirred in the dark for 30 min to reach the adsorption 

equilibrium. During the photocatalytic reaction, samples 

were collected at 0, 10, 20 and 30 min and the catalyst was 

removed by centrifugation. The residual MO solution was 

tested by Ultraviolet–visible spectroscopy (UV-VIS) at 

464 nm. 

The photodegradation of the nanocomposite films was 

performed using UVA box. 6×8 cm2. During irradiation, 

films were collected at 0, 50, 100, 150 and 200 hours. 

Characterization of nanocomposites LDPE films before 

and after UVA exposure on carbonyl index (C.I.) was 

measured by Fourier transform infrared spectroscopy (FT-

IR, Perkin-Elmer) and calculated as equation (1). Color 

change (ΔE) and Brightness (L) were examined using 

colorimetric spectrophotometer (D65/10° Miniscan XE 

plus). 

 

      Area under absorbance peak at 1720 cm−1

Area under absorbance peak at 729 cm−1 = C. I.       (1) 

 

3. Results and Discussion 

Titanate nanotube was successfully synthesized by 

hydrothermal method. The XRD patterns are similar to 

those reported by Tohru S. [3]. After calcination for 2 

hours at 400°C, it can be seen from Figure 2b that the 

TNT-C pattern had changed. The peak around 24° was 

found  

 

 

 
Figure 2. XRD patterns of TNT (a) and TNT-C (b). 

Table 2. Surface area of catalysts. 

Sample Surface area (m2/g) 
P25 68.73 
TNT 233.69 

TNT-C 201.48 
 

with higher intensity suggesting the transformation into 

anatase phase. 

The surface area of the catalysts is summarized in Table 2. 

The surface area of TNT was higher than starting material, 

which has a surface area of 68.73 m2/g. An increase in 

surface area to 233.69 m2/g indicated that structural 

change has occurred. After calcination the surface area 

was decreased to 201.48 m2/g because of transformation of 

tubes into rod like structure and, hence, less adsorption of 

nitrogen gas on nanotubes. [6]  

The photodegradation activity of the catalyst in Figure 3 

shows photocatalytic degradation of MO (C = 

concentration of MO at sampling time and C0 = 

concentration of MO at initial time). Concentration of MO 

was reduced after UVA exposure. After calcination of 

TNT, it can be seen that the concentration of MO for TNT-

C was decreased more than that of TNT due to an increase 

in anatase phase, resulting in an increment of 

photocatalytic activity. The concentration of MO for P25 

was declined more than that for TNT-C. The higher 

photocatalytic activity of P25 may be due to its mixed 

phase (70% anatase and 30% rutile). The excited electrons 

which were trapped in rutile phase can reduce the electron-

hole pair recombination which in turn facilitates the 

photocatalytic activity of the P25. [6] 

Carbonyl index (Figure 4) was increased after UVA 

exposure because oxygen reacts with electrons of catalyst  

 

 
Figure 3. Photocatalytic oxidation of methyl orange (MO) 

under UVA irradiation.  
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Figure 4. Carbonyl index (C.I.) of LDPE nanocomposite 

films at various UVA exposure times. 

 

 
Figure 5. %Weight loss of LDPE nanocomposite films at 

various UVA exposure times. 

 

 
Figure 6. Color change (ΔE) of LDPE nanocomposite 

films at various UVA exposure times. 

 

 
Figure 7. Brightness (L) of LDPE nanocomposite films at 

various UVA exposure times. 

to create superoxide free radicals. Then these free radicals 

react with water, until turn into hydroxyl free radicals, 

leading to the chain cleavage and oxidation reactions. 

These hydroxyl free radicals are initiators for degradation 

of LDPE chain [7]. %Weight loss (Figure 5) was increased 

due to volatile of degradation products. Color change and 

brightness (L = -100 yields black and L = 100 indicates 

white) as shown in Figure 6 and 7 were increased because 

of chain cleavage in LDPE after UVA exposure. 

The photodegradation of the LDPE nanocomposite films 

with P25 had photodegradation activity higher than those 

of TNT-C at the same catalyst loading, similar to the result 

of photocatalytic degradation of MO. However, the 

brightness of LD/TNT-C films was lower than LD/P25 

because TNT structure leads to low refractive index of the 

films. [8] 

 

4. Conclusions 

Titanium nanotube was successfully synthesized with 

hydrothermal process. TNT was transformed into anatase 

phase with a lower surface area after calcination. P25 had 

higher photodegradation activity than TNT-C. However, 

LDPE nanocomposite films with TNT-C were more 

transparency than those with P25. As a result, TNT-C 

nanocomposite films can be used as decompose packaging 

that requires transparence propose. 
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Abstract 
 

Phosphate compounds was synthesized by a simple precipitation of initial compounds, MgCl2.6H2O reacted with 
K2HPO4, KMgPO4.H2O was obtained. The compounds were further characterized by FT-IR revealed the fundamental 

3- vibrations of  PO4 anion and  H2O  in  structural compound, XRD  indicated that  the  phosphate compounds were 
orthorhombic phase, SEM showed that there were clearly different in shapes and particle sizes. The hydrogel of 
phosphate compound polyvinyl alcohol/gelatin fertilizer were characterized by FT-IR spectro only confirmed the cross- 
linking of maleic acid to PVA via intermolecular hydrogenbond, the XRD patterns revealed the decreasing crystallinity 
of hydrogel compared to pure PVA. The SEM micrographs showed the more roughness and porosity of the hydrogel 
fertilizer compounds. In addition, the swelling ratio of the hydrogels during 6 to 24 hours were about 103.12 to 
598.34% and the percentage of water loss were between 11.30 to 63.80% 

 
Keywords: Phosphate compound, Fertilizer, Hydrogel, Poly (vinyl alcohol), Gelatin 

 
1. Introduction 

Dittmarite-type compounds; M/M//PO4•H2O (M/ = 
K+, NH+; M//  = Mg, Mn, Fe, Co, Ni) have considerably 
industrial interesting properties [1-3]. They have been 
applied  in   many  fields  such  as   photoluminescence, 
catalysts, dielectrics, pigments, molecular sieves, thermo- 
resistant materials, sensors, electrochemistry, ceramic and 
cement.   Furthermore,   they   also   have   considerable 
for applying in agriculture technology as inorganic 
compound fertilizer [3]. They were first reported on 
preparation by Bassett and Bedwell [4]. Visser et al. [5,6] 
determined the chemical structures and crystal structures 
of the series of these phosphates M/M//PO4•H2O by FT-IR 
and XRD, which were prepared by precipitation of 
aqueous solution using a method derived from Bassett 
and Bedwell [4]and Koleva [7]. Among them, potassium 
magnesium  phosphate  monohydrate  or  KMgPO4•H2O 
was identified as a naturally existed phosphate mineral 
and has been found to have the development of inorganic 
compound fertilizer [1]. 

Nowadays, a global overview of drought and heat- 
induced plant mortality reveals emerging climate change 
risks for agricultural products [8]. In addition to keeping 
many of our waterways, polymer technology help retain 
soil moisture. Hydrogel is a kind of hydrophilic polymers 
with three-dimensionally cross-linked structure [9]. This 
structure is capable to absorb and hold a large number of 
water, and the preserved water can be hardly removed 
even  under  certain  pressure  [10].  Poly  vinyl  alcohol 
(PVA) hydrogel is an absorbent polymer and serves as a 
sponge that delivers moisture to plants [11]. Poly vinyl 
alcohol (PVA), a biodegradable water soluble synthetic 
semi-crystalline polymer, acquires special attention 
because of its delicate properties and wide range of 
applications as paper, adhesives, resin, and film industry. 
PVA can from hydrogel by different technique like 
chemical cross-linking, γ-irradiation, etc [11]. 

 
 

The properties of PVA mainly depend on cross- 
linking and copolymerization [11]. Cross-linking as well 
as modification of PVA through its hydroxyl groups open 
new  domains  of  applications  for  this  material,  which 
will lead  to  an  increase in  viscosity, Gelatin obtained 
by thermal denaturation or physical and chemical 
denaturation of collagen, is the most abundant protein in 
the connective tissues, such as bone, skin, and tendon 
[11]. The molecule of gelatin with polymorphic structure 
contained amino group (–NH2) and carboxyl group (–
COOH), which can improvement water absorption and 
PVA properties [12]. 

In the present work, a novel hydrogel with release 
fertilizers of phosphate compound, KMgPO4.H2O on the 
base of PVA/gelatin for agriculture application. The 
hydrogel was prepared by chemical cross-linking in the 
maleic acid solution. Fourior-transform infrared (FT-IR) 
and scanning electron microscope (SEM) were carried 
out to investigate the surface chemical functional groups 
and external morphologies of the hydrogel and structure- 
property  relationships  were  examined  by  the  swelling 
ratio and water evaporation rate. 
 
2. Materials and Methods 
 

2.1 Materials 
 

Poly   vinyl   alcohol   (PVA) with   an   average 
molecular weight (Mw) of 120,000 g/mol was supplied by 
Sigma-Aldrich Co. Analytical grade of maleic acid and 
gelatin  were  purchased  from  Kelong  chemical. 
Magnesium chloride hexahydrate (0.5M MgCl2.6H2O) 
were   used   as   initial   compounds   for   synthesis   of 
phosphate compounds supplied by Merck, and 
dipotassium hydrogen phosphate (K2HPO4) was used as 
co-initial compound supplied by Merck Co. Sodium 
hydroxide  (NaOH)  and  potassium  hydroxide  (KOH) 

mailto:kwosomsa@gmail.com
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4 

4 4 

were used to control the pH of the reaction, supplied by 
Sigma-Aldrich Co. 

 
2.2 Synthesis of phosphate compounds (KMgPO4•H2O) 
fertilizer 

Phosphate compound, magnesium chloride 
hexahydrate (0.5 M MgCl2.6H2O) and dipotassium 
hydrogen phosphate (K2HPO4) were mixed and reacted at 
room temperature. Then KOH was added to adjust pH 
value of the reaction equal to 10 and then was formed. 
After the precipitate was filtered by Ultra filtration and 
filter paper and then cooled it down until the precipitate’s 
temperature  was  reached  at  room  temperature.  The 
percent  yield  of  the  phosphate  compounds  were 
calculated and characterized. 

 
2.3     Characterization     of     phosphate     compounds 
(KMgPO4•H2O) fertilizer 

The chemical structures of the phosphate 
compounds   were   tested   by   FT-IR   (Perkin   Elmer, 
FTIR   spectrum   GX)   with   wave   number   ranging 
from 650  to  4000 cm-1  using a  4  cm-1   resolution and 
32  scans.  The  X-ray  diffractometer  XRD  was  used 
to  determine lattice  parameters and  average crystallite 
size of phosphate compounds. Furthermore, scanning 
electron microscope (SEM) was used to identify the 
morphological structure. 

 
2.4  Preparation  of  hydrogel  from  PVA/gelatin  treated 
KMgPO4•H2O fertilizer 

2.6 Measurement of swelling 
The swelling ratios of hydrogel were 

gravimetrically measured at room temperature. The 
hydrogel samples were soaked in deionized water at a 
constant temperature for at least 24 h. By recording the 
weight of a cut piece of the hydrogel before and after 
ageing, the swelling ratio was calculated from the 
following formula [17]: 

Swelling ratio % = (mw - md ) / md x 100 
where  md   and  mw   are  the  weights  of  dry  and  wet 
hydrogel, respectively. 
 
2.7 Water evaporation rate 

The hydrogel was immersed in distilled water for 
24  hours.  After  it  reached  swelling  equilibrium,  the 
certain mass was recorded. The hydrogel was then placed 
in an incubator at 50 0C and 50% RH for 24 hours. The 
mass of water loss hydrogel was recorded every 6 hours 
until 24 hours. The water evaporation rate was further 
calculated by the following equation [17]: 

Water lost %= ( W1-W2) / (W1-W3) × 100 where 
W1, W2 and W3 are, respectively, the starting weight, 
measured weight and last weight of the hydrogel, 
respectively. 
 
3. Results and Discussion 
 
3.1 Characterization of phosphate compounds by FT-IR 
technique 

The  FT-IR  spectra  of  KMgPO4.H2O  shown  in 
-2 -1 

PVA,   gelatin   and   KMgPO4•H2O   (The   total Fig.1. was dominated peaks of PO3 at 435 cm . At Peak 
dosage: 26 g) were dissolved in distilled water (100 mL), 
prepared in a glass beaker and let to be heated to 60 0C 
under   mechanical  stirring  on   a   heating  plate   until 

of 569 cm-1  was related to Mg-O stretching and peak of 
747 cm-1 was referred to POH stretching [13]. In addition, 
it   was   appeared   peaks   of   1027   cm-1which   related 

complete  dissolution  of  the  polymer  after  120  min to  HPO -2 and  (P2O7)-4 vibration,  the  other  peak  of 
(Table  1.),  it  was  dropped  into  the  mixed  aqueous 
solution of maleic acid (15% w/v) for cross-linking. The 

1611 cm-1  was related to H2O molecule and peaks of 
2360,  2952  cm-1   were  arouse  from  B  band  (ѴOH   , 

hydrogel was further dried at ambient temperature and 
pack into polyethylene bag. 

 
Table 1. The ratio of hydrogel composition 

HPO 2-
 ) and A band (ѴOH , HPO 2-

 ) [13]. 

Formulation PVA 
(g) 

Gelatin 
(g) 

KMgPO4•H2O 
(g) 

F-1 5 20 1 
F-2 7 18 1 
F-3 9 16 1 
F-4 11 14 1 

 
2.5   Characterization   of   hydrogel   from   PVA/gelatin 
treated KMgPO4•H2O fertilizer 

FT-IR  was  used  to  identify  the  peak  position 
introduced by cross-linking between PVA and gelatin 
polymer chains; the hydrogel were recorded on a FT-IR 
(Perkin Elmer, FTIR spectrum GX) The scanning rate 
was 20 scans and the resolution was 4 cm-1 with wave 
number ranging from 400 to 4000 cm-1. XRD (Bruker D8 
Advanced diffractometer) was used to detect the 
crystallinity of hydrogel. The hydrogels were freeze- 
fractured in liquid nitrogen and the fracture surface was 
sputtered  with  gold  before  imaging  by  using  an  Carl 
Zeiss EVO®MA10 scanning electron microscope (SEM, 
Germany) at an accelerating voltage of 15.0 kV. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. FT-IR spectra of KMgPO4.H2O 

https://www.google.co.th/search?q=SEM%2BEVO%C2%AEMA10&amp;espv=2&amp;biw=1280&amp;bih=660&amp;tbm=isch&amp;tbo=u&amp;source=univ&amp;sa=X&amp;ved=0ahUKEwjQto2g7ffLAhWHGI4KHVw3DPMQ7AkINQ
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3.2 Characterization of Phosphate compounds by XRD 
technique 

The XRD patterns of KMgPO4.H2O were shown 
in  Fig.2.  The  XRD  pattern  from  PCPDF  file  Win 
program were used as a database for investigation the 
crystal structure of phosphate compounds. Lattice 
parameters and crystallite size were calculated and 
summarized in Table2. 

 

 

Figure 2. XRD Pattern of KMgPO4.H2O 

Table2. Lattice parameters and average crystallite size of 
phosphate compounds 

 

Compound System  a (Å)  b (Å)  c 
(Å) 

 Average 
crystalline 
size (nm) 

KMgPO4.H2O PDF#751076  6.873  6.16  11.087   

 This work    6.875  6.157  11.078  58.07±8.4   
 

The Table 2 was dominated that KMgPO4.H2O had an 
average crystallite size of 60.77±21.3 nm. The results 
indicated that an average crystallite size of KMgPO4.H2O 
had no significant difference. By using of PCPDF Win 
program, we could find the standard structure which 
matched  to  phosphate compound structures and  found 
that the standard structure in database which was matched 
with KMgPO4.H2O was PDF#751076 considering by 
lattice parameters. 

 
3.3 Morphology studies 

The scanning electron micrographs of 
KMgPO4.H2O are shown in Fig.3. From the micrographs, 
it could be summarized that the surface morphology of 
KMgPO4.H2O, owned tightly aggregates, and most of 
particles seemed to be rod-like shapes [14], which contain 
the coalescence of small and large particles. The particles 
on the surface had low dispersion and led to poor 
mechanical properties of hydrogel. 

 
 

Figure 3. SEM micrographs of KMgPO4.H2O 
 
3.4 Characterization of hydrogel by FT-IR technique 

The  infrared  spectra  for  the  pure  PVA,  pure 
Gelatin and the PVA blend gelatin with treated 
KMgPO4.H2O  fertilizer  in  the  wave  number  range  of 
2400-500 cm-1 were shown in Fig.4. 

The  wide  broad  band  observed  from  3,200  to 
3,500 cm-1 (Fig.4, pure PVA) may be assigned to O-H 
stretching due to the strong hydrogen bond of 
intramolecular and intermolecular type of PVA [15]. The 
C-H stretching vibration of PVA was observed at 2,934 
and 2,902 cm-1  [15]. The peaks at 1,710 and 1,092 cm-1 

may be attributed to the stretching vibration of C=O and 
CYO  of  the  remaining  non-hydrolyzed  vinyl  acetate 
group of the PVA [15]. The peak at 1,380 cm-1 is due to - 
CH2- wagging and that at 1,325 cm-1  is due to C-H and 
O-H bending [15]. The FT-IR spectra of pure gelatin was 
also  shown  in  Fig.4.  The  most  distinctive  spectral 
features   for   the   protein   were   the   strong   amide   I 
(R-CO-NH2)  and  II (R-CO-NH-R)  bands  centered  at 
approximately at 1644 and 1562 cm-1, respectively [12]. 
The  amide  I   absorption  was  primarily  due  to   the 
stretching vibration of the C=O bond and the amide II 
band was due to the coupling of the bending of the -NH 
bond and the stretching of the C-N bond [12]. 

FT-IR spectral Figure 4 (F-1 - F-4) reflects the IR 
spectrum of maleic acid cross-linked PVA hydrogel. 
Interaction of PVA with unsaturated maleic acid results 
in the formation of unsaturated ester owing to 
intermolecular or intramolecular cross-linking of the 
chains having the expected structure. A transmission peak 
at 1,674 cm-1  is a clear indication of the existence of 
–CO-CH=CH-  stretching  [16].  Which  has  submerged 

the band of the ester carbonyl. A less intense peak of 
carbonyl stretching is observed at 1,737 cm-1. The other 
mild peak of 1,847 cm-1 indicates the formation of maleic 
anhydride to some extent. 

For PVA blend gelatin hydrogel with treated 
KMgPO4.H2O fertilizer (F-1 - F-4) the band at 3453 cm-1 

was the characteristic peak of –OH and –NH2, while the 
band at 1625 cm-1 was the asymmetrical and symmetrical 
stretching vibration of –COO. The vibrational band 
observed at 2914 and 2937 cm-1 referred to the stretching 
–CH from alkyl groups. The peak around 1096 cm-1 

corresponds to C–O stretching, O–H bending and C–H 
deformation.  The  peaks  of  dominated  fertilizer  PO -2 

were obvious at 435 cm-1, the other peak of 569 cm-1 was 
also  confirmed  to   Mg-O  stretching  referred  to   the 
fertilizer treated into hydrogel. 
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Figure 4. FT-IR spectra of hydrogel 
 

3.5 Characterization of hydrogel by XRD technique 
Fig.5 shows XRD patterns of KMgPO4.H2O, 

gelatin, PVA and hydrogel. The cross-linked with 15% 
w/v  maleic  acid  content  (F-1  -  F-4) were  included  in 
Fig.5. KMgPO4.H2O was dominated the crystalline peaks 
of phosphate compounds as gelatin has a number of well 
resolved peaks overlapping an amorphous peak. PVA is a 
semi-crystalline polymer in which high physical 
interactions present between the polymers chains, due to 
hydrogen bondings between the hydroxyl groups exist. 
PVA has a diffraction peak at 2θ =200, and is 
characteristic for an orthorhombic lattice. The hydrogel 
was also indicated that the crystallinity was changed after 
mixing. The crystallinity of hydrogel decreased when 
compared it was to PVA, that the crystal structure was 
changed  after  being  cross-linked  with  gelatin,  whose 
vice-bond  was  broken  and  the  crystal  was  damaged. 
When   forming   the   hydrogel,   the   interface   bonding 
formed between 15% w/v of maleic acid and PVA might 
to leading a decrease in the number of hydrogen bonds. 
This was corresponding to FT-IR techniques results 

3.6 Morphology of hydrogel 
SEM   images   of   hydrogels   demonstrates   the 

cross-sectional     SEM     images     of     PVA,     gelatin 
and   hydrogel   with   partial   roughness   surface.   The 
hydrogel surface morphologies (F-1 - F-4) with the 
asymmetry pore size and distribution at different image 
magnification (500X,  1,500X  and  3,000X)  were  used. 
In particular, the addition of KMgPO4.H2O fertilizer into 
hydrogel did lead notable change of surface morphology 
as shown by SEM images (F-1 - F-4), possess clearly 
surface roughness. The permeation of KMgPO4.H2O 
hydrogel fertilizer may lead more roughness surface due 
to inhomogeneous dispersion of fertilizer on hydrogel 
matrix. Moreover, it exhibits many distributed and non- 
uniform surface of the hydrogel. 
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F-1 F-1 F-1 
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F-3 F-3 F-3 
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Figure 5. XRD patterns of hydrogel 

Figure 6. SEM micrographs of hydrogel 
 
3.7 Swelling of hydrogel 

Fig.7   shows   the   swelling   ratio   of   hydrogel 
compared to the crosslinked hydrogel (F-1 to F-4) every 
6 hours interval at room temperature. Swelling ratio of 
hydrogels were about 103.12 – 598.34 %. This according 
to gelatin and PVA content in the hydrogel fertilizer. 
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Figure 7. Swelling ratio of hydrogel 

 
3.8 Water evaporation rate of hydrogel 

The percentage of water loss every 6 hours 
interval at room temperature was 11.30 to 63.80% of 
hydrogel (Fig.8.) The higher the increasing time, the 
greater the evaporation rate was in significant. After 24 
hours, all of the hydrogels still have retained 36.20% to 
56.22% of water. It shows that the hydrogels have good 
water evaporation rate. 

 

 
Figure 8. Water evaporation of hydrogel 

 
4. Conclusion 

 
The phosphate  compounds KMgPO4.H2O were 

successfully synthesized by a rapid and simple 
precipitation using MgCl2.6H2O at an ambient 
temperature with percentage of yeild equal to 98.68%. 
FT-IR spectra and XRD patterns were specified the 
formation of KMgPO4.H2O. Morphology studies were 
indicated the  dominant features of KMgPO4.H2O. The 
FT-IR spectrum of hydrogels (F-1 - F-4) blend indicates 
the  cross-linked  signature  peak.  The   XRD  patterns 
reveals the decreased crystallinity of hydrogel compare to 
PVA. The SEM images indicate some sorts of interaction 
between Gelatin/PVA with KMgPO4.H2O and pore size 
of hydrogel. The phosphate compound fertilizer release 
behavior from hydrogel is driven by mechanism: water 
evaporation rate effect of the hydrogel. The hydrogels 
had appropriate properties for use as agriculture industry: 
swelling and water evaporation rate shows the 
corresponding and agreeable results of FT-IR, XRD and 
SEM images. 
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