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The Polymer Conference of Thailand (PCT) is an annual international conference 
organized by The Polymer Society of Thailand (PST) with the aim to disseminate the 
advancement of polymer science and technology. It also emphasizes the importance of the role of polymer 
professionals in leading the development of principles and practices that will address the concerns of present and 
future generations. Additionally, for this year, this conference is especially organized to keep up the status of the 
government’s Thailand 4.0 economic drive that focuses on the underpinning of science and technology with 
innovation. A collaboration of academia and industrial sectors through exchange of ideas and research is a 
constructive means to innovative products, fostering the success for the development of Thai polymer industry 
and economy as a whole. 

 The conference consists of the special Plenary and Keynote lectures; Invited, Oral and Poster presentations. 
In this year, the PCT-7 receives its honor to have 2 Plenary speakers: Professor Dr. Mikihito Takenaka (Kyoto 
University), and Professor Dr. Suwabun Chirachanchai (Chulalongkorn University). The 7 sessions with 
international 16 Keynote speakers in frontier polymer science and emerging technology perform in the topics of 
1) Advanced and Functional Polymers, 2) Bioplastics and Polymers for Sustainability, 3) Biomedical Polymers, 4) 
Rubbers and Elastomers, 5) Compounding, Blends and Composites, 6) Molecular Design, Structure and Properties 
of Polymers, and 7) Theoretical Study, Modeling and Simulation of Macromolecules. There are also 2 Invited, 47 
oral and 80 poster presentations of submitted research papers. In concurrence with the conference, due to the 
governmental policy of Thailand 4.0 mentioned earlier, the Panel discussion entitled “The Development of Thai 
Plastic Industries under Thailand 4.0” is being organized. 

In this year, there would be the excellent and distinguish rising stars not only in academic section but also 
in industrial section. The PCT-7 wishes to congratulate to Asst. Prof. Dr. Kaewta Kaewtatip (Department of 
Materials Science and Technology, Prince of Songkla University) and Dr.Silapong Baiagern  (PTT Global Chemical 
Public Company Limited) for their excellent and distinguished achievements to be the PCT-7 Rising Stars. 
 

On behalf of the Polymer Society of Thailand, I would like to express my sincere gratitude to all of the 
committee who have been working very hard in putting tremendous efforts to organize this PCT conference.  
I would like to acknowledge the Platinum sponsorship from IRPC Public Company Limited and PTT Global Chemical 
Public Company Limited, Gold sponsorship from SCG Chemicals and Bara Scientific Co.Ltd, Silver sponsorship from 
Bruker BioSpin AG, Bronze sponsorship from BASF, and in this year sponsorships for students’ registration fee 
from MBJ Enterprise Co. Ltd, Lucky Star Weaving Co. Ltd, and Dow Thailand Group; and support from six booth 
exhibitors i.e. Synchrotron Light Research Institute, The Thailand Research Fund (TRF), HORIBA (Thailand) Limited, 
Vana Science Co., Ltd, LMS Instruments Co., Ltd  and IKA @Works (Asia) Sdn Bhd. My deepest gratefulness is 
delivered to all of speakers, poster presenters and audiences who participate in this conference. 

             Finally, I wish the PCT conference a fruitful success, and hope that you enjoy sharing and exchanging your 
expertise, and have a wonderful time staying with us. 
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PLENARY-1  
 

 
Structure Analyses of Rubber-Filler Systems by Using Contrast Variation SANS 

 

Mikihito Takenaka1, Shotaro Nishitsuji2, Naoya Amino3, Yasuhiro Ishikawa3,  
DaisukeYamaguchi4, and Satoshi Koizumi4 

1Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan 
2Graduate School of Science and Engineering, Yamagata University, Yonezawa, 992-8510, Japan 
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4Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan  

 

 

Present Professor, Institute for Chemical Research, Kyoto University, Japan 
 Vice President of The Society of Rubber Science and Technology, Japan 
 Visiting Researcher at RIKEN, Japan 
 Japanese Delegate of IRCO 
Research Interests: 
Hierarchical structure of Soft-materials, Block Copolymer Physics, Phase Transition of 
Polymeric Materials, Polymer Composite 

 

Abstract 

Rubber-filler systems have been one of the most successful composite 
materials and have been widely used in industry such as tire and belts so on. We need 
to explore the adsorption of rubber in filler particles point in terms of structure 
analyses to clarify the correlation between the mechanical properties and the 
structures for rubber-filler systems In this study, The polymer layers absorbed on silica 
particles in rubber-silica systems have investigated with contrast variation small-angle 
neutron scattering (SANS) method. The scattering intensities of specimens swollen 
by the solvents having various scattering length densities were measured.  

We used Poly(styrene-ran-butadiene) (SBR) as rubber. The Silica particles 
were compounded into SBR by using Banbury mixer, and the samples were swollen 
by mixture of deutarated hexane (d-hex) and hexane (h-hex) with various 
composition. We conducted SANS measurements with SANS-J-II spectrometer at 
JRR-3 (Japan Research Reactor-3) in JAEA (Japan Atomic Energy Agency), Tokai, 
Japan.  

Figure 1 shows the change in the scattering profiles I(q) of the swollen 
rubber-silica system with the scattering length density of solvent.  The scattering 
intensity decreases with h-hex. The q-dependence of I(q) changes with the scattering 
length density, suggesting that the swelling ratio of solvent to rubber is spatially 
inhomogeneous and that the network density has spatial fluctuations. As shown in 
Figure 2, we estimated the partial scattering functions by using singular value 
decomposition: the scattering function for polymer-polymer correlation SPP(q), the 
scattering function for silica- silica correlation SSS(q), and the scattering function for 
polymer- silica correlation SPS(q). 

The analyses of SPS(q) and SSS(q) explored the existence of  dense polymer 
layers around silica aggregates. SSS(q) reflects hierarchical structures formed by silica 
particles. To characterize the adsorption layer quantitatively, we calculated the 
scattering functions for the model consisting of the aggregation of Silica particles, the 
adsorption layers on the silica particles and the matrix region. The model can well 
express the experimental partial scattering functions as shown in Figure 2 (solid line) 
and several characteristic parameters are estimated from the analyses, such as the size 
of aggregates, the thickness of layers, the volume fractions of polymer of layers and 
matrix, and the correlation length of the matrix network. The contrast variation SANS 
is found to be a powerful tool of the analyses of the structures of the rubber-filler 
systems. 

 
Keywords:  Contrast variation SANS, Hierarchical structure, Silica aggregation 
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Fig.2 Partial scattering functions of 
rubber - filler systems 

Fig.3 Characteristic parameters yielded 
by analyses. 

Fig.1 Scattering profiles for rubber-
filler system swollen by d-hex/h-hex. 
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Abstract 

Currently, carrying out research in academia society receives the expectation on not only for the fundamental 
knowledgement to express the advances in scientific research output but also the practical applications to fulfil the 
technology transfer to the industries. For polymer research, it is an ideal to develop unique ideas with the basic 
understanding at molecular level and/or nano-micro packing structure at the first stage followed by the show-case of 
possible applications and/or innovation. On this viewpoint, the research on functional polymers which the chemical and/or 
physical modifications are the tools to develop the polymer matrices so that the materials obtained in macro-scale present 
additional properties. To my idea, the consideration starting from the as-desired properties is a good strategy to lead us to 
the concrete modifications. The presentations will show the research works under the concept of ‘from as-desired 
properties to as-designed structure’ through the examples of capturable-releasable chitosan, light responsive sheets, 
thermal responsive bioplastic films, and the high toughness polylactic acid-starch packaging films, etc. 
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Abstract 

Microencapsulation technology has been developed for a long time and widely applied in various applications. 
Microencapsulation can take place by coacervation and spray drying methods, in situ polymerization, interfacial 
polymerization, and radical polymerizations in aqueous dispersed systems. We proposed an innovative method by 
utilizing a microsuspension conventional radical polymerization (ms CRP) of micrometer-sized, monodisperse 
divinylbenzene/toluene droplets (prepared by the dynamic swelling method), in which small amount of polystyrene 
dissolved, in aqueous dispersed systems1. Toluene was encapsulated by crosslinked poly(divinylbenzene) (PDVD) shell 
as core and spontaneously evaporated, resulting in hollow crosslinked particles. The formation mechanism of such a 
microcapsule (hollow) particles was proposed and named Self-assembling of Phase Separated Polymer (SaPSeP) method. 
In place of toluene, a series of encapsulation of hinokitiol, paraffin, ultraviolet absorbent, fluorescent agent, and heat 
storage materials was carried out by the ms CRP with the SaPSeP method. 

 However, the diameter of microcapsules prepared by ms CRP with the SaPSeP method had an upper limit on 
the basis of its mechanism. Another problem is the formation of a lot of submicrometer-sized byproduct particles by 
occurring emulsion polymerization in the aqueous medium in addition to the desired micrometer-sized (microcapsule) 
particles when microcapsule particles consisting of hydrophilic polymers such as (meth)acrylic based monomer and their 
copolymers, and copolymers of DVB with methyl acrylate were prepared.  

Recently, we successfully overcome these drawbacks by applying controlled/living radical polymerization 
(CLRP) in microsuspension systems (ms CLRP)2,3. In my lecture, the concept of the microencapsulation technique and 
some application will be described. 

 
1) M. Okubo, H. Minami, T. Yamashita, “Production of micron-sized monodispersed cross-linked polymer particles 

having hollow structure” Macromol. Symp. 1996, 101, 509-516. 
2) T. Suzuki, T. Mizowaki, M. Okubo, “Versatile synthesis of high performance, crosslinked polymer microcapsules 

with encapsulated n-hexadecane as heat storage materials by utilizing microsuspension controlled/living radical 
polymerization (ms CLRP) of ethylene glycol dimethacrylate with the SaPSeP method” Polymer 2016, 106, 182-188 

3) P. Chaiyasat, S. Namwong, M. Okubo, A. Chaiyasat, “Synthesis of micrometer-sized poly(methyl methacrylate) 
particles by microsuspension iodine transfer polymerization (ms ITP)” RSC Advances 2016, 6, 95062-95066. 

 
Keywords: Microcapsule, Controlled/Living Radical Polymerization (CLRP), microsuspension polymerization 
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Abstract 

Polylactic acid has attracted vast attention in both industrial and research community, and has been widely used 
in many applications, due to its unique biocompatibility and degradability.  Introducing of other monomers to its structures 
leads to improvements in its properties and provides specific functionality for further developments. In our laboratory, 
poly(lactic acid-co-glycidyl methacrylate), P(LLA-co-GMA), copolymers have been systematically synthesized by ring-
opening polymerization. The materials exhibit biodegradability and biocompatibility and can be crosslinked by employing 
thermo- or photo-curing reactions.  Fabrication processes for these copolymers have been developed for use in cosmetic 
and biomedical applications. Suspension crosslinking and phase inversion emulsification (PIE) processes have been 
employed in the preparation of micro- and nano-beads, with tunable structures, in which solid or hollow structures can 
be achieved. Effects of process conditions on structures, morphology, properties, and degradability of the materials are 
investigated. In addition, active compound-encapsulated particles have been prepared by employing various NSAID and 
antibiotic drugs and essential oils.  Structures and properties of the resulting particles, and releasing behaviors of the 
active compounds are examined. These materials with tunable properties can be commercially applied in many products, 
especially as cosmetic scrub beads and drug-controlled release materials.   
 
Keywords: Poly(lactic acid-co-glycidyl methacrylate), Encapsulation, Suspension crosslinking, Phase inversion 
emulsification, Cosmetic scrub beads, Drug-controlled release 
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Abstract 

Using biomass as starting material for chemicals and plastics contributes to global sustainability without depletion of 
scarce resources, because of their large potential to substitute petrochemical derivatives to bio-based ones in industries. Natural 
plant and animal oil sources are found in abundance in the world; and hence, are expected as an ideal alternative chemical 
feedstock. Inexpensive triglyceride natural oils have been utilized extensively for coatings, inks, plasticizers, lubricants, resins 
and agrochemicals in addition to their applications in food industry. Since most of oil-based polymeric materials do not show 
properties of rigidity and strength required for structural applications by themselves, these oils were used as a toughening agent 
to produce interpenetrating networks.  

This study mainly deals with composites from epoxidized plant oils and cellulose fibers. A high-performance bio-based 
composite material, a cellulose nanofiber-reinforced oil polymer-based composite, was synthesized by impregnating 
microfibrillated cellulose (MFC) sheet with a mixture of epoxidized soybean oil (ESO) and a curing agent under reduced 
pressure, followed by thermal curing. The ESO / MFC composite exhibited the high storage modulus in the rubbery region of 
the ESO polymer, while the ESO polymer showed the enormous drop of storage modulus around its glass transition temperature, 
strongly suggesting the large reinforcement effect by the MFC nanofiber. The tensile modulus and strength at break of the 
composites were much superior to those of the ESO polymer or the MFC sheet. Furthermore, another bio-based composite was 
developed from epoxidized plant oil and kenaf fiber sheet by similar synthetic procedures.  

Green nanocomposite coatings have also been developed by an acid-catalyzed curing of epoxidized plant oils with 3-
glycidoxypropyltrimethoxysilane. The nanocomposite showed excellent film properties; the hardness and mechanical strength 
improved by incorporating the silica network into the organic polymer matrix and the good flexibility was observed. The 
dynamic viscoelasticity analysis clearly showed reinforcement effect by the inorganic network. In addition, the present 
nanocomposite exhibited good biodegradability.  

The present lecture also demonstrates synthesis of branched bio-based polyesters from lactic acid and a plant oil and 
their applications to improve properties of bioplastics such as poly(L- lactic acid) (PLLA). Plant oils are expected as an ideal 
alternative chemical feedstock, since oils are found in abundance in the world. In this study, castor oil was used as initiator for 
synthesis of a branched bio-based polymer by ring-opening polymerization of L-lactide or polycondensation of L-lactic acid. 
The resulting polymer possessed a hydroxyl group at the terminal and the molecular weight was precisely controlled by the feed 
ratio of the monomer and castor oil. The addition of only a small amount of the branched polymer to PLLA improved the strain 
at break, showing good plasticization effect of the branched polymer for PLLA.1 This branched polymer was also used as 
monomer for bio-based polyurethane forms with good mechanical strength.  

The terminal hydroxyl group in this branched polymer was modified by phthalic anhydride. The product with 
potassium salt form greatly induced the crystallization of PLLA to improve the thermal and mechanical properties of PLLA. 
The crystallization half time (t1/2) of the PLLA/branched polymer blend decreased significantly. By the addition of the branched 
polymer, the spherulite size of PLLA became much smaller than that of neat PLLA. Izod impact strength and deflection 
temperature under load of the blend were 8 KJ/m2 and 130 oC, respectively, which were much superior to those of PLLA (2 
KJ/m2 and 55 oC, respectively). The trimellitoyl-terminated branched polymer also showed good crystallization for PLLA. 
Interestingly, the branched polymer having the hydroxyl group at the terminal acted as a good crystal nucleating agent for 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), an industrially important bacterial thermoplastic.  
 
Keywords: Bio-based polymers; plant oils; bioplastics; composites 
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Abstract 

A reactive processing is generally used to develop new thermoplastic materials and tailor the properties of 
polymers including miscible blends and composites. The processing can be achieved through the fundamental 
understanding of the chemical reactions and the processing conditions. In most cases, the reactive processing is found in 
the melt processing of thermoplastic polymers. The major advantage of this process is that the chemical structures, 
compatibility, rheological, morphological and mechanical properties can be modified in a single step process. This 
approach is also useful when applying with biodegradable polyesters due to the thermal instability of such biopolymers. 
This work will focus on the reactive processing performed particularly with polylactic acid (PLA) and its blends. PLA is 
known to possess poor impact resistance and slow crystallization rate, which prevents it from being used in many 
engineering applications, including automotive and electrical industries. The reactive compounding of PLA with some 
soft polymers with the great improvement of its impact property will be demonstrated and discussed. The novel route of 
the reactive melt processing for improving the crystallization kinetics will also be introduced and discussed. Based on the 
findings, the fast crystallization of PLA can be achieved through the possible reactive grafting of the organic nucleating 
agent onto PLA.  

 
Keywords: Reactive processing, Biodegradable plastics, Polylactic acid, Impact resistance, Crystallization rate 
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Abstract 

Polymeric materials, especially hydrogels and hydrocolloids have been a boon to human healthcare due to their 
very innovative and beneficial life support features. However, the development of such materials requires a close 
collaboration between medicine, microbiology and materials chemistry. The development of polymers with bioactive 
coating is an important area of research focused on solving the problem of contamination by infection in wound care 
systems. We have observed that a bioactive component may be incorporated within the hydrogel matrix to make it 
infection resistant. A series of hydrogels based on polymethacrylic acid, polyvinyl alcohol, chitosan, pectin and dextran 
have shown enormous potential in wound care system. These hydrogels may be combined with appropriate ingredients 
to develop a system which would offer optimum healing to the wound. Herbal bioactive agents have been used for this 
application.  

Herbal drugs and essential oils may be incorporated into either natural hydrogels like chitosan, pectin, dextran 
and carboxymethyl cellulose by blending approach. A wide range of natural bioactive agents such as aloe vera, curcumin, 
sandal wood oil, clove oil and honey are available to develop excellent materials for wound care. These dressings have 
been evaluated for their efficiency in wound healing using mouse as the animal model. Excellent healing with minimum 
scar by hydrogel dressings have been observed with a complete control over the infection on the wound site.  
 
Keywords: Hydrogels, Antimicrobial, Wound care, Bioactive  
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Abstract 

Polymeric drug delivery systems in the nanoscale (micelles) can reach target cells or organs via ligand-receptor 
interaction and Enhanced Permeability and Retention (EPR) effect. For the nanoscale DDS, tumor-targeted drug delivery 
will potentially revolutionize the chemotherapy of cancers. Therefore, multifunctional polymeric micelles are developed 
as cancer-targeted and imaging drug delivery systems. The amphiphilic block copolymer of poly(ethylene glycol)-block-
poly(ε-caprolactone) (PEG-b-PCL) was synthesized where terminal group of the PEG chain was installed with glucose 
molecules. Doxorubicin, used as a fluorescent probe, was loaded into glucose-micelles. The enhanced amount of 
doxorubicin as a result of glucose-micelles in HepG2 was evaluated by fluorescence microscopy and flow cytometer. 
Imaging probes for various imaging techniques such as MRI, fluorescence and radiolabeling are introduced to these drug 
delivery systems to visualize and monitor the drug release and transportation in vivo. To implement SPIO-loaded micelles 
as a MR contrast agent, the 3T clinical MRI was applied to determine transverse relaxivities (r2*) and relaxation rate 
(1/T2*) values. In vitro MRI showed different MRI signal from cancer cells after cellular uptake of SPIO-loaded micelles. 
Distribution of drugs inside organs can be studied quantitatively by imaging techniques to correlate the amount of drugs 
in tissues and therapeutic effects. These results show the use of multifunctional polymeric micelles as a targeted cancer 
chemotherapy and MRI imaging probe.   

 
Keywords: Polymeric drug delivery system, nanoparticle, anticancer drug, micelles, MRI  
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Abstract 

New functional drug delivery system has been developed for decades and now successfully applied to clinical 
fields. Particularly, imaging technology allows detection of pin-point size cancer, and we can approach cancerous tissue 
using these imaging technologies and perform locoregional cancer therapy. In this presentation, we will discuss about 
transarterial chemoembolic microbeads for the treatment of solid tumors, especially for inoperable hepatic tumors. Drug 
eluting microbeads (DEBs) is actively absorb the therapeutic drugs, can be delivered to the lesional area under guidance 
of medical imaging. Once the DEBs are localized, release the drug in controlled manner directly to the tumor while 
minimizing systemic exposure to chemotherapeutics. Therapeutic efficacy of DEBs was proven in the mouse and large 
animal models and now moves to clinical trials. Our group are developing new functional DEBs which possess image-
ability by itself and drugs in combinations. 
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Abstract 

What is a rubber science strategy that centers on low carbon technology?  Is it 
development of natural rubber (NR), innovation of cross-linking, and/or progress of reinforcing 
filler? We can find various subjects from a viewpoint of sustainability science. Most of the 
themes presented in this conference are supposed to be related to the rubber science strategy. In 
our research group, several studies have been also conducted for the sustainability rubber 
science. Because of the biosecurity and biodiversity problems of Hevea NR, for examples, the 
studies on guayule and rubber dandelion NRs have been started in order to investigate their 
strain-induced crystallization (SIC) behaviors by using quick in situ simultaneous synchrotron 
time-resolved wide-angle X-ray diffraction/tensile measurements at SPring-8 [1,2]. It was found 
that both guayule and rubber dandelion NRs showed comparable SIC behaviors similarly with 
Hevea NR, and are useful as alternatives of Hevea NR. In terms of sustainable development and 
carbon-neutral products, biofillers such as cellulose nanofibres, biosilica, and lignin have 
attracted the attention of many researchers. Among them, lignin is the second most abundant 
biopolymer after cellulose. The effective use of lignin waste from kraft processes is gaining 
focus. By using the soft processing method, high performance eco-friendly NR biocomposites 
filled with lignin were successfully prepared from sodium lignosulfonate and NR latex [3,4]. 
Formation of a network-like lignin structure was achieved around the rubber phases, which resulted in a superior 
reinforcement effect of lignin for NR. This observation will open a window for lignin to be used as a reinforcing filler in 
rubber industry. Furthermore, the most important cross-linking reaction in rubber industry i.e. vulcanization has been 
focused in order to reveal its reaction mechanism which controls network structures in vulcanizates [5,6,7]. The dinuclear 
type bridging bidentate zinc/stearate complex composed of (Zn2(μ-O2CC17H35)2)2+･4X (the zinc/stearate complexes with 
the ratio of 2/2) was revealed as an important intermediate to start the vulcanization in the presence of zinc oxide and 
stearic acid. In the long history of the vulcanization technique until 2015 starting from the innovation by Goodyear, 
followed by the sophisticated vulcanization technique established in the 1960s or 1970s, the newly observed intermediate 
may bring about a turning point for the second paradigm of vulcanization technique in the 21st century. Let’s start to 
discuss important roles of rubbers and elastomers for this century.        

 
(1) Y. Ikeda, P. Junkong, T. Ohashi, T. Phakkeeree, Y. Sakaki, A. Tohsan, S. Kohjiya and K. Cornish. RSC Adv. 2016, 6, 95601. 
(2) P. Junkong, T. Ohashi, T. Phakkeeree, Y. Sakaki, A. Tohsan, K. Cornish, and Y. Ikeda. Kautsch. Gummi Kunstst. (Impress). 
(3) T. Phakkeeree, Y. Ikeda, H. Yokohama, P. Phinyocheep, R. Kitano and A. Kato, J. Soc. Fiber Sci. Technol. 2016, 72, 160. 
(4) Y. Ikeda, T. Phakkeeree, P. Junkong, H. Yokohama, P. Phinyocheep, R. Kitano and A. Kato. RSC Adv. 2017, 7, 5222. 
(5) Y. Ikeda, N. Higashitami, K. Hijikata, Y. Kokubo, Y. Morita, M. Shibayama, N. Osaka, T. Sizuki, H. Endo and S. Kohjiya. 
Macromolecules. 2009, 42, 2741. 
(6) Y. Yasuda, S. Minoda, T. Ohashi, H. Yokohama and Y. Ikeda. Macromol. Chem. Phy. 2014, 215, 971. 
(7) Y. Ikeda, Y. Yasuda, T. Ohashi, H. Yokohama, S. Minoda, H. Kobayashi and T. Honma, Macromolecules, 2015, 48, 462. 
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Fig. 2  Lignin powder.  

Fig.1  Rubber dandelion. 
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Abstract 

Conductive epoxidized natural rubber (ENR) composites were prepared and the ENR 50 mol% epoxide (ENR-
50) revealed higher mechanical properties, electrical conductivity and dielectric properties than ENR-25 and unmodified 
natural rubber (NR) composites. Then, ENR-50 was selected to prepare filled rubber composite with conductive fillers 
(i.e., conductive carbon black (CCB), short and long multi-walled carbon nanotubes (S-MWCNTs and L-MWCNTs, 
respectively). It was found that the ENR/S-MWCNTs composites showed superior electrical conductivity, dielectric 
properties and mechanical properties compared to the ENR/L-MWCNTs and ENR/CCB composites. Furthermore, ENR 
composites with S-MWCNTs showed the lowest percolation threshold concentration at 1.2 phr while value for the 
composites with CCB was 15 phr. However, the percolation threshold of the L-MWCNTs filled composites was not 
reached.  In addition, the effect of ionic liquid (IL) in the NR composites was also investigated. It was found that the 
presence of IL influenced on acceleration of the cure characteristics by reducing scorch and cure times. Furthermore, the 
electrical conductivity and dielectric permittivity were improved due to the addition of IL. It was also found that the 5 
phr of IL in ENR vulcanizates and 3 phr in ENR/MWCNTs/IL composites were the best possible content to optimize the 
electrical conductivity, dielectric properties and mechanical properties. 
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Abstract 

Magnetic stimuli-responsive magnetorheological (MR) materials have been regarded as  one of the most 
important intelligent and smart materials for their various electromechanical device applications with a large and tunable 
increase in viscoelastic characteristics under an external magnetic field [1, 2]. When a magnetic field is imposed, their 
rheological properties vary by showing a characteristic fibrillation with strings of the particles oriented along the magnetic 
field direction. Soft-magnetic carbonyl iron (CI) particles are known to be superior candidate of MR fluids and MR 
elastomers due to their high saturation magnetization and appropriate particle size, however, they have severe 
sedimentation problem due to the large mismatch of the particle density to the carrier oil in the case of MR fluids. 
Therefore, our efforts on improving MR characteristics of the magnetic particles along with their rheological analysis for 
both MR fluids and MR elastomers have been focused. Coating the surface of CI particles produces favourable core-shell 
structure along with apparently decreased density for synthesized composite particles with PMMA, PS, PVB, and PANI 
via either solvent casting or conventional in-situ dispersion polymerization [3-5]. Double wrapping process with 
polymeric shell (PMMA, PANI, and PS) and CNT layers were also studied along with new technology of foaming [6, 7]. 
Magnetite has also attracted much attention due to the relative low density compared with CI particles. MR elastomers 
with both pristine CI and modified CI particles in various elastomers have been examined along with their characterization 
and potential engineering applications [8, 9]. As a new technology of fabricating smart polymer composites, Pickering 
emulsion polymerization to synthesize magnetic composite particles will be also discussed [10-12].  
 
Acknowledgement: This work was financially supported by the Ministry of Trade, Industry & Energy, Korea 
(#10047791).  

 
1Park, B. J.; Fang, F. F.; Choi, H. J. Soft Matter 2010, 6, 5246. 
2de Vicente, J.; Klingenberg, D. J.; Hidalgo-Alvarez, R. Soft Matter 2011, 7, 3701. 
3Cho, M. S.; Lim, S. T.; Jang, I. B.; Choi, H. J.; Jhon, M. S. IEEE Trans. Magn. 2004, 40, 3036.  
4 Jang, I. B.; Kim,  H. B.; Lee,  J. Y.; You,  J. L.; Choi, H. J.; Jhon, M. S. J. Appl. Phys. 2005, 97, 10Q912 
5Fang, F.F.; Choi, H.J.; Seo, Y. ACS Appl. Mater. Interf. 2010, 2, 54. 
6Fang, F.F.; Liu, Y.D.; Choi, H.J.; Seo, Y. ACS Appl. Mater. Interf. 2011, 3, 3487. 
7Chuah, W.H.; Zhang, W.L.; Choi, H.J.; Seo, Y. Macromolecules 2015, 48, 7311. 
8Jung, H.S.; Kwon, S.H.; Choi, H.J.; Jung, J.H.; Kim, Y.G. Composite Struct. 2016, 136, 106. 
9Wang, Y.; Zhang, X.; Chung, K.; Liu, C.; Choi, S.B.; Choi, H.J. Smart Mater. Struct. 2016, 25, 15028. 
10Piao, S.H.; Kwon, S.H.; Zhang, W.L.; Choi, H.J. Soft Matter 2015, 11, 646. 
11Kim, S.D.; Zhang, W.L.; Choi, H.J. J. Mater. Chem. C 2014, 2, 7541. 
12Kim, Y.J.; Liu, Y.D.; Seo. Y.; Choi, H.J. Langmuir 2013, 29, 4959. 

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

 
 
 
 
 



13 

 
COMP-KN2 
 

 
Achieving Polymer Modification by the New Dimension of Reactive Extrusion 

 

Rathanawan Magaraphan 

Petroleum and Petrochemical College, Chulalongkorn University, Bangkok 10330 
 Polymer Processing and Polymer Nanomaterials Research Unit, Chulalongkorn University, Bangkok 10330 

Phone +66 2218 4121, Fax  +66 2215 4459, *E-mail: rathanawan.k@chula.ac.th  
 
 

 

PhD Polymer Science, University of Akron, USA 
Present Professor, Petroleum and Petrochemical College, Chulalongkorn 

University, Thailand 
 
Research Interests: 
Adhesion and failure mechanism, Mechanical and viscoelastic properties, Polymer processing 
and characterization, Polymer rheology 

 

Abstract 

Extrusion has been used successfully in conveying polymer melts into the desired shapes. The reactive extrusion 
employed extrusion as a mean to process and chemically modify polymeric materials at the same time. Functionalization 
and (in-situ) compatibilization may benefit by this technique.  A new approach of the reactive extrusion based on a 
physical initiation, so called plasma melt reactive processing was introduced and conducted at atmospheric condition.  
The plasma melt reactive processing was applied as a mean to alter polarity of the bulk hydrophobic polymer e.g. high 
density polyethylene. Its potential to alter polymeric structure was also revealed. The treatment time influenced on 
wettability, chemical, thermal, and mechanical properties of the modified polyethylene was studied by contact angle 
measurement, ATR, XPS, TGA and tensile testing.  

 
Keywords:  Reactive extrusion, Plasma melt processing, Polyethylene. 
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Abstract 

Given by the rapid development of controlled/living radical polymerization (C/LRP) methods, various block 
copolymers have been synthesized and showed unique properties that are potentially useful in different fields. The block 
copolymers with poly(vinyl alcohol) (PVA) segment yet have seldom been reported. PVA, which is obtained from the 
hydrolysis of poly(vinyl acetate) (PVAc), shows the properties of good solvent resistance, strong mechanical properties, 
high water-containing capacity, and good biocompatibility that lead PVA as one of the most widely used hydrophilic 
materials adaptable for textile industry, food packaging, and medical devices. However, the difficulty to achieve the 
controlled/living radical polymerization of vinyl acetate has limited the development of PVA-based block copolymers. 

Cobalt mediated radical polymerization (CMRP) is to date one of the most efficient ways to synthesize the 
controlled polymers of vinyl acetate, and thus controlled poly(vinyl alcohol). We have systematically studied the CMRP 
and established the mechanism model associated with the thermodynamic and kinetic parameters to correlate the 
relationship between reduction potential, equilibrium constant of cobalt(II) and organo-cobalt(III), and control 
mechanism.  The control efficiency of different cobalt complexes to the C/LRP and chain extension of vinyl acetate and 
methyl acrylate has also been compared. With such an in-depth understanding to CMRP technique, cobalt porphyrin 
complex (Co(TMP)) has been selected as the mediator to prepare the block copolymer of poly(methyl acrylate)-b-
poly(vinyl acetate), which was hydrolyzed to poly(acrylic acid)-b-poly(vinyl alcohol) (PAA-b-PVA). The free standing 
membranes of PAA-b-PVA surprisingly own a much higher tensile strain (> 600%) than those made by homopolymers 
and polymer blends. A series of studies using cross-section SEM images, IR spectrum, and SAXS indicated that the 
formation of nanostructure in the block copolymers prescribed a considerably larger amount of interface which could 
enhance the tensile properties drastically. 
 
Keywords:  Free-standing membrane, block copolymer, vinyl alcohol, acrylic acid, cobalt mediated radical 
polymerization. 
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Abstract 

Polyolefin industries have developed numerous proprietary technologies for their own production processes. 
These processes can be, in general terms, divided into three groups: gas, suspension (slurry) and solution processes. 
Among those, slurry polymerization is the easiest technology for polyolefin synthesis employing the heterogeneous 
catalyst in hydrocarbon polymerization media and leading to the slurry of polymer particles, which are usually separated 
by centrifugation. Although, heterogeneous catalyst has advantage against homogeneous catalyst, the development of the 
heterogeneous catalysts is critical since the surface area of the supported catalyst determines the availability of catalytic 
active sites and the reaction mechanism of such the solid catalyst is often unknown. 

With the purpose to develop more efficient methodology for industrial conditions, we have successfully 
investigated and applied the homogeneous catalyst, solution of mixed metallocene and methylaluminoxane, for 
polyethylene synthesis in slurry polymerization process.  

In this presentation, we will illustrate the utilization of unsupported metallocene catalysts together with catalytic 
activity improvement to polymerise ethylene in slurry polymerization process to obtain polyethylene with various 
polymer properties as well as controllable polymer morphology. 
 
Keywords:  homogeneous, unsupported, metallocene, ethylene polymerization, polyethylene 
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Abstract 

Electronic devices based on organic semiconductors have been actively explored for flexible, transparent and 
low-cost electronic applications. However to realize such applications, the charge transport properties of organic 
semiconductors must be improved. At the microscopic level, one of the major factors governing the charge transport 
properties is the amplitude of the electronic transfer integral t, which expresses the ease of transfer of a charge between 
two interacting molecules. Consequently, the charge transport properties of organic semiconductors critically depend on 
their molecular packing structures, such as π-π stacking distance and π-π overlap degree. Therefore, tremendous progress 
toward high-performance organic electronics has been achieved by increasing the charge transport properties through 
rational design of organic molecules and morphology control of organic crystals. In addition, much attention has been 
drawn to study charge transport in organic semiconductors in order to find fundamental routes to develop high-
performance organic electronics based on an understanding of the intermolecular interactions and the structure-property 
relationships. 

Here I demonstrate new approach for controlling organic crystal morphology using eutectic crystallization and 
provide fundamental understanding of the structure-charge transport property relationships in organic crystals.  

 
Keywords:  Density functional theory, charge transport, organic electronics, organic crystal. 
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Abstract 

In this talk, I will present my past experience on development a multiscale molecular simulation method and 
apply these simulation techniques to study some important polymers for Thailand. Two selected systems will be presented 
namely (1) natural rubber derivative and (2) poly(lactic acid), PLA. For the first system, it is possible to modify natural 
rubber to have better mechanical and physical properties. One such example is the preparation of hydrogenated natural 
rubber (HBR) or a perfect ethylene–propylene alternating copolymer (PEP) by homogeneous catalytic hydrogenation [1]. 
Our simulation work is to predict material properties of hydrogenated natural rubbers based on the multiscale molecular 
simulation method [2] which was recently applied for poly(propylene) melts [3] and blends with poly(ethylene) [4]. 
Coarse-grained (CG) model of bulk amorphous PEP was first generated and then fully atomistic model can be obtained 
by the reverse mapping procedure to recover the missing atoms. Prediction for properties including cohesive energy 
density and solubility parameter, pair correlation function of carbon atoms and static scattering structure factor, surface 
energy and mechanical properties are presented and compared with experimental results. 

For the second system, to design a more efficient plasticizer for PLA based on PEG derivative, the miscibility 
enhancement of PLA/PLA-PEG-PLA blends were investigated by both atomistic and mesoscale simulations. Flory-
Huggins interaction (chi) parameters of these blends were calculated using molecular dynamic (MD) simulation to 
determine the miscibility. Based on the calculated chi-parameters and radial distribution functions, PLA/PLA-PEG-PLA 
is better miscible compared to PLA/PEG at the same blend composition. The chi-parameters of all PLA/PLA-PEG-PLA 
blends are always lower than those of PLA/PEG blends at the same PEG concentration and are increased as a function of 
PLA block fractions. The mesoscale properties of PLA/PLA-PEG-PLA blends were determined by dissipative particle 
dynamic (DPD) simulation. Smaller PEG domain of PLA/PLA-PEG-PLA blends compared to that in PLA/PEG blend is 
observed implying the PLA blocks in PLA-PEG-PLA should contribute to better miscibility. Miscibility of PLA/PLA-
PEG-PLA blends was also investigated by experiment using DSC and rheological measurements [5-6].  We also try to 
investigate a possibility to apply PLA-PEG-PLA in drug delivery application as a micelle for nanocarrier. DPD was 
employed to investigate PLA-PEG-PLA copolymer micelles. Critical micelle concentration (cmc), micelle size and small 
molecule encapsulation of these triblock copolymer micelles with different hydrophobic/ hydrophilic (LA/EG) block 
ratios. Only the appropriated LA/EG block ratio can induce the formation of spherical micelle in a dilute solution. The 
cmc and micelle size were decreased and increased, respectively, as a function of the LA/EG block ratio. Upon adding 
small solubilizate molecules, a larger micelle size was formed. Fluoresecence spectroscopy and light scattering techniques 
were also employed to provide results for comparison [7]. 

 

Keywords:  Molecular simulation, Monte Carlo Simulation, Mesoscale Simulation, Natural rubber, Poly(lactic acid) 
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Abstract 

In this presentation, the coordination-insertion mechanisms of ring-opening polymerizations (ROP) of important 
cyclic esters such as ε-caprolactone (ε-CL), γ-valerolactone (GVL), d-valerolactone (DVL), D-lactide (DL) and L-lactide 
(LL) initiated by tin(II) alkoxides and tin(IV) alkoxides were theoretically investigated using hybrid density functional 
theory (DFT) at the B3LYP level with a mixed basis set. DFT calculations along the reaction pathway in the ROP of 
cyclic esters initiated by both catalyst have provided insight into the detailed mechanisms of their initiation and 
propagation processes. For example, the ROP mechanism of ε-CL with tin(II) alkoxide, Sn(OR)2 initiators (R = n-C4H9, 
i-C4H9, t-C4H9, n-C6H13, n-C8H17) was studied. A coordination-insertion mechanism was found to occur via two transition 
states. Starting with a coordination of ε-CL onto tin center led to a nucleophilic addition of the carbonyl group of ε-CL, 
followed by the exchange of alkoxide ligand. The ε-CL ring opening was completed through classical acyl-oxygen bond 
cleavage. The reaction barrier heights of ε-CL with different initiators were calculated using potential energy profiles. 
The reaction of ε-CL with Sn(OR)2 having R = n-C4H9 has the least value of barrier height compared to other reactions. 
The rate constants for each reaction were calculated using the transition state theory with TheRATE program. The rate 
constants are in good agreement with available experimental data. Moreover, other ROPs of cyclic esters initiated by 
tin(II) and tin (IV) alkoxides will be discussed and presented.  

 
Keywords:  ring–opening polymerization, coordination–insertion mechanism, cyclic esters, tin(II)alkoxides, tin(IV) 
alkoxides, DFT, transition state theory. 
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Abstract 

The enormous increase in plastic waste has become a worldwide environmental problem. As a result, it is 
recognized that one solution to the plastic waste problem is to produce and use biodegradable polymers that can replace 
these synthetic non-biodegradable plastics. Renewable materials such as starch and wheat gluten have been considered 
as a good candidate for preparation of bioplastics because it is inexpensive, abundant, biodegradable, has versatile uses, 
and available as renewable agricultural resource. However, the bioplastics from starch and wheat gluten have some 
drawbacks including poor long-term stability, poor mechanical properties, and strong ability to absorb water. This research 
demonstrated how to improve the quality of thermoplastic starch, starch foam, and wheat gluten based bioplastics by two 
preparation methods; composite and polymer blend. It was found that both methods improved water resistance, 
mechanical and thermal properties of bioplastics prepared from starch and wheat gluten. These results provide new 
applications of bioplastics from starch and protein.  

 
Keywords: Starch; wheat gluten; Bioplastics 
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Abstract 

“Bioplastics” has become the innovative solution to green manufacturing.  However, as outstanding in 
characteristics bioplastics may be, the manufacturing and consumption of bioplastics in technology and product 
processing, as well as the cost structure and acceptance of bioplastics products by the consumer, still serves as a main 
obstacle to the current growth of this industry.  

Polylactide (PLA) is a biodegradable thermoplastic aliphatic polyester derived from renewable resources, which 
is the 2nd highest consumed bioplastic by volume in the world. Its characteristics are similar to conventional 
petrochemical-based plastics like PET and PS.   PLA is a unique bioplastic made 100% from renewable resources that 
are also biodegradable under controlled conditions.  However, there are limitations to this bioplastic including impact 
strength, heat resistance, hydrolysis and gas barrier.  Therefore, the purpose of this study is to present the developments 
made using PLA bioplastics as used in various industrial applications in Thailand to help eliminate the limitations of PLA 
and to drive research and development through commercialization. 
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Abstract 

Natural rubber is a very valuable material, a lot of important everyday items are manufactured from rubber. 
These everyday items include tyres, elastic bands, rubber tubing, condoms, latex gloves, anti-vibration products, etc. 
Thailand has been the World’s leading natural rubber producer for over 20 years. So, the rubber industry is very important 
for the Thai economy. We exported the natural rubber in raw material forms 86% and transferred the raw materials into 
the products just around 14%. However, the revenue only from the 14% rubber products was half of the total revenue 
income (500,000 million Bahts) from rubber industry in 2013. Thus, we would like to employ science, technology and 
innovation to create the added value in rubber products. These new products are very important for our country; they will 
help us to escape from the middle income trap. Situation of natural rubber industry in Thailand and trend of industrial 
rubber research are discussed. This presentation summarizes the new trend and strategy of industrial rubber research and 
innovation from global to the Thai visions. 
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Abstract 

Chemistry is always a driving force for innovation, providing sustainable solutions for the challenges that mainly 
arising from “resources, environment and climate”, “quality of life.” Sustainable solutions can only be achieved through 
innovation.  As tomorrow’s innovations require BASF to forge new paths, the focus of Research and Development has 
shifted over the years – away from the development of individual molecules and towards functional materials and system 
solutions.   

Based on the key industry like automotive industry which is a vital sector of Thailand’s economy as the country’s 
second-largest export industry after computer parts & components as well as contributes greatly to trade inflows, 
innovation and sustainable solutions play a vital role to enhance our country strength as a regional automotive hub.  As 
such, BASF as the world leading chemical company, we also commit to drive innovative solutions for the automotive 
industry which providing a system cost optimization and competitiveness, more freedom in the design features, car weight 
reduction making car lighter and thus lower fuel consumption, improved engine efficiency, simplified production process 
and safety driving enhancement.  These would benefit not only the key focus industry but also the country and the world. 

 
Keywords:  BASF, Innovation, Sustainable, Automotive 
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Abstract 

 
 High resolution NMR spectroscopy has proved to be the most powerful method available for characterizing 

the structures of polymers. The chemical shift, not only can reveal the structural information of the polymers but also 
its electronic structures. Therefore, polymers with cis- or trans- isomers and polymers which demonstrate different 
tacticities (isotactic, syndiotactic, and atactic) can be easily detected in the spectra. In addition, area of NMR signal, 
commonly referred as integral, provide the quantitative insight to the polymers which can be subsequently used in 
determining the polymer compositions. 
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Abstract 

 
XRF analysis can be an integral part for the quality control procedures in polymer production facility to ensure 

the best polymer quality. With quick and hassle-free sample preparation, a wavelength dispersive XRF can provide 
critical information about catalyst residues, additive concentrations, hazardous elements (RoHS) in polymers, and even 
layer thickness and composition on multilayer materials. Bruker provides unrivaled solution packages that are efficient 
and reliable for a wide range of polymer chemistry. 
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Abstract 

 
Laboratory mixing equipment - lab mixers, lab stirrers and lab homogenizers (sometimes known as high 

shear mixers) - are important research tools. Which to use depends on several factors including but not limited to 
sample size, sample viscosity, the purpose of the mixing or stirring action and whether or not heating the sample is 
desired. Nomenclature can be confusing at times.  What’s the difference between a mixer and stirrer and 
homogenizer?  Because they are often used interchangeably we will describe them by how they work. 

Lab homogenizers are often the instruments of choice when developing pilot-plant procedures to be scaled 
up to production line operations. Typically, laboratory homogenizers are suspended over beakers or flasks containing 
samples to be processed but it is hard to control the parameter so the laboratory batch reactors are the ultimate systems 
when it comes to optimizing and reproducing chemical reaction, mixing, dispersing, and homogenization processes 
on a lab scale. The laboratory reactors are simple and need little supporting equipment, and are therefore ideal for 
small scale experimental studies on reaction kinetics. Researchers typically use a batch reactor to study reaction 
kinetics under ideal conditions. A batch reactor can be used to find the reaction rate constant, activation energy and 
order of the reaction. The data reflect the intrinsic kinetics for the reaction being investigated. 
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Abstract 

Surface’s wettability is one of very important properties of materials, which determines their potential applications. 

In this regard, superhydrophobic surfaces, i.e., those possess water contact angle (CA) of greater than 150°, show many 

interesting properties. The materials, therefore, have attracted enormous attentions from both researchers and industries, 

as these can be used in various applications, for example, self-cleaning windows or interior and exterior parts of building, 

containers or plastic pipes with low drag friction, stain-resistant textiles and utensils, and antibacterial or antifungal 

containers. Hydrophobicity of surface of plastic materials can be improved by using various methods. In this work, 

poly(methyl methacrylate) (PMMA) products is employed as substrate. Several techniques, including grafting of  

(modified) hydrophobic agents on the surface, creating patterned surface roughness, and embedding of nano- and micro-

spheres derived from poly(methyl methacrylate-co-ethylene glycol dimethylacrylate), P(MMA-co-EGDMA) on the 

surface are investigated. It was found that the introduction of the nano-spheres and chlorochemical mixtures gives 

superhydrophobic PMMA films with the highest water contact angle of 165°.  The materials with superhydrophobicity 

have high potential for use in various applications, especially specialty packaging. 

 
Keywords:  Superhydrophobic surface, Poly(methyl methacrylate), P(MMA-co-EGDMA), Nano-spheres 

 
1. Introduction 

Wettability of surfaces is one of very important 

properties of materials. In this regard, superhydrophobic 

surfaces, with a water contact angle (CA) of greater than 

150°, possess very interesting behaviors, which attracts 

vast interest from many researchers and industries. The 

superhydrophobic characteristics can be widely applied in 

everyday’ s life, such as preventing adhesion and 

contamination of water or dusts to windows or surfaces of 

building or interior components, reducing of drag friction 

in packaging materials or containers or plastic pipes, stain 

resistant textiles and utensils, antibacterial or antifungal 

containers.   

The hydrophobicity of a surfaces can be achieved 

by using various methods. Conventionally, an introduction 

of a rough morphology to the surface and modification of 

the surface by chemicals or materials with low surface free 

energy are typically conducted. A group of common 

chemicals used for this purpose are fluorinated compounds. 

Recently, other methods have been applied to control the 

mailto:p_chaiyasat@mail.rmutt.ac.th
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surface topography of materials. For example, 

fluoroalkylsilane compounds, densely packed aligned 

carbon nanotubes, or gold nanoclusters have been 

introduced. Plasma fluorination has been applied to 

modify polymer surfaces. Blending of incompatible 

polymers leads to phase separation and also hydrophobic 

surfaces.  

In this work, suitable approaches for preparation of 

poly(methyl methacrylate) (PMMA) products with 

superhydrophobic surface are developed. Patterned 

roughness on the polymer’s surface is created by 

employing chlorochemical mixtures and embedding of 

nano-/micro-spheres derived from poly(methyl 

methacrylate-co-ethylene glycol dimethylacrylate), 

P(MMA-co-EGDMA). Surface properties of the products 

are then characterized.  

 

2. Experimental  

2.1. Materials and chemicals 

 MMA and EGDMA monomers were employed in 

the preparation of P(MMA-co-EGDMA) spheres, using 

benzoyl peroxide (BPO) and poly(vinyl alcohol) (PVA) as 

initiator and surfactant. Chlorinated compounds and other 

non-polar solvents were utilized to create patterned 

structures on the PMMA’s surface.  

 

2.2. Preparation of P(MMA-co-EGDMA) particles  

 P(MMA-co-EGDMA) nano-/micro-spheres were 

prepared by micro-suspension polymerization. Essentially, 

a mixture of MMA and EGDMA monomers, and BPO 

initiator was prepared, and then transferred into a 1% PVA 

aqueous solution.  The mixture was homogenized at 5,000 

rpm for 5 min, in which droplets of monomers were 

formed. The polymerization reaction, as summarized in 

Figure 1, was subsequently conducted under nitrogen 

atmosphere at a temperature lower than the water boiling 

point for 8 hours, with continuing stirring at 500 rpm. 

Nano-/micro-sized particles of cured P(MMA-co-

EGDMA) copolymers were formed.  Finally, the mixture 

was centrifuged at 3,000 rpm for 20 min. The bead 

products in micron-sized was obtained as solid sediment, 

while the nano-sized counterparts present as milky 

suspension. The resulting bead products show average 

sizes of 5-20 µm and 140 nm, respectively. A hydrophobic 

agent containing reactive functional groups was then 

applied in a surface treatment of the bead products.  

 

 

       + 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

Figure 1. Synthesis route of cured P(MMA-co-EGDMA) 

copolymers. 

 

2.3. Stability of P(MMA-co-EGDMA) particles  

 As the cured P(MMA-co-EGDMA) particles will 

be further chemically treated, their stability in various 

solvent systems and at high temperature conditions is 

examined. Solubility in solvents was first investigated by 

placing a specific amount (5%wt) of the particles in each 

solvent.  After sonication for 30 min, the solvent was 

removed and the weight of the remaining particles was 

recorded. Thermal stability of the particles was tested by 

placing a specific amount of the particles (5%wt) into an 

inert soybean oil at 200°C for 30 min. Finally, the final 

weight of the particles was recorded and an optical 

microscope was used to examine size and shape of the 

remaining particles.  

2.4 Embedding of treated nano-beads on PMMA’s surface  

P(MMA-co-EGDMA) 

EGDMA MMA 

EGDMA MMA 
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Surface hydrophobicity of P(MMA-co-EGDMA) 

nano-sized particles was enhanced by treating with a 

hydrophobic agent by mixing the particle’s milky 

suspension with the hydrophobic agent at an optimum 

weight ratio at elevated temperatures for 30 min. After the 

reaction completed, the mixture was dried until powder of 

nano-bead products were obtained.  The treated nano-

beads were then used by embedding on the surface of 

PMMA products to enhance their hydrophobicity. 

 Hydrophobicity of PMMA products was improved 

by treating with various chlorochemical mixtures, along 

with embedding of the nano-beads at the surface. The 

nano-sized beads were first suspended in the solvent 

mixture, and then applied on the PMMA surface at room 

temperature, 45, and 60 °C.  Efficiency of the mixed 

solvents, and nano-beads/mixed solvents in promoting of 

hydrophobic property of the PMMA products was 

examined.   

 

2.6 FTIR spectroscopy 

Chemical changes on the surface of PMMA 

products before and after treatments were examined by 

FTIR spectroscopy on a Thermo Scientific Nicolet iS5 

spectrometer in an Attenuated Total Reflectance (ATR) 

mode.  The spectra were measured with an accumulation 

of 32 scans at a 2 cm−1 resolution. 

 

3. Results and Discussion 

3.1. Stability of P(MMA-co-EGDMA) particles  

 The results show that the weight and shape of the 

particles before and after treatments in chlorinated 

solvents and in oils at 200°C remain unchanged. This 

strongly reflects that the cured P(MMA-co-EGDMA) 

particles have high resistant to high temperatures and the 

solvents, which are suitable for further chemical treatment 

processes. 

 

3.2. Water contact angle measurements 

Hydrophobicity of PMMA products was assessed 

by measuring the contact angle (CA) of water droplets on 

their surfaces before and after different treatments. The 

original PMMA samples obtained from compression 

molding have a CA value of 73°, indicating their low 

hydrophobicity.  After treatments with the mixed solvents 

at different ratios, at room temperature and 60 °C, the 

products show improvements in hydrophobicity, whose 

CA values increase in the range of 81° to 135°. 

Interestingly, suitable treatment conditions are achieved 

when the treated nano-beads is applied with the mixed 

solvent, as shown in Figure 2, in which CA values of 165° 

and 164° are obtained for the products after the treatments 

at 45°C, and 60°C, respectively.  The products exhibit 

superhydrophobic surfaces. 

 

 

 

 
 

 

 

Figure 2. Water contact angle of PMMA prodcuts after 

treatments with the treated nano-beads in a mixed solvent 

at 45 and 60°C. 

 

3.3. FTIR spectra 

ATR-FTIR spectra provide confirmation on the 

presence of P(MMA-co-EGDMA) particles on the surface 

of PMMA’s products, as shown in Figure 3.  Original 

PMMA sheet shows characteristic bands at 1720 (C=O 

stretching) and 1145 cm-1 (O–C and C–O stretching), while 

the P(MMA-co-EGDMA) particles exhibit an additional 

unique band at 1766 cm-1 (C=O stretching). Other sharp 

modes associated with the hydrophobic agent are also 

observed.  

ATR-FTIR spectra of the PMMA products after the 

treatments at optimum conditions at 45 and 60°C show a 

characteristic band of P(MMA-co-EGDMA) at 1766 cm-1, 

indicating the presence of the particles as embedded 

species on the surface.  The relative intensity of the band 

is significantly similar, however, reflecting comparable 

contents of the impregnated particles.  A major difference 

in the spectra is observed in the relative intensities of 

vibrational modes due to the hydrophobic agent.  The 

higher relative intensities of these modes in the products 

treated at 45°C, is likely a result from the higher efficiency 
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of the mixed solvent system.  When the treatment was 

conducted 60°C, an evaporation of the solvent may lead to 

a change in the mixed solvent ratio, and hence lowers their 

efficiency.  Insight into this phenomenon will be further 

investigated by SEM. 
 

 

  

  

 

 

 

 

 

 
 

 
 

Figure 3. ATR-FTIR spectra of PMMA impregnated by 

P(MMA-co-EGDMA) particles at 45 and 60°C, compared 

to those of neat PMMA and P(MMA-co-EGDMA) nano-

beads. 

 

4. Conclusions 

 Enhancements in hydrophobicity of PMMA 

products are successfully achieved by treatments with 

chlorinated mixed solvents and P(MMA-co-EGDMA) 

nano-particles.  The results from water contact angle 

measurements indicate superhydrophobic property.  The 

results suggest that the treatment conditions, i.e. types and 

compositions of the mixed solvents, the treatment 

temperatures, and the application of nano-beads embedded 

on the surface impose strong effect on the treatment 

efficiency. The materials with superhydrophobicity have 

high potential for use in various applications, especially 

specialty packaging. 
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Abstract 

This research aimed to prepare aptamer coated polystyrene microspheres via amide bond coupling by using N-

ethyl-N-(3-diethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The aptamer was a binding site 

for PDGF-BB proteins. The aptamer immobilization was confirmed a flow cytometer. The effect of EDC/NHS, aptamer 

concentration and also acidic/basic condition on the coupling efficiency was studied. It was found that there was an 

optimal concentration for EDC/NHS used in coupling reaction. The coupling efficiency decreased at high concentration 

of EDC/NHS due to a side reaction causing N-acylurea.  Meanwhile, the coupling efficiency increased as increasing 

aptamer concentration and also performing the reaction in an acidic condition. 

Keywords:  Aptamer; Microsphere; Amide Coupling  

 

1. Introduction 

   Nucleic acid aptamers are short single-stranded 

oligonucleotides (RNA, DNA or chemically modified 

RNA, DNA). The word “aptamer” is derived from the 

Latin; aptus: and Greek; meros; meaning fit and part, 

respectively [1]. Therefore, aptamer represents molecules 

that exhibit a specific binding interaction to its target. 
Aptamers have more advantages as following aspects. 

Aptamers are easily generated via chemically well-defined 

synthesis, which not only eliminates any batch-to-batch 

variations but also reduces the cost and the time needed for 

production [2]. Due to the robustness of the 

phosphodiester backbone, the aptamers are stable to long-

term storage and able to be transported at ambient 

temperature [3]. Significantly, dissociation constant of 

aptamers is achieved to picomolar-femtomolar (10-12 – 10-

15 M) range [4]. Their sizes are smaller than sizes of 

antibodies which provide greater penetration ability 

through intracellular targets [5]. Because their building 

block are  nucleic acids providing several functional 

groups,  the aptamers are feasible to be  incorporated by a 

number of reporter molecules, linkers, or other functional 

groups via chemical or enzymatic synthesis [6]. For 

therapeutic area, the aptamers were developed for novel 

techniques and methods such as drug delivery, controlled 

drug release, new drug, cell detection, cell imaging [7]. For 

diagnostic areas, they also have been used as recognition 

molecules for biosensor and cell labeling system [8].  

Microspheres are one of many available types of drug 

delivery vehicles.  They are spherical particles that range 

from 1 to 1000 microns in size, and can be synthesized 

from various natural and synthetic materials such as glass, 

ceramic, or polymers [9].  In some studies, specific ligands 

were attached to the exterior of the microspheres for the 

purpose of selectivity, such as identifying malignant 

tumors [10].  The majority of applications involve the 

encapsulation of either hydrophobic or hydrophilic drugs, 

both of which require emulsion formations during 

synthesis [11].  There are two methods from which 

microspheres can be formed, single and double emulsions.  

Single emulsion microspheres can accommodate 

hydrophobic compounds by encapsulating them in an 

organic phase, followed by an aqueous, or water, layer on 

the outside, (O/W) [12].  Double emulsion microspheres 

consist of an aqueous core, followed by an organic layer 

and an outer aqueous layer, (W/O/W) [13].  It is often 

necessary to have a hydrophilic outer layer since biological 

fluids are generally aqueous.  After the emulsions are 



30 

 
formed, they are placed in a hardening solution for a few 

hours in order to evaporate the organic solvent [14].     

In this study, the aptamers was integrated with 

polymeric microspheres by using EDC/NHS as amide 

coupling agent. The effect of EDC/NHS, aptamer 

concentration and also acidic/basic condition on the 

coupling efficiency was investigated. 

 

2. Experimental method 

2.1 Reagents  

Carboxyl polystyrene microspheres with an 

average diameter of 1.3 µm were purchased from 

Spherotech. Phosphate buffered saline (PBS), N-ethyl-N-

(3-diethylaminopropyl) carbodiimide (EDC), and N-

hydroxysuccinimide (NHS) were purchased from Sigma-

Aldrich. The DNA aptamer and complementary 

oligonucleotide were purchased from Integrated DNA 

Technologies. The aptamer and complementary 

oligonucleotide (CO) sequences were 5’-GCG ATA CTC 

CAC AGG CTA CGG CAC GTA GAG CAT CAC CAT 

GAT CCT G-3’, and 5’- TCA GGA TCA TGG TGA TGC 

TCT-3’, respectively. The aptamer was coupled with 

primary amine at 5’ terminus, and the CO was coupled 

with fluorescence probe at 5’ terminus. 

2.2 Preparation of Aptamer-Coated Microspheres  

Carboxyl polystyrene microspheres were dispersed 

in PBS to a concentration of 1 mg/mL. Then 10 µL of the 

suspension was mixed with 2 µL of aptamer solution (100 

µM). The aptamer was pre-labeled with primary amine at 

5’ terminus. To form amide bond between the microsphere 

and the aptamer, an equal molar of EDC/NHS solution at 

designated concentrations was added to the suspension 

mixer. Amide coupling reaction was carried out for 30 

minutes. The reacted microspheres were then washed by 

500 µL of washing solution (PBS containing 0.05% 

Tween20) and centrifuged down using a micro centrifuge 

at the speed of 13,000 rpm.  

2.3 Characterization of Aptamer-Immobilized 

Microsphere  by Flow Cytometer 

To confirm the success of microsphere preparation, 

2 µg of aptamer-immobilized microspheres were treated 

with a solution containing 100 nM of fluorescence labeled 

CO for 30 minutes. Then the suspension was washed by 

500 µL of the washing solution for 4 times. Fluorescence 

signal from the microspheres was determined by a BD 

FACS Calibur 3C/Basic flow cytometer. 

 

3. Results 

 
Figure 1. Effect of EDC/NHS concentration on coupling 

efficiency. A) flow cytometry histogram,  and B) mean 

fluorescence intensity of  the microspheres treated with 

EDC/NHS at designated concentration. 0, 2.61, 26.1 and 

261 mM. 

A coupling strategy that relied on EDC combined 

with NHS was investigated. Effect of EDC/NHS 

concentration on coupling efficiency was presented in 

Figure 1. Mean fluorescence intensity (MFI) of the 

microspheres that have been treated with 2.61, 26.1, and 

261 mM of EDC/NHS was 3.88, 8.50, and 4.94, 

respectively. The results showed that at high concentration 

of EDC/NHS the coupling efficiency decreased because 

the reaction proceeded through an undesired pathway 
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involving the formation of N-acylurea. It has been reported 

previously that the coupling between biotin and alginate 

was accomplished via the EDC/NHS system. In addition, 

the report also demonstrated that  the optimal amount of 

EDC/NHS was approximately 40% of uronic acid [15]. 

Therefore, this work could be further improved by 

optimizing the concentration of EDC/NHS.   

In addition, the concentration of PDGF-BB 

aptamer also played a role in coupling reaction mediated 

by EDC/NHS (Figure 2).   MFI of the microspheres that 

have been reacted with 6.67, 16.67 and 66.67 µM of the 

aptamer was 5.13, 6.24, and 18.3, respectively. The results 

demonstrated that coupling efficiency was enhanced upon 

increasing the aptamer concentration. 

 

 
Figure 2. Effect of aptamer concentration on coupling 

efficiency for EDC/NHS strategy. A) flow cytometry 

histogram, and B) mean fluorescence intensity of  particles 

treated at designated aptamer concentration. 6.67, 16.67, 

and 66.67 µM. 

For the coupling based on EDC/NHS, MFI of the 

microspheres prepared in pH 5.65, 7.40, and 8.22 was 6.75, 

4.09, and 4.43, respectively (Figure 3). This result 

indicated that the coupling reaction was favorable at pH 

5.65, in another word, in acidic condition. EDC/NHS 

strategy provided the NHS ester as a more stable 

intermediate. From the literature, NHS ester had a longer 

half-life in acidic conditions. Therefore, it could couple 

with primary amine more efficiently [16]. 

 
Figure 3. Effect of pH on coupling efficiency for 

EDC/NHS strategy. A) flow cytometry histogram,  and B) 

mean fluorescence intensity of  particles treated at 

designated acidic/basic condition. 

 

4.Conclusion 

 Aptamer-coated microspheres for PDGF-BB 

capturing were developed by using EDC/NHS for amide 

coupling reaction. The concentration of EDC/NHS and 

PDGF-BB aptamer demonstrated a contribution on 

coupling efficiency. We are expected that the aptamer-

immobilized microspheres are promising tools for using in 

a number of biological and biomedical applications, 

especially a protein purification kit.  
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Abstract 

Multifilament of recycled poly(ethylene terephthalate) (RPET) has been significantly used for carpet production. 

To improve the utilization quality of the carpet, effect of addition of nano titanium dioxide (TiO2) to the multifilament on 

anti-bacterial property was investigated. The TiO2 compounded RPET was prepared using a bicomponent extruder fed 

spinning machine.  The effect of winding speed (500 and 1,400 m/min) and different TiO2 content (1 and 3 wt%) on 

mechanical property of multifilament was investigated. The master batch of recycle poly(ethylene terephthalate) and 10 

wt% nano titanium dioxide was prepared using a twin screw extruder. Size of multifilaments was measured using an 

optical microscopy technique. The effect of winding speed on tenacity, elongation and thermal property of multifilaments 

was investigated. The tenacity of fibers increased with increasing winding speed whereas the thermal property was 

unchanged regardless of the TiO2 content.  

 
Keywords:  Recycled poly(ethylene terephthalate) (RPET), nano TiO2, Winding speed, Multifilament. 

 

1. Introduction 

  Poly(ethylene terephthalate) (PET) is a polyester 

which is widely used in the various applications such as 

soft drink bottles, packaging, fibers, films and textile 

applications. The extensive use and non-biodegradable 

PET have led to waste disposal problems of post-consumer 

products. Chemical recycling is assumed to be one of the 

best approaches to solve the accumulation of PET waste 

problems [1-3]. PET is reportedly the most recyclable 

commodity plastic, however only a small fraction of this 

polymer is practically recycled, due to relatively high cost 

of the recycled product [4]. Recycled PET (R-PET) is used 

for a variety of applications. The extrusion of plastic 

filaments from flakes of R-PET has received particular 

attention in the technical literature, since it has been shown 

that R-PET fibers can conveniently replace virgin plastic 

fibers in a variety of engineering applications [5-8]. Giraldi. 

et al. reported the intention to correlate thermal properties; 

mechanical properties and processing conditions of glass 

fiber reinforced recycled PET composites for extrusion [9]. 

For the application of carpets that always touch with 

several objects including dust, dirt, dampness which will 

be a source of disease and accumulation of bacteria. 

Therefore, the development of materials for carpet with 

anti-bacteria property will be useful to carpet industry and 

customer requirement. 

The addition of additives to RPET is one of the 

practical methods to produce the anti-bacterial filaments. 

Titanium dioxide (TiO2) is one of the most studied metal 

oxides for its many applications, such as photo-catalysis, 

solar cells, biological (anti-bacteria) coatings, and sensors 

[10–12]. For different applications, TiO2 has been coated 

onto various substrates through different deposition 

techniques, e.g. spin-coating, dip-coating, evaporation–

deposition, and sol–gel processing [13–15]. Peng F. et al. 

studied the bamboo fiber/HDPE composites/rutile nano-

TiO2 composites and the effects of rutile nano-TiO2 on the 

weathering resistance of the composites and its mechanism 
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were evaluated and analyzed from multiple perspectives 

[16]. Most of TiO2 applications reported were coating of 

nanoparticles on the surface of fibers which had limitation 

of period of utilization. However, the improvement of 

mixing process of TiO2 with has not been reported. 

In this research we studied the preparation process of 

nano-TiO2/RPET bicomponent multifilament for the 

carpet manufacturing. The master batch of RPET/TiO2 

was prepared and fabricated to multifilament by melt 

spinning process. The effects of winding speed of 

multifilament melt spinning and nano-TiO2 contents on 

mechanical property were evaluated. 

 

2. Experimental 

2.1 Materials 

The recycled PET (RPET) pellets recycled from 

PET plastic bottle were supplied by Negoro Sangyo Co., 

Ltd, Japan, with IV of 0.65 dl/g and molecular weight of 

12,600 g/mol. Nano-Titanium dioxide (TiO2), P25 grade, 

was used as received. 

 

2.2 Master Batch Preparations 

The RPET and 10 wt% TiO2 master batch was 

compounded by Salee Colour Public Co., Ltd. The process 

mixed temperatures in the range of 260-270 °C. The 

characterization of master batch shows bulk density of 

0.85 g/cm3, density 1.4 g/cm3 at 23 oC.  

 

2.3 Multifiber preparation 

Master batch (10 wt% TiO2/RPET) and RPET were 

first dried in an oven at 150°C for 5 h prior to processing. 

The master batch and the RPET were processed by melt-

spun through 24 holes with diameter 0.5 mm per hole, 

using a Scale Bicomponent Extruder Fed Spinning 

Machine Model LBS-100, Hills, Inc., USA. The barrel 

temperature was 270, 275, 285, 275 and 270 °C. The 

multifilaments of RPET/TiO2 were collected at winding 

speed of 500 and 1400 m/min. The ratios of TiO2/RPET 

calculated after mixed with the master batch were 0, 1 and 

3 wt% (total weight 300 g) as shown in Fig. 1. 

 

 
 

Fig. 1 Multifilament of RPET with TiO2 content 

(a) 0 wt%, (b) 1 wt% (c) 3 wt%  

(Winding speed of 500 m/min) 

 

2.4 Optical Microscopy (OM) 

The multifilament was cross section cut and 

subjected to analyze by optical microscope with 10 times 

magnification. The fiber diameter was measured using a 

size analysis program. 

 

2.5 Thermal property 

 DSC scans were recorded on a differential scanning 

calorimeter (DSC800, Perkin Elmer) in inert atmosphere 

(nitrogen), with a heating rate of 10 °C/min. The samples 

(~10 mg) were placed into alumina crucibles. After the 

first heating 30 °C to 300 °C at a rate of 10 °C/min, hold 

at that temperature for 3 min, then cooled to 30 °C with 

cooling rate of 10 °C/min, hold at that temperature for 3 

min, then heating to 300 °C at a rate of 10 °C/min before 

second step where the samples were heated again and 

thermograms for second heating were recorded. Glass 

transition temperature (Tg), cold crystallization 

temperature (Tc), melting temperature (Tm), and heat of 

fusion (∆Hm) were determined from the second heating 

scans. 

 

2.6 Tensile properties 

The tensile strength measurement with standard 

ASTM D 3822 01 was carried out. The diameter (Denier) 

of fibers collected from winder with different speed of 500 

and 1,400 m/min, were measured using a Fiber Fineness 

by winding 9 rounds and the weighed with 4 digits. The 

diameter measurement was carried out 3 times for each 

sample. The values received were calculated the size of 

fiber compare with weight (g) of fiber 900 m length. The 

data will be parameters of tensile strength of the fibers. 
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The fibers were prepared with C-Camp shape with 

length of 2.3 cm. 10 Samples of each fiber were analyzed. 

The samples were subjected to tensile strength test using 

50 kN load cell. The gate length is 250 mm and winding 

speed of 50 mm/min. 

 

3. Results and discussion 

3.1 Optical Microscopic (OM) image and Diameter of 

multifilament of RPET 

 
 

 
 

 
 

Fig. 2 OM image of multifilament of RPET with different 

TiO2 content and winding speed 

(a) without TiO2 (b) TiO2 1 wt% (c) TiO2 3 wt% 

 

Fig. 1 shows the RPET multifilament with different 

TiO2 contents. The RPET multifilament without TiO2 is 

white and glossy. Addition of TiO2 resulted in cloudy 

filament. The fiber was winding at different speed of 500 

and 1400 m/min and different TiO2 content of 1 and 3 wt%. 

The fiber was cut by cross section to analyze by optical 

microscope. The results are shown in Fig. 2. The size of 

fiber at winding speed of 500 is larger than that of 1400 

m/min. The diameter of fibers from Fig. 2 was measured 

and plotted as shown in Fig. 3. The RPET multifilaments 

without addition of TiO2 drawn at speed 500 m/min had 

diameter of 27 µm. Diameter of fiber decreased when 

increasing the speed to 1400 m/min. With draw ratio speed 

of 1400 m/min the fiber diameter decreases to half of the 

speed of draw ratio 500 m/min. Addition of TiO2 to fiber 

gave the higher diameter due to the TiO2 particles may 

impede the extensibility of the fiber. 

 

 
Fig. 3 Diameter of multifilament of RPET/TiO2 

 

3.2 Differential Scanning Calorimetry (DSC)  

 
Fig. 4 1st heating thermogram of multifilament of 

RPET/TiO2 

 

Table 1 Thermal analysis (DSC) of multifilament of  

RPET/TiO2 

Speed 
TiO2 

(wt%) 
Tg Tc ∆Hc Tm ∆Hm %Xc 

500 

0 86.9 136.2 -22.9 262.6 29.5 21.7 

1 85.4 133.8 -23.3 260.2 36.5 27.0 

3 88.7 133.0 -20.4 264.3 25.1 18.5 

1400 

0 86.1 130.5 -16.1 258.6 24.1 17.7 

1 85.8 128.8 -21.7 259.2 26.8 19.7 

3 84.7 127.9 -16.8 263.7 21.5 15.8 

 

 DSC measurements were carried out on RPET/TiO2 

prepared with drawing sped of 500 and 1400 m/min. A 

heating run was performed from 30 °C to 300 °C at a rate 
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of 10 °C/min. The percent of crystallinity, Xc, for all RPET 

samples was calculated from Eq. 1: 

( ) 100% ×
∆

∆−∆
= o

m

ccm
c H

HHX  

Where o
mH∆  = 32.5 cal/g, is a heat of fusion of a 100% 

crystalline PET and ccH∆ is 0. The calculated percent of 

crystallinity of all samples are shown in Table 1. It has been 

reported that % crystallinity of virgin PET is 49%. From 

Table 1 all RPET samples present low % crystallinity. The 

results also show contrary effect of % crystallinity and the 

effect of drawing speed. With 1400 m/min drawing speed, 

the crystallinity of polymer decreased. Addition of 1 wt% 

of TiO2, the crystallinity of polymer increased while the 

higher content may lead to particle agglomeration. 

3.3 Tensile properties 

 Fig. 5 shows tenacity of multifilament of RPET 

without and with TiO2. The tendency of fibers tenacity was 

clearly observed. The tenacity of multifilament increased 

with increasing the winding speed from 500 to 1,400 

m/min as well as addition of TiO2. The drawing speed 

resulted in well orientation of polymer molecules which 

resulted in higher strength.  Due to TiO2 showed effect of 

nucleating agent, small amount of TiO2 will enhance the 

crystallinity of the fiber molecules. However, increased 

content of TiO2 to 3 wt% the tenacity was not improved 

due to agglomeration of high content TiO2 particles. For 

the winding speed of 500 m/min when increased TiO2 

contents, the tenacity reduced as a result of TiO2 particles 

in matrix may by agglomerated. 

 

 
Fig. 5 Tenacity of multifilament of RPET/TiO2 

 
Fig. 6 Elongation at break of multifilament of 

RPET/TiO2 

  

Fig. 6 shows elongation at break of multifilament 

of RPET/TiO2. It was found that increasing winding speed 

to 1400 m/min the elongation of fibers decreased 

regardless of without or with addition of TiO2. The % 

elongation at break reduced when TiO2 was added in RPET 

matrix due to TiO2 is a rigid material that changed 

morphology of fiber from soft phase to hard phase. 

 

4. Conclusion 

The effect of winding speed and addition of TiO2 

on mechanical property of multifilament of recycled 

poly(ethylene terephthalate) (RPET) was investigated. The 

winding speed was varied at 500 and 1400 m/min and 

addition of TiO2 content on RPET matrix was 1 and 3 wt%. 

The winding speed showed effect to the fiber size. The 

diameter of fiber was reduced due to orientation of fiber 

molecules that extended during drawing. However, 

addition of TiO2 resulted in increasing of the fiber diameter 

because the additive particles may obstruct the extension 

of polymer molecules. Winding speed shows effect to 

tenacity of multifilament. At high winding speed, high 

tenacity of fiber was observed. The elongation at break of 

fibers reduced with addition of TiO2 in RPET matrix due 

to its rigid phase. 
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Abstract 

Polymer blends of polyoxymethylene (POM) and poly(lactic acid) (PLA) exhibit excellent mechanical property 

for fiber application. Structure and property of PLA affected the property of the POM/PLA blend. To investigate the 

appropriate type of PLA, blending of two grades of PLA with POM in a ratio of POM/PLA 70/30 by weight were prepared 

by melt spun method using a single screw extruder equipped with a multifilament spinneret. The drawing speed of 

multifilament of 800 and 1,100 m/min was applied to the melt spinning to investigate the highest extension ratio. The 

effect of PLA grade and extension ratio on morphology, thermal and mechanical properties of POM/PLA blend fiber was 

examined. The SEM micrographs indicated that PLA was miscible with POM. Three methods of tensile test were carried 

out to measure the strength of materials in different application forms. The tenacity study of POM/PLA multifilament 

measured by cross type tensile methods was higher than other test methods due to the extension of polymer molecules 

and well molecular orientation. 

 
Keywords:  Polyoxymethylene, Poly(lactic acid), Polymer blend, Multifilament 

 

1. Introduction 

Most of polymers used in a seine manufacturing 

process are polypropylene (PP) and Nylon 6. They have 

high mechanical property and good processability for fiber 

fabrication. However, PP and Nylon 6 are non-degradable 

and synthesized from petroleum-based materials. Huge 

amount of their wastes cause serious environmental 

problems in the sea. Therefore, it is needed to replace these 

conventional materials with environmental friendly 

polymers having similar property. Biodegradable 

polymers have been considered to be promoting for 

production. Poly(lactic acid) (PLA) is a biodegradable 

polymer produced from renewable resources that has now 

been prompt for using in plastic industries. However, there 

is less information for applying PLA in textile industry due 

to limitation of its physical property. PLA is generally 

known as a brittle material and low crystallization polymer 

[1-3].  

PLA has been used for composite materials and 

medical applications. Fibrous applications are preferable 

for PLA development due to the higher value addition than 

using it for packaging and other plastic applications. 

However, PLA has some inherent disadvantages that limit 

its use for fibrous applications, especially textiles [4]. 

Therefore, the efforts are being made to understand and 

improve the properties of PLA [5-7]. The most prominent 

method of property of PLA improvement is the blending 

with high toughness polymer. 

Polyoxymethylene (POM), is one of the typical 

engineering plastics with high crystallinity, excellent 

abrasion resistance, fatigue resistance and moldability, and 

has wide applications [8]. Blending of POM and PLA has 
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been reported to give well mixing polymers exhibited high 

toughness. Therefore, the polymer blends of POM/PLA 

would give possibility of fiber application to replace the 

conventional petroleum-based non-degradable polymers 

[9-14]. 

However, due to different physical property of PLA, 

the appropriate PLA grade of POM/PLA blend for fiber 

property has not been studied. For actual application as 

fishing net, the comparison of fiber property of POM/PLA 

fiber with nylon fiber is necessary. 

In this research, we have studied the blending 

process of POM/PLA using two grades of PLA, extrusion 

and melt spinning fiber grades to produce fibers. The effect 

of tensile test methods with shape of samples; normal, 

cross and loop to mechanical and physical properties of 

polymer blend fibers were investigated. 

 

2. Experimental methods 

 

2.1 Materials 

Two grades of poly(lactic acid) (PLA) were used; 

TP400 extrusion grades (density 1.25 g/cm3) was 

purchased from Unitika, Japan, and PLA 6100D, fiber melt 

spinning grade (density 1.24 g/cm3), was purchased from 

NatureWorks LLC, USA. Polyoxymethylene (POM), 

Jupital grade V20-HE (density 1.39 g/cm3), was produced 

by Mitsubishi Gas Chemical Corporation, Japan.  

 

2.2 Multifiber Preparation 

The pellets were first dried in an oven at 80°C for 8 

h prior to processing. Table 1 shows the composition of all 

components of the blends. Then, the polymers were mixed 

together with dry blend and were melt-spun through 24 

holes (circular shape) with diameter of 0.32 mm per hole, 

using single screw extruder (ThermoHaake Polydrive). The 

spinning conditions: temperature at barrel was 180, 190, 

200 (extruder zone) 210 (connecter) and 210 °C (die), 

screw speed of 8 rpm). The final multifilament was varied 

the winding speed with 800 and 1,100 m/min, and the melt 

spun of POM/PLA blends were collected. 

 

 
 

Fig.1 Fiber melt spinning system:  (1) Extruder,  

(2) 1st Hot roller unit, (3) 2nd Hot roller unit,  

(4) 3rd roller unit, and (5) winding unit 

 

Table.1 Winding process at different speed of melt 

spun of  POM/PLA blends. 

 

Sample 

No. 

POM/PLA Extension ratio 

70/30 1.98x 2.68x 

1 V20-HE   

2 TP4000   

3 6100D   

4 V20-HE TP4000   

5 V20-HE 6100D   

 

Note:    = winding successful,  

  = winding not successful 

Only PLA TP4000 = 1.86x 

 

2.3 Thermal properties 

Thermal analysis of multifilament was recorded on 

a differential scanning calorimeter (DSC 800, Perkin 

Elmer, MA) under nitrogen atmosphere with a heating rate 

of 10 °C/min from 30 to 250 °C. 

 

2.4 Morphology 

Morphological analysis of fibers was performed 

using a scanning electron microscope (SEM) (JEOL/JSM-

5410LV) set at 15 kV at magnification 1,000X and 3,000X. 

Gold was sputtered onto the specimens for electron 

conductivity. 
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2.5 Tensile properties 

The tensile strength (TS) and elongation at break 

(%E) of fiber were measured using an INSTRON universal 

testing machine (INSTRON5569) according to the ASTM 

D3822-01. The mechanical property of the fiber was tested 

with a load cell of 50 kN with gauge length of 25 mm and 

test speed of 50 mm/min. The tensile test consists of three 

types of test samples: normal, cross and loop. 

 

3. Results and Discussion 

 

3.1 Thermal properties 

 Thermal analysis of neat PLA, neat POM and 

POM/PLA blends was shown in Fig. 2. The melting 

temperature (Tm) of V20-HE and TP4000 show only one 

endotherm peak at 163.04°C and 177.22°C while V20-

HE/TP4000 and V20-HE/TP4000 show double peaks 

which can be explained by two causes for this behavior. 

Few authors have reported [15-17] this behavior as a result 

of lamellar rearrangement during crystallization of PLA: 

the low-temperature peak is formed on the melting 

endotherm of the original crystallites, and the high-

temperature peak is formed on the melting endotherm of 

the recrystallizes. In another case, the two melting peaks 

may be a result of the polymorphic crystalline transition of 

PLA [18,19]. Blending POM with PLA resulted in 

decreasing of the glass transition temperature (Tg) of PLA 

from 70.49 to 54.76 °C. The results confirmed well mixing 

of POM and PLA and the PLA molecules were well 

distributed in the POM matrix. Furthermore, POM 

molecules enhanced the mobility of  PLA  molecules. 

 

 
 

Fig.3 DSC Thermogram of neat PLA, neat POM and 

POM/PLA fiber.  

Table.3 DSC Thermogram data of neat POM, neat 

PLA and POM/PLA fiber.  

 

Sample code Tm (°C) ∆H (J/g) Tg 
(°C) 

TP4000 177.22 33.42 70.49 

6100D 181.63 46.83 70.96 

V20-HE 163.04 67.62 - 

V20-HE/TP4000 
(2.68X) 161.18 169.86 53.19 6.43 55.40 

V20-HE/6100D 
(2.68X) 

161.31 179.28 58.36 13.86 54.87 

 

3.2 Mechanical Properties 

Fig. 4 shows the tenacity analysis of neat PLA, neat 

POM and POM/PLA fiber. It was found that for the V20-

HE/TP4000 the tenacity of cross sample tended to increase 

more than the normal and loop format tensile method. 

However, the tenacity of V20-HE/TP4000 was higher than 

V20-HE/6100D due to orientation of polymer molecules 

from high extension. 

 

 
 

Fig.4 Tenacity of POM/PLA fiber  

at extension ratio 2.68x. 

      
The elongation at break of POM/PLA blends is 

shown in Fig. 5. V20-HE/6100D shows high elongation of 

more than 225%. The loop tensile method of V20-

HE/TP4000 shows lower elongation than the cross tensile 

sample method due to already stretching of polymer 

molecules. 
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   Fig.5 Elongation at break of POM/PLA fiber  

at extension ratio 2.68x. 

  

3.3 Morphology 

The morphology of fracture structure of V20-

HE/6100D is shown in Fig. 6 (a) V20-HE/6100D normal 

tensile test method shows ductile fracture while in Fig. 6 

(b) the V20-HE/6100D cross (8) tensile test shows brittle 

fracture than the V20-HE/6100D normal tensile test. 

 

 
 

Fig.6 SEM photograph of V20-HE/PLA6100D  

(a) normal (b) cross and (c) loop 

 

                The morphology of fracture structure of V20-

HE/ PLATP4000 from various tensile test methods is 

shown in Fig.7 The mixed POM with PLA shows 

ductile fracture and miscibility phase in the POM 

matrix. Phase separation of two both polymers was 

not clearly observed. 

 
 

Fig.7 SEM photograph of V20-HE/PLATP4000 

(a) normal (b) cross and (c) loop 

 

4. Conclusion 

The melt spun multifilament of POM/PLA blends 

using two types of PLA, TP4000 and 6100D, and POM, 

V20-HE at ratio of POM/PLA with 70/30 wt% was 

prepared. The effect of tensile test methods with shape of 

samples; normal, cross and loop to mechanical and 

physical properties was investigated. The polymer blend of 

POM/PLA with extrusion grade PLA (V20-HE/TP4000) 

could be winding to multifilament with high winding speed. 

The thermal property analysis indicated that the Tg of PLA 

in the POM/PLA blend decreased due to POM had higher 

melt flow than PLA and assisted the increasing of polymer 

chain mobility. V20-HE/6100D loop tensile method has 

higher tenacity than the normal and cross tensile test 

methods. The tenacity of V20-HE/TP4000 produced at 

high winding process gave high cross tensile test due to the 

molecular orientation from extension. The SEM image of 

V20-HE/6100D from normal, cross and loop tensile test 

shows the typical brittle fracture with smooth fracture, 

surface due to inexistent or very low plastic deformation. 

POM is a ductile fracture corresponding to a flexible 

polymer. The blend shows ductile fracture and miscibility 

of both polymer phases due to high POM content in the 

matrix [20,21]. 
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Abstract 

The secondary backing of carpet is commonly made from polypropylene (PP) or poly(ethylene terephthalate) 

(PET). These polymers are non-biodegradable and their post-consumer products cause environmental problems. 

Therefore, in this research we studied the application of biodegradable polymer, poly(lactic acid) as a material for  spun 

bonded nonwoven for secondary backing of carpet. To overcome the brittleness of PLA, poly(ethylene glycol) (PEG) was 

added to PLA as a plasticizer, to improve the toughness of PLA. The PEG content was varied from 0, 1 and 3 wt%. The 

melt spinning process to produce spun bonded nonwoven was carried out. The effect of air jet pressure on thickness, 

weight of nonwoven and diameter of fiber was studied by using air jet pressure of 15, 20 and 25 psi. It was found that the 

air jet pressure of 15 psi produced highest thickness and weight. The results were confirmed with optical microscopy 

(OM) Image. It was found that with 15 psi air jet pressure the diameter of PLA/PEG fiber was higher than those of 20 

and 25 psi. Addition of 1 wt% PEG the fibers showed good mechanical property due to high thickness and weight of 

samples. 

 
Keywords:  Poly(lactic acid) (PLA), Poly(ethylene glycol) (PEG), Spun bonded nonwoven, Carpet backings 

 

1. Introduction 

The amount of carpets used have been increasing 

significantly due to their potential to applied for interior 

architecture, automobile and aircraft industry [1]. These 

lead to huge amount of wastes from post-consumed 

products. Currently, several tons of carpets have been 

discarded and become one of the largest amounts of solid 

wastes [2-4]. Recycle of carpet wastes could save the 

consumption of new petroleum-based polymers, reduce 

environmental pollution, and therefore promote 

sustainability of material industries. However, the actual 

recycling is very small compared to the huge amount of 

carpets production and it has been reported that only 2% 

waste carpets have been recycled [5,6]. On the other hand, 

the replacement of conventional petroleum-based 

materials for carpet production to the environmental 

friendly polymer will be an attractive solution and are 

considered as an alternative renewable material. 

Poly(lactic acid) (PLA) is a biobased polymer having 

potential for the replacement of petrochemical polymers 

[7]. PLA is a thermoplastic, high-strength, high-modulus 

polymer. But PLA is a brittle and rigid polymer and these 

drawbacks limit its applicability. For a great number of 

applications such as packaging, fibers, films, etc., it is of 

high interest to improve the flexibility and impact 

properties of PLA [8-12]. To improve the chain mobility 

of polymer molecules, plasticizers with high molecular 

weight and being miscible to PLA without any 

compatibilizer have been reported, i.e. poly(ethylene 

glycol) (PEG) [13,14], poly(propylene glycol) (PPG) [15]. 

Since PEG is commercially available, it is considered as 

an available plasticizer for PLA fiber. 
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In our research we had studied the preparation of 

secondary backing of carpet from PLA using a melted spun 

bond process and investigated the effect of addition of 

plasticizer to improve the ductility of the PLA using a 

melted spun bond process. 

 

2. Experimental 

 

2.1 Materials 

Poly(lactic acid) (PLA; Ingeo biopolymer  grade 

6100D, MFI = 24 g/10 min, density 1.24 g/cm3) used in 

this research was obtained from NatureWorks LLC. 

Poly(ethylene glycol) (PEG; Mw ~ 20,000 Da) produced 

by Sanyo Chemical Industries Company Ltd. 

 
2.2 Method 

The PLA pellets were first dried in an oven at 80°C 

for 8 h prior to processing. Varying amounts of PEG 

plasticizer (0, 1 and 3 wt%) were then mixed with PLA in 

a single screw melt-spun extruder (ThermoHaake 

Polydrive) through 24 holes die with diameter of 0.32 mm 

per hole. The melt spinning temperature at barrel was 

adjusted to 190, 200, 210 (Zone Extruder) 210 (Connecter) 

and 200°C (Die) and screw speed of 10 rpm. The 

multifilament was blown to the Hill’s Spun bond (Spun 

bond Nonwoven Lap Machine). The conditions of 

nonwoven fibers preparation are shown in Table 1. The air 

jet pressure of spun bond nonwoven machine was varied 

for 15, 20 and 25 psi. The fibers were dispersed on the 

supporting sheet running on the conveyor belt and passed 

through the thermal bonding unit and the PLA nonwoven 

was collected (Fig. 1).  

 

Table 1 Conditions of spun bond process 

 

Details Value 
Air jet pressure (psi) 15, 20, 25  
Conveyer speed (m/min) 1.5 
Pressure of roller 1 (psi) 10 
Pressure of emboss (psi) 10 
Temperature of 
emboss (ºC) 

Top (TT) 130 
Bottom (BT) 160 

 

 
Fig. 1 Spun bonded nonwoven process. 

 

3. Physical Property 

 

3.1 Thickness 

The nonwoven sheet prepared was cut to size 1 x 1 

cm for 10 pieces of each samples. The sample thickness 

was measured using a Telclock Dial thickness gauge SM 

112P. 

 

3.2 Weight of nonwoven  

The products were cut to size 1 x 1 cm for 10 pieces 

of each samples. Weight of samples was measured in the 

unit of gram per square meter. 

 

3.3 Optical microscope (OM)  

The samples were cut to size 1 x 1 cm for 1 piece 

of each products. The sample size was measured using 

Olympus Microscope CX41. 

 

4. Thermal property 

DSC scans were recorded on a differential scanning 

calorimeter (DSC200 F3, NETZSCH) in inert atmosphere 

(nitrogen), with a heating rate of 10 °C min-1. After the first 

heating from 30 °C to 250 °C at a rate of 10 °C min-1, held 

at that temperature for 3 min, then cooled to 0 °C with 

cooling rate of 10 °C min-1 before the second step where 

the samples were heated again and thermograms for 

second heating were recorded. Glass transition 

temperature (Tg), cold crystallization temperature (Tc), 

melting temperature (Tm), and heat of fusion (∆Hm) were 

determined from the second heating scans. 
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5. Results and Discussion 

 

5.1 Physical properties 

Sample thickness, weight and diameter of 

PLA/PEG nonwoven fiber were measured. The results are 

shown in Fig. 2-4. 

 

5.1.1 Thickness and Standard Weight (Gram per square 

meter, GSM) 

The thickness of samples prepared from nonwoven 

fiber of PLA with different PEG contents and air jet 

pressure. The results are shown in Fig. 2-3. 

 

 
 

Fig. 2 Thickness of PLA/PEG nonwoven fiber 

 

 
 

Fig. 3 Weight of PLA/PEG nonwoven fiber 

 

It was found that thickness of nonwoven sheets 

prepared increased when the content of PEG increased 

from 0 to 1 wt%. However, when the content of PEG was 

more than 1 wt% the thickness was decreased as shown in 

Fig. 3. The addition of 1 wt% PEG resulted in highest 

weight per surface area which may due to well distribution 

of PEG in PLA matrix. With high content of PEG, due to 

process of nonwoven preparation by dry blend method and 

high volume of PEG may not well distributed in the matrix, 

PEG was agglomerated and coated on PLA matrix. Amita 

B., et. al reported that on the blend fracture surface the 

plastic deformation was concentrated in walls between 

pools of phase separated plasticizer. [16] 

The effect of air jet pressure on thickness and 

weight (Gram per square meter, GSM) of nonwoven was 

investigated. It was found that thickness of all nonwoven 

sheets prepared decreased with increasing air jet pressure 

from 15 to 20 and 25 psi. The diameter of fibers decreased 

with increasing air jet pressure which resulted in weight of 

sheets decreasing. The results confirmed the elongation of 

fiber due to air jet pressure assisted the extension of the 

fiber flew out from the die. 

 

5.1.2 Optical microscopy (OM) Image and Size 
 
 

 

 

 
 

Fig. 4 OM Image of nonwoven fiber of PLA with 

different PEG content (a) 0 wt% (b) 1 wt% (c) 3 wt%  
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Fig. 5 Diameter of PLA/PEG Fiber 

 

The optical microscopic analysis of PLA/PEG 

nonwoven was shown in Fig. 4. The diameter analysis 

from OM image using the Axio Vision Rel.4.8 was shown 

in Fig. 5. The reasons that the diameter of nonwoven of 

PLA decreases may due to 1) the effect of air jet pressure 

that pulled the multifilament from the air jet pressure point 

to the conveyer belt resulted in stretching of the filaments 

before falling on the convey belt, and 2) the polymer 

temperature decreased from the die until reach room 

temperature and the state of fiber changed from melt state 

to rubber state and glassy state which Tg of PLA of 64.2oC 

higher than room temperature. PEG is the plasticizer and 

decreased Tg of PLA [16, 17]. Therefore, nonwoven of 

PLA with PEG has more time to be extended than 

nonwoven of PLA without PEG. 

 

5.2 Thermal properties, DSC analysis 

 

 
Fig. 6 DSC Thermogram of 2nd heating scan of  

nonwoven of PLA with different PEG content. 

Table 2 Thermal data of DSC analysis of PLA nonwoven 

with different PEG content 

PEG content 
(wt%) Tm  (°C) ∆Hm (J g-1) Tg (°C) 

0 174.1 51.12 63.9 

1 172.9 51.43 63.1 

3 172.8 48.62 63.6 

 

Fig. 6 and Table 2 show thermal analysis of PLA 

nonwoven with different PEG content. It was found that 

Tm of PLA was 174.1 oC. Addition of 0, 1 and 3 wt% PEG, 

the Tm was slightly decreased while Tg was not changed. 

The results was not in agreement with the previous reports 

for the plasticizer effect of PEG on PLA  [14,15].  

 

5.3 Tensile Strength 

Fig. 7 shows results of tensile test of PLA 

nonwoven with different PEG contents. It was found that 

tensile strength results conform to the thickness and weight 

of PLA nonwoven as shown in Fig. 2-3. With 1 wt% PEG 

the highest thickness and weight of sample were found 

which resulted in high tensile strength. However, with 

higher PEG contents, the tensile strength decreased due to 

low thickness, lower density and softness of samples. The 

results confirmed that PLA changed from brittle to ductile 

with addition of PEG in the polymer blends [16]. Effect of 

Air jet pressure on tensile properties. It was found that air 

jet pressure of 15 psi show results of tensile strength higher 

than 20 and 25 psi all PLA nonwoven with different PEG 

contents. 

 
Fig. 7 Tensile strength of PLA nonwoven with 

different PEG content 
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6. Conclusion 

PLA nonwoven was prepared using spun bonded 

process. Plasticizer was added to PLA to increase the 

flexibility. The content of plasticizer, PEG, addition 

showed influence in physical and mechanical property of 

PLA.  PLA with 1 wt% PEG showed highest thickness and 

highest weight per surface area, which may due to good 

distribution of PEG in PLA matrix. The thickness and 

density of nonwoven PLA showed relation to the tensile 

strength. Thermal properties analysis using DSC 

confirmed that PEG had no effect to Tm of PLA but 

decreased its Tg clearly. Low thickness and low weight 

sheet was resulted from decreasing of fiber size due to high 

air jet pressure. 
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Abstract 

The aim of this study was to examine the effectiveness of using malic acid, a dicarboxylic acid to enhance the 

properties of starch-based films. Starch/glycerol casted films were prepared with 0, 10, 15, 20, 25, and 30 wt% malic acid 

(starch wt% basis) and properties were, then, analyzed. It was found from FT-IR spectra that the additional peak position 

at 1730 cm-1, assigned for the C=O stretching was observed. Moreover, the 30 wt% malic acid derived starch films caused 

the decreasing swelling property compared to the control film. There was also a significant increase of elongation at break 

of the starch film with the addition of 30 wt% malic acid. Finally, thermal stability of different acid-modified films was 

improved with the increased amounts of malic acid. 

 
Keywords:  cross-linking; malic acid; modified starch 

 

1. Introduction 

 Starch is a renewable and abundant resource. 

However, starch exhibits several disadvantages such as a 

strong hydrophilic character (water sensitivity) and poor 

mechanical properties compared to conventional synthetic 

polymers [1], which make it undesirable for some 

applications such as packaging purposes. 

Cross-linking is a common approach to improve the 

performance of starch for various applications. Starch and 

starch products have been cross-linked with various cross-

linking agents [2]. Nevertheless, some of these cross-

linking agents always display toxicity and thus their 

potential applications as biomaterials are limited.                   

To overcome these disadvantages, certain nontoxic 

functional additives and simple modification techniques 

are required to improve mechanical properties and water 

resistibility of the starch films. 

In this work, malic acid was chosen as the cross-

linking agent because of its low cost and non-toxicity. As 

a result of its di-carboxylic structure, interaction could take 

place between the carboxyl groups of malic acid and the 

hydroxyl groups on the starch. Such an interaction would 

improve the water resistibility due to reducing available 

OH groups of starch [3]. Starch/glycerol casted films were 

prepared with different contents of malic acid and different 

properties were, then, different properties were examined. 

 

2. Experimental methods 

2.1 General 

Cassava starch was obtained from Chaopraya 

Phuchrai 2999 Co., Ltd. (Kamphaengphet, Thailand). 

Glycerol (plasticizer) was provided by Lab System Co., 

Ltd. (Bangkok, Thailand) and malic acid (food grade) was 

purchased from Lab System Co. Ltd. (Bangkok, Thailand). 

 

2.2 Sample preparation      

Mixtures of soluble cassava starch (10 g), glycerol 

(2 g) and distilled water (100 ml) along with different 

amounts of malic acid, i.e. 0%, 10%, 15%, 20%, 25% and 

30% (on the initial dry weight of starch) were prepared. 

All solutions were heated at the temperature of 65 °C for 

30 min to ensure the completed starch gelatinization.    The 

films were dried for 5 h. at the temperature of 70 °C in a 

hot air oven. Further curing at the temperature of 150 °C 
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for 10 min was performed. All films were, subsequently, 

conditioned at 60% RH (23 ± 1 °C) in a closed humidity 

chamber before assessing the film properties 

 

2.3 IR spectroscopic study 

A sample was characterized by IR using a Spectrum 

200 GX spectrometer (PerkinElmer, USA) using KBr disk 

technique with a resolution of 6 cm-1 using 20 scans per 

sample. 

 

2.4 Tensile properties 

A film was cut into rectangular piece of 15 mm × 

100 mm to test tensile properties. The film thickness was 

approximately 0.12 mm. The tensile testing was carried 

out using Universal Testing Machine (LLOYD 

Instrument, LR 5K, UK) with 100 N load cell and at a 

crosshead speed of 50 mm/min according to ASTM               

D-882. The sample was conditioned at the temperature of 

23±1 °C and relative humidity of 60±5% before testing. At 

least 10 specimens were tested to obtain the averaged 

values. 

 

2.5 Thermogravimetric analysis 

A sample was scanned from the temperature of 

50 °C to 600 °C using a thermogravimetric analyzer 

(Perkin Elmer, Pyris 1, Massachusetts, USA) at a rate of 

10 °C/min in nitrogen atmosphere to characterize thermal 

decomposition temperature. 

 

2.6 Swelling power  

A sample was determined according to the method 

given by Yun and Yoon [4]. Accurately weighed dry film 

was immersed in distilled water at room temperature.        

At the end of soaking period, the film was taken out.              

The moisture on the surface was removed and the weight 

of the film was measured. The swelling power was 

calculated as follows:   

          Swelling power = (We-Wo)/Wo          (1) 

where Wo was the dry weight of the starch film and We 

was the weight of the film after being immersed in water. 

 
 

3. Results & Discussion  

3.1 IR spectroscopic study 

FTIR spectra of the native starch film and the starch 

films cross-linked with 10, 15, 20, 25 and 30% malic acid 

are shown in Fig.1. It was found that all of the films 

showed similar peaks, except for the additional peak in the 

cross-linked film at 1730 cm-1. The band at 1730 cm-1 

(indicated in Figure 1) was ascribed to the ester carbonyl 

bands [5]. Since the films were thoroughly washed to 

remove the unbound malic acid, the presence of the 

carbonyl peak confirms the chemical linkages between 

malic acid and starch. 

 

Figure 1. FT-IR spectra of the cassava starch films 

modified by different contents of malic acid (a) 0%              

(b) 10% (c) 15% (d) 20% (e) 25% and (f) 30% 

 

3.2 Tensile property 

 Tensile properties of different cross-linked films 

are shown in Figure 2. It showed an increased softness of 

the film indicated by the decrease in the stress at maximum 

load and Young’s modulus as well as the increase in strain 

at maximum load when malic acid contents were 

increased. As expected, the control cassava starch film was 

significantly stiffer than other malic acid-modified films. 

At the highest concentrations (30 wt% malic acid), lower 

stress and Young’s modulus but higher strain were 

observed. This could be due to the cross-linking reaction 

by malic acid. However, there was excess cross-linking 

that limits the mobility of the starch molecules, leading to 

lower stress at maximum load. It should be noted that there 

was a significant increase of the strain at maximum load of 
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the malic acid modified cassava starch film, especially at 

high contents of malic acid. This should be due to the 

cross-linking reaction between malic acid and starch 

molecules.  

 
Figure 2. Mechanical properties of different malic acid-

modified cassava starch films 

 

3.3 Thermogravimetric analysis 

Figure 3 presents thermogravimetric (TGA) and 

derivative thermogravimetric (DTG) graphs of native 

cassava starch film and different malic acid modified 

cassava starch films. The initial weight loss (DTG peak) 

below 100 °C was ascribed to the desorption of trace water. 

It seems that there is only one weight loss step on the DTG 

curve of native cassava starch film. However, there was 

four degradation steps for all derived films containing 

malic acid in a similar way to that of citric acid derived 

films by Shi et al. [6]. The second weight loss at around 

180 °C was related to the glycerol, the third degradation 

weight loss above 150-250 oC may be due to acid 

hydrolysis of starch by malic acid [7]. The major weight 

loss at 320 oC was due to degradation of the chemical 

structure of starch and the fourth degradation weight loss 

above 350-370 oC may be because of the cross-link 

formation reaction of malic acid with starch polymer 

chains, respectively [8]. 

The third weight loss steps were strongly related to 

the interactions between starch and malic acid. It seems 

that the cross-linked starch films presented higher 

degradation temperature of the third weight loss and lower 

weight loss than the non-modified film. It was also 

observed that the residual weight percentage of the cross-

linked starch films was more than that of the non-modified 

film. Moreover, the increase of malic acid content caused 

the residual weight percentage increased. This could be 

because, malic acid molecules were chemical bonded onto 

the starch chains [6].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) TGA and (b) DTG thermograms of different 

cassava starch films modified by different contents of 

malic acid 

 

3.4 Swelling power 

The results of the swelling power measurements are 

shown in Fig 4. The cassava starch film showed the highest 

swelling power. Since native starch contains abundant 

hydroxyl groups that prefers to form hydrogen bonds with 

water. The swelling power of the starch films decreased 

with increasing malic acid concentration. Cross-linking 

and esterification reactions can reinforce the starch 

network both chemically and physically, thus resulting in 

lower swelling power [4].  

(a) 

(b) 
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Figure 4. The swelling power of cross-linked cassava 

starch films modified by different contents of malic acid 

 

Conclusion 

Starch films cross-linked by different contents of 

malic acid were successfully prepared. It was found that 

the new FT-IR peak position at 1730 cm-1 was observed in 

different starch films modified by malic acid. Thermal 

decomposition temperatures were slightly increased with 

the increase of malic acid contents. Moreover, the 

improvement in tensile properties was detected by the 

significant increase of the strain at maximum load. Finally, 

the increasing of malic acid concentration caused the 

decrease of the swelling power. These films can be used in 

applications food and packaging. 
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Abstract 

          In the present work, native starch was modified by graft copolymerization. The biodegradable starch polymer was 

prepared by grafted with methyl methacrylate (MMA) monomer onto cassava starch via free radical polymerization using 

the potassium persulphate (PPS) as a initiator. The graft copolymerization reaction was synthesized using the 

concentration of MMA monomer of 0.2 M, reaction temperature of 80 °C and the PPS concentration of 0.01% by wt of 

the dry starch. It was found that the grafting percentage and grafting efficiency significantly increased with the reaction 

time and the highest grafting percentage of 90.1% was obtained. FT-IR results showed the presence of the MMA at the 

peak position of 1731 cm-1 and the peak position was more intense with higher grafting percentage. SEM micrographs 

presented the granular structure of starch attached with MMA monomer after the grafting reaction. Moreover, thermal 

stability of the MMA-grafted starch was significantly increased with the increasing of grafting percentage.  

 

Keywords:  grafted starch, methyl methacrylate, modified starch  

 

1. Introduction 

In recent  years,  research  has  been  focused  on  

biodegradable  materials to replace  petroleum  based  

plastics  in  a cost effective manner. Starch is  a  

biopolymer  which  is  naturally  available,  biocompatible  

and  biodegradable [1]. However, native starch does not 

meet functional properties required in some applications 

due to disadvantages of native starch such as low thermal 

properties, high water absorption and poor mechanical 

properties. Hence, it is still needed to be further modified.  

 Chemical modification of native starch via graft  

copolymerization  can improve  its  properties  such  as  

absorbency,  ion  exchange  capabilities, elasticity,  

thermal  resistance . Starch graft copolymer is one of the 

interesting material and can widely use in many fields 

because of their various applications related to agriculture, 

industry and medical applications [2]. 

 

 

 

 

 

Many studies have focused their attention on 

grafted starch with different vinyl monomers, mainly                

acrylic acid (AA) and acrylamide (AM) monomer [3].           

Currently, there is little information on the properties of 

chemically modified grafted starch with MMA that can be 

used to develop for further applications. MMA is one of 

the most important vinyl monomers. It has low water-

soluble properties, low toxicity and good impact strength 

[4]. 

          The purpose of this study was to study on the 

preparation and properties of the MMA-grafted starch.                               

In addition, the grafted starch was compared with the 

native starch on the function group analysis by FT-IR 

morphology and thermal properties by TGA. 

 

2. Experimental methods 

2.1 Materials 

    Cassava starch was purchased from Chaopraya Phuchrai 

2999 Co.,Ltd. (Kamphaengphet, Thailand). MMA was 
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purchased from Italmar Co., Ltd. (Bangkok, Thailand). 

PPS and methanol were obtained from Lab System Co., 

Ltd. and Chemical Innovation, Co., Ltd. (Bangkok, 

Thailand), respectively.        

 

2.2 Preparation of the MMA-grafted starch 

5 g of cassava starch was dissolved in 100 ml of 

distilled water in a 500 ml three round bottom flask. 

Simultaneously, the mixture was stirred using a magnetic 

stirrer under heating with the temperature of 80°C for 30 

min under nitrogen atmosphere to form the homogeneous 

starch solution. The PPS initiator was added into the 

homogeneous solution and, then, the MMA monomer was 

added at the concentration of 0.2 M. The solution was 

stirred for the different reaction times, i.e., 0.5, 2, 4 and 6 

hours. After the certain time, the solution was poured into 

excess methanol to precipitate the graft copolymer. The 

copolymer was extracted thoroughly by soxhlet extraction 

with acetone to remove the MMA homopolymer. Finally, 

the graft copolymer was then dried in an hot air-oven at the 

temperature of 50 °C for 24 hours and cooled to a room 

temperature until constant weight was obtained. 

 

2.3 Sample characterization 

      2.3.1 Grafting parameters   

Percentage grafting efficiency (% GE) and 

percentage grafting (% G) were based on gravimetric 

estimation and were calculated as follows:  

 % GE = 100 (W2 – W1) /W3 

 % G = 100 (W2 – W1) /W1  

where W1, W2 and W3 were the weights of native 

starch, the MMA-grafted starch and the MMA monomer, 

respectively.       

      2.3.2 FT-IR spectroscopic study 

            A sample was characterized by FT-IR analysis on 

a Spectrum 2000 GX spectrometer (PerkinElmer, USA) 

using KBr disk technique with a resolution of 4 cm−1 using 

16 scans per sample. Complete analysis was done at 

ambient temperature. 

     2.3.3 Scanning electron microscopy 

Scanning Electron Microscope (FEI, quanta 250, 

USA) was used to observe morphology of a sample. The 

sample was sputter-coated with a thin layer of gold to 

prevent electrical charging during the observation. Sample  

surface was  observed  with  a secondary electron  detector  

using  the  accelerating  voltage  of  15  kV    

      2.3.4 Thermogravimetric analysis  

Thermogravimatric analyser   (Pyris   I TGA   HT,     

Perkin   Elmer,   USA) was operated under nitrogen 

atmosphere. A sample approximately 10-12 mg  was 

heated  from the  temperature  of  50  to  600  °C  at  the 

heating  rate of  10  °C/min.   

 

3. Results and discussions 

3.1 Effect of the reaction time on the percentage of grafting 

and grafting efficiency of the grafted copolymers. 

 

Table 1 Percentage of grafting and grafting efficiency  

Reaction times 

(hr) 

% G % GE 

 0.5 8.1±0.3         6.6±0.3 

  2 40.3±0.2         35.1±0.1 

  4         90.1±0.3         82.0±0.2 

  6         75.6±0.1         60.1±0.2 

*The  grafting  reactions  were  carried  out  at  different  time  

intervals  between  0.5 hr to 6 hr. 

 

Table 1 shows the effect of reaction times on the 

values of %G and %GE of the MMA-grafted starch.  With 

the increase in reaction time from 0.5 to 4 hours, % G 

and % GE clearly increased and the maximum value of 

approximately 90.1 % was obtained at the reaction time of 

4 hr. The results revealed that higher grafting process 

occurred with the longer reaction time. The increase in 

graft yield with time related to the increasing in the number 

of grafting sites on the starch chains in the initial stages of 

the polymerization.  

However, a decrease of the %G and %GE was 

obtained with the reaction time of 6 hr. This was the 

because the reduction of both monomer and initiator 

concentration as well as the decreasing of the number of 

available active grafting sites onto starch backbone with 

the longer reaction times [5]. 
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3.2 FT-IR spectroscopic study 

 

Figure 1 IR spectra of different percentage grafting of 

various MMA-grafted starches (a) 0% (b) 8.1 % (c) 40.3 % 

and (d) 90.1 %.  

FTIR spectra of different grafted starch are shown 

in Figure 1. The result showed a broad absorption band 

ranging from 3500 to 3300 cm-1, which was attributed to 

O-H stretching. Another wavenumber at about 2800-3000 

cm-1 was ascribed to C–H asymmetric stretching. The 

absorption band at 1641-1646 cm-1 indicated the vibration 

of bound water. The addition band in the range of 1450-

1475 cm-1 was presented for O-H bending. The peak at 

1070-1275 cm-1 and 1000-1200 cm-1 were attributed to C–

O–C stretching and C–O–H stretching [6]. 

      After the grafting reaction (Figures 1(b)-1(c)), the 

grafted copolymer showed the extra peak position at 1730 

cm-1 corresponding to C=O stretching vibrations in esters 

characteristic [2, 5]. The additional peak confirmed the 

grafting of the MMA onto cassava starch.                             In 

addition, the intensity of C=O stretching peaks increased 

with the increasing of grafting percentage.           

 

3.3 Morphology 

 

 

Figure 2 SEM micrographs of various MMA-grafted starches with different percentage grafting (a) 0% (b) 8.1 % (c) 

40.3 % and (d) 90.1

  

 

 (d) 
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SEM micrographs of native starch and different 

grafted starches were presented in Figure 2. The results in 

Figure 2(a) suggested that the native starch represented 

smooth granular structure; whereas, the MMA-grafted 

starch (Figures 2(b)-2(d)) showed different morphologies 

and the starch granules were disappeared. The granule 

surface was apparently attached with the MMA monomer. 

This observation could confirm that the cassava starch was 

successfully grafted with the MMA monomer [2, 5, 8]. 

 

3.4 Thermal properties 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 (a) TGA and (b) DTG thermograms of different 

of various MMA-grafted starches with different 

percentage grafting (a) 0% (b) 8.1 % (c) 40.3 % and (d) 

90.1 %  

 

Table2. Thermal decomposition temperatures of different 

MMA-grafted starches 

Samples Degradation 

temperature          

(° C) 

Native starch          282.9 

MMA-Grafted starch (%G = 8.1%) 312.6 

MMA-Grafted starch (%G = 40.3%) 315.9 

MMA-Grafted starch (%G = 90.1%) 318.2 

 

Thermal properties of different grafted starches are 

shown in Figure 3. It was found that the native starch and 

grafted starch exhibited a three-stage thermal 

decomposition process. The initial stage at around 100°C 

corresponded to the loss of adsorbed and bound water. The 

second stage from 280 to 320°C was attributed to the 

decomposition of the starch, and the third stage from 400-

450 °C was attributed to the decomposition of the MMA 

grafted copolymer, respectively [8].  

  It should be noted that the appearance  of  third  

stages  indicates  the  structure  of starch chains  was  

changed,  which  was due  to  the  grafting  of  PMMA 

chains.  

In addition, Table 2 presents the thermal 

decomposition temperatures of different grafted starches. 

The result showed that MMA-grafted starch presented 

higher degradation temperatures than that of the native 

starch. It implies that the grafting process can improve the 

thermal stability of the native starch.  

 

4. Conclusions 

The native cassava starch was successfully grafted 

by the MMA monomer. The highest grafted yield was 

obtained from the reaction time of 4 hours. FTIR spectra 

could confirm the successfully synthesized of the MMA-

grafted starch. SEM micrographs also supported the direct 

evidence of the grafting of MMA monomers onto the 

cassava starch. Moreover, the MMA-grafted starch 

showed higher degradation temperature than the native 

starch.  
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Abstract 

           Due to poor mechanical properties and high water absorption properties, in this study, native starch was chemically 

modified by crosslinking with borax. The crosslinked starches were prepared using the different contents of borax, i.e., 

5, 10, 15 and 20% w/w of dried starch. The effects of different contents of borax on properties of crosslinked starches 

were investigated by degree of crosslinking, pasting, thermal and water absorption properties. It was found that the degree 

of crosslinking was increased with the increasing of borax content. Moreover, the decrease in peak viscosity of the 

crosslinked starches was observed by the pasting properties. The thermal and water absorption properties were improved 

by adding crosslinking agents into cassava starch. Furthermore, it was found that the highest degree of crosslinking, 

thermal stability and the lowest water absorption properties were obtained from the crosslinked starch with borax at the 

content of 20 % w/w.  

Keywords:  crosslinked starch, borax, modified starch 

 

1. Introduction 

Starch is a common material widely using in 

many food and several applications. However, the 

applications of native starch are limited due to low 

thermal stability, high retrogradation tendency, water 

absorption properties and low mechanical properties [1]. 

The chemical modification of starch can be 

achieved by a variety of different chemical reactions 

such as acid hydrolysis, oxidation, etherification, 

esterification and cross-linking. Among these methods, 

crosslinking has been commonly used to modify native 

starch and improve granule stability with new covalent 

bonds. Cross-linking reinforces the hydrogen bonds in 

the granule with chemical bonds that act as a bridge with 

at least two hydroxyl groups in a single polymer 

molecule or in adjacent molecules; thus, providing 

desired functional properties, increase in gelatinization 

temperature and decrease in retrogradation rate [2]. 

Crosslinked starch were used many applications, 

especially in the manufacture of foods to thicken, 

stabilize and provide texture. There has been 

investigated on the different crosslinking agents such as 

epichlorhydrin, glutaraldehyde, citric acid [3-4]. Borax 

or sodium borate is one of the most effective 

crosslinking agents. It is mineral, water soluble and less 

toxic. However, there have not been a few reports on the 

crosslinked starch prepared by using borax as a 

crosslinking agent. 

Consequently, the objective of the present study 

was to evaluate the effect of borax contents on properties 

of crosslinked starch. The crosslinked starches were, 

then, characterized by the degree of crosslinking, 

pasting properties, as well as thermal properties, and 

water absorption properties.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

2. Experimental methods 

2.1 Materials 

Cassava starch was purchased from Chaopraya 

Phuchrai 2999 Co.,Ltd. (Kamphaengphet, Thailand). 

Borax or sodium borate (Na2B4O710H2O) were  
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obtained from Chemipan Co., Ltd.  (Bangkok, 

Thailand), respectively.  

 

2.2 Preparation of crosslinked starch  

  Crosslinked starches were prepared according to 

the method of Woo and Sei [5]. Cassava starch (50 g) 

was mixed with borax as a crosslinking agents with 

different contents of 5, 10, 15 and 20% weight (based on 

dry weight of starch) and dissolved in 70 mL distilled 

water, After that, the pH was adjusted to 10.0 with 0.1 

M NaOH. The temperature of the slurry was maintained 

at 45°C and continuous stirring by magnatic stirrer for 2 

hours. Then, the suspensions were neutralized to pH 7.0 

with 0.1 M HCl, washed with distilled water four times, 

and finally dried at 50°C for 24 hours in an hot-air oven.    

 

 

 

 

 

Figure 1 Schematic chemical structure of the starch 

crosslinked with borax. 

 

2.3 Sample characterization 

2.3.1 Determination of degree of crosslinking  

The degree of crosslinking of modified starch 

was determined from the viscosity value, according to 

the procedure of K.Singh [5]. The peak viscosity of 

modified starch slurries (25% by weight) was measured 

from a rapid viscosity analyzer (RVA) (Newport 

Scientific Co.,Ltd., Warrie wood, Australia). A 

programmed heating and cooling cycles to obtain the 

peak viscosity was employed as follows: starch slurries 

were heated from 50 to 95 °C at 11 °C/min, and then 

held at 95 °C for 2 min. Afterwards, the paste was cooled 

down to 50 °C at 11 °C/min and finally kept at 50 °C for 

2 min. The degree of crosslinking was calculated by 

using the equation below: 

Degree of crosslinking (%) = (A-B)/A×100 

where A is the peak viscosity of the control sample 

(native starch), and B is the peak viscosity of the              

crosslinked starch. 

2.3.2 Pasting properties 

A rapid viscosity analyzer (RVA) was used to 

measure viscosity change of starch during heating and 

cooling. The starch sample (3 g, dry basis) was added to 

distilled water (25 g) in a RVA vessel. The mixture was 

stirred at 960 rpm for 10 s and at 160 rpm by a plastic 

paddle in the vessel. After incubating for 1 min at 50°C, 

the sample was heated to 95°C in 3.7 min, maintained at 

95°C for 2.5 min, cooled to 50°C in 3.7 min, and then 

held at 50°C for 2 min. The pasting parameters such as 

pasting temperature (PT), peak viscosity (PV), were 

determined. Peak viscosity was the highest viscosity 

during the heating step and pasting temperature was the 

temperature at which the viscosity curve leaved the 

baseline as the temperature rises during the initial 

heating process. 

2.3.3 Thermogravimetric analysis  

Thermogravimetric (TGA) and derivative 

thermogravimetric (DTG) thermograms of a sample 

were recorded by a thermogravimetric analyzer (Pyris 1, 

Perkin Elmer, Massachusetts, USA). The sample was 

tested under nitrogen atmosphere within a temperature 

range of 50-700°C at a heating rate of 10°C/min. 

Thermal decomposition temperatures (Td) was reported 

by the maximum degradation temperature where the 

weight loss started to occur. 

2.3.4 Water absorption properties 

  The specimen was dried at 105 °C for 3 h and, 

then, stored at 100% relative humidity at a temperature 

of 30 ± 2 °C prior to water absorption examination. The 

amount of water absorbed by the sample was determined 

until the constant weight was obtained. The percentage 

of water absorption was calculated as follows:  

            Water absorption = (W2 -W1)/W1 x100  

where W2 and W1 were the wet weight and the dried 

weight of the sample, respectively. 
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3. Results and discussions 

3.1 Degree of crosslinking 

Table 1 The degree of cross-linking of different 

crosslinked starch. 

 

The degree of cross-linking of starch modified by 

different amounts of borax (0, 5, 10, 15 and 20%) is 

presented in Table 1. It was found that the degree of 

crosslinking of the crosslinked starch clearly increased 

from 11.59 % to 66.76 % when the borax content 

increased from 5 to 20 %w. It could be explained that 

with the increasing borax content, more borax molecules 

could react with four hydroxyl group of the starch chains 

creating higher tetra-starch borate molecules (Figure 1). 

 

3.2 Pasting properties 

Table 2. Peak viscosities and pasting temperatures of 

crosslinked starch with different borax contents 

 

The results of the pasting properties of the 

different crosslinked starches as measured by RVA are 

presented in Table 2. It was observed that the peak 

viscosity of the crosslinked starches was clearly               

lower than the native starch. This result could confirm 

the successfully crosslinked of the native starch. 

Moreover, when the concentration of borax increased, 

the peak viscosity of crosslinked starch was significantly 

decreased. The decreasing of the peak viscosities of 

crosslinked starch could be due to the intermolecular 

bridge in crosslinking process, which reduced 

interactions of starch molecules with water molecules 

resulting in lower peak viscosity values when compared 

with native starch [6]. However, the pasting temperature 

of different crosslinked starches was comparable.  

 

3.3 Thermogravimetric analysis 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crosslinked starch with 

different borax contents  

(% w of dry starch) 

Degree of crosslinking 

(%) 

0 

5 

0 

11.59 

10 44.85 

15 53.78 

20 66.76 

Crosslinked 

starch with 

different borax 

contents  (%w 

of dry starch) 

Peak 

viscosity 

(mPa.s, cP) 

Pasting 

Tempearature 

(°C) 

0 

5 

6294±0.2 

5564±0.2 

69.23±0.01 

72.60±0.05 

10 3408±0.1 71.95±0.02 

15 2909±0.1 71.00±0.09 

20 2091±0.2 71.95±0.02 
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Figure 2. (a) TGA and (b) DTG thermograms of 

crosslinked starch with different borax contents  

Table 3 Thermal decomposition temperatures of 

different crosslinked starches 

 

 

TGA and DTG thermograms of various 

crosslinked starches are shown in Figure 2 and Table 3. 

The two steps of weight loss were obtained. The initial 

step at around 100°C was merely due to evaporation of 

the absorbed moisture. The second stage in the range of 

290 to 306 °C was due to the decomposition of the starch 

[7]. The result showed the improved thermal 

decomposition temperature of different crosslinked 

starch with the increasing of borax contents. This was 

due to the linkages between starch molecules provide 

higher thermal stability. 

 

3.4 Water absorption properties 

 

Figure 3 Percentage water absorption of crosslinked 

starches with different borax contents. 

Water absorption properties of different 

crosslinked starches are presented in Figure 3. The result 

suggested that the crosslinked starch presented lower 

water absorption than native starch. In addition, when 

the borax contents increased from 5 to 20 %wt, the 

percentage of water absorption tended to decrease. This 

behavior could be explain that the decreasing of water 

absorption properties cause by a hydrophilic group (OH) 

of starch molecules decreased when the crosslinking 

reaction occurred. The interaction between starch and 

borax molecules could block the water absorption by 

restricting the mobility of starch chains in the 

amorphous region [8]. 

 

4. Conclusions  

In this study, the influence of borax contents on 

properties of crosslinked starch was examined. The 

degree of the crosslinking increased with the addition of 

borax contents. From the pasting properties, the addition 

of borax caused the significant decrease in peak 

viscosity. Besides, the thermal degradation temperature 

and water absorption properties of crosslinked starches 

were clearly improved when the borax was added into 

the native starch.                     From the overall results, 

the highest thermal properties and lowest water 

absorption was obtained from the crosslinked starch 

modified by 20 %wt of borax content. 
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Abstract 

 Biodegradable polymer based on poly(lactic acid) and poly(butylene succinate) in the blend ratio of 90:10, 

containing different weight ratios (100:0, 100:2 and 100:4) of fatty acids (lauric acid (LA), palmitic acid (PA), and 

stearic acid (SA)), were prepared. All blends were pressed into thin films of approximate thickness 100 μm and 

investigated for accelerated hydrolytic degradation in distilled water at 50°C for 3 weeks. It was found that the weight 

loss, water uptake, and molecular weight change increased in the order of LA > PA > SA. As expected, these properties 

change also increase as the ratios of fatty acid increase; 100:0 < 100:2 < 100:4. All results can confirm that the 

properties of the samples varied with the chain lengths and amounts of fatty acids. Moreover, the use of fatty acids 

opens up new ways for PLA/PBS blends for use as new bioplastics.   

 

Keywords: poly(lactic acid); poly(butylene succinate); fatty acid; biodegradable polymers; polymer degradation 

 

1. Introduction 

 The interest for the use of biodegradable polymers 

has recently increased because of the environmental 

problems which are caused by conventional plastics 

derived from petroleum products. To solve these 

problems, poly(lactic acid) (PLA) (Figure 1(a)) has been 

attracted much of the attention due to its physical 

properties including high transparency and high tensile 

strength, and its excellent hydrolytic degradation 

behavior [1]. However, there is some disadvantages of 

PLA such as its brittle behavior. This problem may be 

solved by mixing with other polymers such as 

Poly(butylene succinate) (PBS) (Figure 1(b))  PBS is an 

aliphatic polyester with superior properties such as 

biodegradability, softness and melt processability [2]. 

Thus, blending of PLA with PBS would appear to be an 

ideal route for the required properties of these polymers 

[3]. Not only blending of PLA and PBS can improve the 

properties but also incorporation with plasticizer. Fatty 

acid is one of the most interesting plasticizers and it has 

been used for the preparation of biodegradable materials 

due to its natural origin and biocompatibility. It has been 

used to modify the properties of polymer films for 

packaging materials applications [4]. The effect of an 

introduction of fatty acids in the structure of 

biodegradable materials includes increasing the 

hydrophobicity [5], lowering the glass transition [4] and 

improving the degradation [6]. However, it has not been 

reported in PLA/PBS blend system.  

 In this study, an accelerated hydrolytic 

degradation study of biodegradable polymer films 

fabricated from the blends of poly(lactic acid) (PLA) and 

poly(butylene succinate) (PBS) in the blend ratio of 90:10 

with and without added fatty acids (lauric acid (LA), 
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palmitic acid (PA) or stearic acid (SA)) (Figure 1(c-e))  in 

distilled water at 50°C was presented. The degradation 

process was monitored by determining the weight loss 

and water uptake, and changes in intrinsic viscosity as a 

function of degradation time. 

  
Figure 1: The chemical structure of (a) PLA, (b) PBS,  

(c) LA (C12), (d) PA (C16) and (e) SA (C18) 

 

2. Experimental methods 

2.1 Materials 

 PLA in pellet form was supplied by NatureWorks 

LLC, USA (IngeoTMBiopolymer 2003D). PBS in pellet 

form was supplied by Mitsubishi Chemicals, Japan 

(FZ91PD). LA, PA, and SA were supplied by Loba 

Chemie Pvt. Ltd., India. 

2.2 Sample preparation 

 Both the PLA and PBS pellets were initially dried 

in a vacuum oven at 45°C before blending. The weight 

ratio of PLA to PBS in the blends was predetermined and 

fixed at 90:10. The PLA and PBS were melt-blended at 

180°C using a high torque mechanical stirrer for 20 min. 

Then, different ratio of each fatty acid (100:0, 100:2, and 

100:4) were added to the melt blend and stirring 

continued for a further 15 min. Samples were then hot-

pressed into thin films by compression molding at 180°C 

for 3 min under a pressure of 1000 psi and then further 

cooled down to room temperature.     

 

 

2.3 Hydrolytic degradation 

 The accelerated hydrolytic degradation of the 

samples was carried out at 50°C in distilled water. Each 

specimen was immersed in a closed glass vial containing 

100 ml of distilled water. The vials were then placed in 

an oven at 50°C. At predetermined periods, a specimen of 

each fatty acid was removed from the distilled water, the 

wet weight (Ww) was weighed. The samples were then 

dried under vacuum until constant weight obtained to 

determine the dry weight (Wd). The water uptake and 

percentage of weight loss were calculated according to 

equations (1) and (2) respectively: 

 water uptake = [(Ww – Wd)/Wd]×100%   (1) 

 weight loss = [(W0 – Wd)/Wd]×100%   (2) 

2.4 Intrinsic viscosity 

 The intrinsic viscosity ([η]) of the polymers was 

measured in an Ubbelohde viscometer placed in a 

controlled water bath thermostatically at 25 °C. The 

polymers were dissolved in chloroform and the intrinsic 

viscosity determined from a single-point concentration of 

0.5 g/dl according to equation (3): 

 [η] = [[2(ηsp – ln ηr)]1/2]/c (3) 

 

3. Results and Discussion 

3.1 The water uptake 

 The water uptake of the films both with and 

without fatty acids is shown in Figure 2. The films with 

fatty acid show higher weight uptake than the films 

without fatty acids. In addition, the water uptake of the 

films with shorter fatty acid was higher than that of the 

longer one. This might be because of the ability of the 

shorter chain length can easier insert between the 

polymer chain of the blend than the longer chain. This 

corresponds to the basis of degradation mechanism which 

is the diffusion of water into the bulk interior depend on 

the hydrophilicity of the samples. Comparing the effects 

of chain length and the amount of added fatty acids on 

water uptake and on the weight loss (Figure 3), a similar 

trend is observed. It shows that the shorter chain length 
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and higher concentration of fatty acids exhibits the higher 

water absorption and hence, higher degradation rate. 

3.2 The weight loss  

 The relationship between the weight loss and 

hydrolytic degradation time is shown in Figure 3. All 

films exhibit the increase of weight loss as hydrolytic 

degradation time increases. Moreover, the extent of 

weight loss occurred in the following order, 

PLA/PBS/LA > PLA/PBS/PA > PLA/PBS/SA. 

 
Figure 2: The weight loss of the films containing 

different concentrations of fatty acids as a function of 

hydrolytic degradation time. 

 These indicates that an increase of the 

hydrophobicity of added fatty acid is unfavorable for the 

hydrolytic degradation of the resulting blends. Similar 

results are reported in previous studies which found that 

polycaprolactone encapped with methacrylate groups 

degraded faster than linear PCL, indicating an increase of 

degradation when higher hydrophilic molecules are added 

[7]. In addition, the weight loss of the film with 100:4 

weight ratio of fatty acids was higher than that of 100:2 

weight ratio. The results also show that the films with 

fatty acid started to show a loss of mass integrity after 

about 14 days. Moreover, in this case, the same weight, 

the shorter chain length of fatty acid exhibits higher 

concentration of carboxylic acid and a higher 

hydrophilicity. 

 

Figure 3: The water uptake of the films containing 

different concentration of fatty acids as a function of 

hydrolytic degradation time. 

3.3 Molecular weight change 

  Intrinsic viscosity was measured as an indication 

of molecular weight change during degradation and to 

study the effect of the fatty acids during the degradation 

in water at 50°C. Based on equation (3), the intrinsic 

viscosity of PLA/PBS film and PLA/PBS/fatty acid (LA, 

PA or SA) films were determined as shown in Figure 4. 

This figure shows the variation of the intrinsic viscosity 

of the films with and without fatty acid as a function of 

degradation time. It was found that the fatty acid could 

accelerate the degradation of the films. The viscosity 

reduction of the PLA/PBS/fatty acid (LA, PA or SA) 

films were found to be higher than the films without fatty 

acids. These reductions were influenced by the carboxylic 

end groups of the fatty acid which could acid-catalyse the 

degradation of the film [2]. Moreover, the degradation 

could also be accelerated by the fatty acids’ plasticization 

of the film by increasing the free volume between the 

polymer chains, thereby allowing water to diffuse into the 

bulk interior of the films more easily. In all cases intrinsic 

viscosity decreased significantly with increasing fatty 

acid concentration in the order of: PLA/PBS/fatty acid(4) 

> PLA/PBS/fatty acid(2). These results are in good 

agreement with the hydrolysis degradation process 

whereby the films were exposed to an increasingly acidic 

environment due to the formation of the carboxylic acid 

hydrolysis products [8].  In addition, it is also interesting 

to compare the effects of the fatty acid chain length at the 
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same weight ratio. It was observed that the viscosity 

decreased faster with the shorter chain length of the fatty 

acid (PLA/PBS/LA > PLA/PBS/PA > PLA/PBS/SA). 

This can be explained in terms of the fatty acid chain end 

(-COOH) carboxylic end group having more COOH 

groups per unit weight in the following order: LA > PA > 

SA. Generally, the carboxylic acid end group acts as an 

acid catalyst for the hydrolysis reduction [9] which 

explains why PLA/PBS/LA showed the greatest 

molecular weight change. 

 

Figure 4: Intrinsic viscosity ([η]) change of the films 

containing different concentrations of fatty acids as a 

function of hydrolytic degradation time. Note that same 

letters identify samples which did not show significant 

differences for the corresponding property at p < 0.05. 

 

4. Conclusion 

 This study has been aimed at developing a new 

understanding of the influence of a series of fatty acids 

(LA, PA, and SA) of varying chain length on the 

properties of films made from melt blends of PLA and 

PBS. The films were subjected to accelerated hydrolytic 

degradation at a temperature of 50°C, the observed 

changes in weight loss, water uptake, and molecular 

weight change increased in the order of PLA/PBS/LA(4) 

> PLA/PBS/LA(2) > PLA/PBS/PA(4) > PLA/PBS/PA(2) 

> PLA/PBS/SA(4) > PLA/PBS/SA(2) > PLA/PBS. The 

hydrolytic degradation results showed that the 

degradation process depended on the amount and type of 

the fatty acid. This in turn was related to the plasticizing 

effect of the fatty acid which increased free volume and 

polymer chain mobility, thereby enhancing water uptake 

and facilitating ester hydrolysis. In conclusion, this work 

has shown that the use of fatty acids is a convenient and 

inexpensive way of plasticizing PLA/PBS blends. In 

doing so, it provides a mean of fine-tuning the properties 

so that they can be tailored to meet the specific 

requirements of various film packaging applications. 

 

Acknowledgement 

 The research reported in this paper was supported 

by the Graduate School, Chiang Mai, Thailand and 

Chiang Mai University.  

 

References 

[1] Chen, H., Chen, J., Chen, J., Yang, J., Huang, T., 

Zhang, N. and Wang, Y., “Effect of organic 

montmorillonite on cold crystallization and 

hydrolytic degradation of poly(l-lactide)”, Polym. 

Degrad. Stab. 97, 2273-2283 (2012). 

[2] Muthuraj, R., Misra, M. and Mohanty, A.K., 

“Hydrolytic degradation of biodegradable polyesters 

under simulated environmental conditions”, J. Appl. 

Polym. Sci. 132, 1-13 (2015). 

[3] Deng, Y. and Thomas, N.L., “Blending 

poly(butylene succinate) with poly(lactic acid): 

Ductility and phase inversion effects”, Eur. Polym. 

J. 71, 534-546 (2015). 

[4] Bertan, L.C., Tanada-Palmu, P.S., Siani, A.C. and 

Grosso, C.R.F., “Effect of fatty acids and ‘Brazilian 

elemi’ on composite films based on gelatin”, Food 

Hydrocolloids 19, 73-82 (2005). 

[5] Quezada Gallo, J.-A., Debeaufort, F., Callegarin, F. 

and Voilley, A., “Lipid hydrophobicity, physical 

state and distribution effects on the properties of 

emulsion-based edible films”, Journal of Membrane 

Science 180, 37-46 (2000). 

[6] Yamano, N., Kawasaki, N., Oshima, M. and 

Nakayama, A., “Polyamide 4 with long-chain fatty 



68 

 

acid groups–Suppressing the biodegradability of 

biodegradable polymers”, Polym. Degrad. Stab. 

108, 116-122 (2014). 

[7] Bhatia, A., Gupta, R., Bhattacharya, S. and Choi, 

H., “Compatibility of biodegradable poly (lactic 

acid)(PLA) and poly (butylene succinate)(PBS) 

blends for packaging application”, Korea-Aust. 

Rheol. J. 19, 125-131 (2007). 

[8] Harris, A.M. and Lee, E.C., “Durability of 

polylactide‐based polymer blends for injection‐ 

molded applications”, J. Appl. Polym. Sci. 128, 

2136-2144 (2013). 

[9] Girdthep, S., Worajittiphon, P., Leejarkpai, T., 

Molloy, R. and Punyodom, W., Effect of silver-

loaded kaolinite on real ageing, hydrolytic 

degradation, and biodegradation of composite blown 

films based on poly(lactic acid) and poly(butylene 

adipate-co-terephthalate). Eur. Polym. J. 82, 244-

259 (2016). 

 

 



69 

 
BIOP-P11 

Investigation of starch fiber by electrospinning  

 

Ronnakit Chaisuwan*, Somsak Woramongkolchai 

Department of Chemistry, Faculty of Science, 

King Mongkut's Institute of Technology Ladkrabang 

* e-mail: chaisuwanron@gmail.com 

 

Abstract 

This research has investigated the preparation of starch fiber by electrospinning method. The properties of the 

prepared fibers when applied to the reinforcement of the thermoplastic starch (TPS). Morphological characteristics, 

mechanical properties and water absorption were investigated. Morphology of the fibers was carried out with the scanning 

electron microscope, it was found the fiber has a smooth and no bead. Furthermore, the surface of the starch fibers 

embedded in the TPS matrix, indicating of good phase compatibility between the starch fibers and the TPS matrix. The 

result of mechanical properties was revealed that tensile strength and Young’s modulus of the TPS increased twice by the 

incorporation of 5% starch fiber, but strain at break of the TPS was decreased. Water absorption was shown that water 

absorption of the TPS was increased with the incorporation of starch fiber because starch fiber and TPS have same 

hydrophilic properties. 

 

Keywords:  electrospinning, starch, starch fiber 

 
1. Introduction 

Electrospinning is a technique capable of 

producing micro-scale to nano-scale fibers. Among 

methods of achieving fibers of this diameter, 

electrospinning is a peerless technique as it is cost 

effective, applicable to a large variety of materials, 

capable of controlling fiber morphology, and easily 

scaled. The electrospinning is a century old process, but 

largely neglected until the mid-1990s, when Reneker 

and co-workers rekindled interest in the technique. 

Since then, hundreds of types of materials, including 

polymers, metal oxides, and ceramics, have been shown 

to be electrospinnable.1-6 

The key advantages of fibrous material over 

other morphologies, e.g. films and foams, lie in their 

high surface-area-to-volume ratio, high porosity, small 

pore size and superior mechanical properties. Therefore, 

fibers have received great attention for their potential in 

various applications, e.g. in filtration, electronics, 

textiles, cosmetics and medical fields.7 However, 

electrospinning does not guarantee that nanofibers 

(<100 nm) are approachable for every material and 

method. Indeed, many electrospinning attempts 

obtained fibers with diameters from submicron to 

microns, e.g. electrospinning of polyethylene8, 

polyurethane9 and dextran.10  

Many efforts have been made to develop 

biodegradable materials based on starch due to 

environmental problems resulting from petroleum-

derived plastics. Starch is an important productive 

polysaccharide in plants. Due to its low cost, availability 

as a renewable resource, biodegradable and innocuous 

degradation products, it has already been widely 

researched as an important raw material for packaging, 

agricultural and biomedical applications. Starch, 

especially its amylose component, is well known to form 

inclusion complexes with a variety of small molecules, 

e.g. iodine11, alcohols12, fatty acids13, aromas14, salicylic 

acid15 and its analogues16 and ibuprofen.17  

This research has investigated the preparation of starch 

fiber by electrospinning method. Also study the 
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properties of the prepared fibers when applied to the 

reinforcement of the thermoplastic starch. 
 

2. Experimental methods 

2.1 Materials 

Corn starch was kindly provided by King 

Milling Co.,Ltd.  Dimethyl sulfoxide (DMSO) was 

obtained from Carlo Erba Reagent and Glycerol 

(plasticizer) was purchased from Lab System Co. Ltd. 

(Thailand). 

 

2.2 Starch fiber preparation 

Polymer solution 10%w/v was prepared by 

dissolving 10g of corn starch in 95% aqueous DMSO 

solution 100mL. The starch dispersion was heated in a 

boiling water bath with continuous stirring about one 

hour and allowed to cool to room temperature. The 

solution was placed in a 1 mL syringe fitted with a 

metallic needle of 0.4 mm of inner diameter. The syringe 

was fixed horizontally on the syringe pump (NE-1000, 

New Era Pumo Systems, Inc.) and the electrode of the 

high voltage power supply (ES40P, Gamma High 

Voltage Research, Inc., Ormond Beach, FL) was 

clamped to the metal needle tip. The flow rate of 

polymer solution was 3 mL/h, and the applied voltage 

was 10 kV. The tip-to-collector distance was 12 cm as 

observe in Figure 1. 

 

Figure 1. Schematic drawing of the 
electrospinning setup. 
 
2.3 Sample preparation 

Starch, glycerol and water were mixed. The 

weight ratio of starch, glycerol and water was 

maintained at 100:20:100.  The fiber ratio was added as 

shown in Table 1. The mixture was heated in 90˚C with 

continuous stirring for 45 minutes. The gel-like mixture 

is poured on a plastic tray and baked at 70 ° C for 5 

hours. At the end of the scheduled time, removed from 

the oven and waited to cool, then peeled the film out of 

the tray. 

Table 1. Fiber content in each batch 

Batch Fiber content 

1 

2 

3 

4 

0% 

5% 

10% 

15% 

 

2.4 Morphology 

A LEO 1455 VP scanning electron microscope 

(Oberkochen, Germany) was employed to study the 

morphology of samples. Each tested sample was sputter-

coated with a thin layer of gold to prevent electrical 

charge during observation and a sample was immersed 

into liquid nitrogen before being fractured. 

 

2.5 Mechanical properties 

Mechanical tests were conducted according to 

ASTM D882-02 at the temperature of 23 ˚C and relative 

humidity of 60%. A mechanical measurement of each 

dumbbell-shaped specimen was carried out using a 

Universal Testing Machine (Lloyd Instrument, LR 5 K, 

West Sussex, UK) with a 1 kN load; the crosshead speed 

was maintained at 50 mm/min.  

 

2.6 Water absorption 

Water absorption test was carried out 

according to ASTM: D570. Newly prepared sample was 

dried at 50˚C for 24 h and then immersed in distilled 

water. The amount of water absorbed by a sample was 

determined daily for 15 days. The percentage of water 

absorption was calculated as followed: 

Water absorption = (W2−W1)
W1

×100  (1) 

where W2 and W1 were the wet weight and the dried 

weight of a sample, respectively. 
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3. Results and Discussion 

3.1 Starch fiber preparation 

Study on preparation of starch fiber by 

electrospinning technique; it was found that the fiber 

had a smooth and no bead. The average diameter size of 

the fiber was 89.2881µm. (Figure 2) 

 
Figure 2. SEM images of starch fiber 

 

3.2 Morphology 

Morphology from SEM technique is shown in 

Figure 3(a). The surfaces of the TPS appeared smooth 

and rough. For all the TPS reinforced by the starch fibers 

(Figure 3(b), (c) and (d)), the morphology revealed that 

the fibers were randomly distributed in the TPS matrix. 

Furthermore, the surface of the starch fibers embedded 

in the TPS matrix, indicating of good phase 

compatibility between the starch fibers and the TPS 

matrix. 

3.3 Mechanical properties 

A biodegradable polymer must withstand 

normal stress encountered during its application. It is 

expected that the TPS and starch fiber are compatible 

due to the similarity of the main cellulose structures 

composed of hydroxyl functional groups.  

It could be seen in Figure 4 that tensile strength 

of the pure TPS was approximately 11.5 MPa; however, 

tensile strength of the TPS clearly increased twice by the 

incorporation of 5% starch fiber. The results suggested 

that starch fiber could be reinforced the TPS matrix due 

to the fiber structure and also the phase compatibility. 

On the other hand, greater weight % of starch fiber 

(15%) resulted in the declining of tensile strength, 

possibly due to the discontinuity of the TPS matrix.18  

 
Figure 4. Stress at maximum load of TPS/starch fiber 
composites. 

 
Figure 3. SEM micrographs of TPS/starch fiber composites: (a) starch fiber 0 wt%, (b) starch fiber 5 wt%, (c) starch fiber 
10 wt%, and (d) starch fiber 15 wt%
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Young’s modulus of the TPS can also be 

improved by the incorporation of starch fiber as 

presented in Figure 5. Similar to tensile strength, 

Young’s modulus of the TPS enlarged and it reached the 

maximum value at 10% starch fiber; then, it tended to 

clearly drop.18 

 

 
Figure 5. Young’s modulus of TPS/starch fiber 
composites. 
 

Figure 6 shows the relationship between strain 

at break of the TPS with the addition of different 

amounts of starch fiber. It could be observed that starch 

fiber caused the gradually decrease in strain at break of 

the TPS matrix.18 

 

 
Figure 6. Strain at break of TPS/starch fiber composites. 
 

A considerable increase in tensile strength and 

Young’s modulus of the TPS/5% starch fiber and 

TPS/10% starch fiber indicates that the TPS is suited as 

the matrix for natural cellulose fibers. This is due to the 

remarkable adhesion of the fiber-matrix interface caused 

by the chemical similarity of starch and starch fiber.18 

 

 

3.4 Water absorption 

Water sensitivity is another important criterion for many 

applications of starch products. The results of water 

absorption of different TPS specimens performed at the 

temperature of 30±2˚C and 50% RH are shown in Figure 

7. It could be seen that it took about 3 days for different 

TPS samples with or without modification to reach 

absorption equilibrium. It was found that water 

absorption of the TPS was increased with the 

incorporation of starch fiber because starch fiber and 

TPS have hydrophilic properties.19 

 

 
Figure 7. Water absorption of TPS/starch fiber 
composites. 
 
4. Conclusion  

Starch fiber prepared by electrospinning 

method has a smooth, no bead. And surface of the starch 

fibers embedded in the TPS matrix. The result of 

mechanical properties was found that tensile strength 

and Young’s modulus of the TPS increased twice by the 

incorporation of 5% starch fiber, but strain at break of 

the TPS decrease. Water absorption of the TPS was 

found that it was increased with the incorporation of 

starch fiber. 
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Abstract 

Graphene oxide (GO) and reduced graphene oxide (rGO) were incorporated into biocompatible and biodegradable 

carboxymethyl cellulose (CMC) film to alter its properties, such as water solubility, water absorption and conductivity. 

The CMC film and the CMC/GO and CMC/rGO nanocomposite films were prepared by casting. All of the films were 

treated with citric acid in 90% methanol to decrease their water solubility and water absorption. Their water solubility, 

water absorption, and conductivity were examined. The water solubility and water absorption of the treated CMC film 

was considerably lower than those of the untreated CMC film (93% and 87%, respectively). The water solubility was 

slightly lower for the treated CMC film than for the treated CMC nanocomposite films incorporated with GO and rGO 

(22% and 30%, respectively). The water absorption of the treated CMC film was also lower than the treated CMC 

nanocomposite films incorporated with GO and rGO (17% and 25%, respectively). For the incorporation of the GO and 

rGO into the treated CMC film, it was found that the treated CMC/rGO film had lower water solubility and water 

absorption than the other films. The conductivity, which was measured by a four-point probe instrument, was higher for 

the treated CMC/rGO film than for both of the treated CMC and CMC/GO films (100% and 12% respectively). The 

treated CMC/GO film also had better conductivity than the treated CMC film (100%). Therefore, the GO and rGO 

decreased the water solubility and water absorption of the untreated CMC film. However, the GO and rGO increased the 

water solubility, water absorption and conductivity of the treated CMC film. The rGO incorporation into the treated CMC 

film higher increased the water solubility and water absorption than the GO incorporation. The improvement in 

conductivity of the treated CMC film appeared a little more pronounced for the incorporation of the rGO than for that of 

the GO. Owing to the decrease in water solubility and water absorption and the increase in conductivity, these CMC/GO 

and CMC/rGO films might be able to apply for electronic packaging and biocompatible film based biosensor applications.  

 
Keywords:  Carboxymethyl cellulose, Graphene oxide, Reduced graphene oxide, Nanocomposite films 

 

1. Introduction 

Currently, an increase in the use of synthetic 

packaging materials becomes one of the environmental 

issues. This is because most of them, which are synthetic 

polymers, are non-degradable and non-renewable [1]. This 

is a driving force for the development of biopolymers, such 

as polysaccharides, proteins and lipids to substitute 

synthetic polymers. This is attributed to their 

biodegradability [2].  

Cellulose is a polysaccharides and it is the most 

plentiful organic compound on earth. Cellulose is also 

renewable [3]. Carboxymethyl cellulose (CMC) is a water-

soluble cellulose derivative. It is the water-soluble anionic 

polymer prepared by the chemical reaction between 

cellulose and monochloroacetate (or monochloroacetic 

acid). For this reaction, the hydroxyl groups in cellulose 

structure at the 2, 3 and/or 6 positions are partially 

substituted by carboxymethyl groups [4]. Properties of 
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CMC include nontoxicity, biodegradability, 

biocompatibility, high solubility, and good films forming 

ability. CMC is widely used for various applications such 

as foods, paper, drug, textiles and cosmetics [5]. As CMC 

is not conductive, this limits the use of CMC in some 

applications. Thus, the present work studied the 

improvements in the conductivity of polysaccharide-based 

films by the incorporation of nano-fillers in order to reduce 

the limitation of CMC.  

Graphene is a two-dimensional (2D) carbon based 

material. It is also carbon atoms tightly packed monolayer. 

Graphene has great interests because of its properties 

including excellent electrical, thermal and mechanical 

properties [6]. One of the graphene applications is to be 

used as reinforcement in polymer matrix composites due 

to significantly improved mechanical properties and 

conductivity of polymers.  

Many studies have focused on enhancement of 

mechanical and electrical properties of polymers by the 

addition of nano-fillers, such as graphene oxide (GO) or 

reduced graphene oxide (rGO). Importantly, nano-filler 

dispersion must be stable and homogeneous [7]. GO is 

very stable in aqueous solutions because of its hydrophilic 

groups such as carbonyl, epoxides, and hydroxyl groups. 

However, rGO agglomeration occurs when it is dispersed 

in aqueous solutions due to its hydrophobicity [8].  

In the present study, GO and rGO were used as 

nano-fillers in CMC matrix composites. For CMC/rGO 

nanocomposite preparation, the CMC and GO were mixed. 

Then, a reducing agent was used for the reduction of GO 

to obtain rGO [9].  

Yadav et al. (2013) prepared sodium 

carboxymethyl cellulose (Na-CMC)/GO nanocomposite 

film using a simple solution mixing-evaporation method. 

The CMC and GO were interacted through intermolecular 

hydrogen bonds. The mechanical properties of the film 

increased when GO was added [10].  

The present work prepared the CMC, CMC/GO and 

CMC/rGO films and examined their water solubility, 

water absorption and conductivity.  

 

 

2. Experimental methods  

2.1 Materials 

 Sodium carboxymethyl cellulose (Na CMC, 

average Mw ~250,000 and D.S. 0.9) was purchased from  

Sigma Aldrich. Sodium borohydride (NaBH4) and citric 

acid were purchased from Kemaus and Carlo Erba, 

respectively. Methanol was purchased from RCI Labscan. 

Ultra highly concentrated graphene oxide solutions was 

purchased from graphene supermarket.  

 

2.2 CMC/GO and CMC/rGO film preparation 

 Carboxymethyl cellulose (CMC) nanocomposite 

films incorporated with graphene oxide (GO) and reduced 

graphene oxide (rGO) were fabricated by casting. The 

CMC was dissolved in deionized (DI) water using a 

mechanical stirrer at room temperature. The GO was then 

added into the CMC solution and the mixed CMC/GO 

solution was stirred for 2 hours. Sodium borohydride 

(NaBH4) used as reducing agent was subsequently added 

in the mixed solution, and it was heated at 60oC for 3 hours. 

Then, the mixed solution was stirred overnight at room 

temperature. After that, it was degassed and casted in 

molds to obtain the CMC/rGO nanocomposite film. The 

film was oven dried at 45oC for 2 days. The CMC and 

CMC/GO films were also prepared and used for 

comparison with the CMC/rGO film. 

 

 2.3 Acid treatment  

 The CMC, CMC/GO and CMC/rGO films were 

treated with citric acid in 90% methanol at 60oC for 2 

hours. Subsequently, the films were washed with 90% 

methanol until the pH value was 6.5. The films were then 

soaked in methanol for 16 hours followed by drying at 

room temperature. 

 

2.4 Water solubility 

Water solubility of the untreated CMC films and 

the treated CMC, CMC/GO and CMC/rGO films was 

determined. The films were kept in a desiccator until their 

weights were constant. The initial dry weights of the films 

were recorded. Afterward, the films (approximately 60 

mg) were soaked in 50 ml of DI water at room temperature 
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for 24 hours. Then, the films were dried in an oven at 60oC 

until constant weights were obtained. The final dry weights 

of the films were subsequently recorded. The percentage 

of the total soluble matter (%TSM) of the films were 

calculated using the following equation: 

 

 %TSM = �initial dry weight−final dry weight
 initial dry weight

� x 100      (1) 
                           

2.5 Water absorption  

Water absorption of the untreated CMC film and 

the treated CMC, CMC/GO and CMC/rGO films was 

measured. The sample size was 20 mm x 20 mm. The films 

were kept in a desiccator until constant weights were 

obtained. The constant weights of the films were 

subsequently recorded. The films were then immersed in a 

water bath at room temperature for 1, 3, 5, 10, 20, 30, 60, 

120, 180, and 240 minutes, 24 and 48 hours. After the 

specific time (t time), all of the films were removed from 

water and their wet surface was wiped dry. Subsequently, 

the films were weighed. The water absorption was 

calculated by equation 2 as follows: 

 

     %Water absorption = ((Wt – W0)/W0) x 100    (2) 

 

where W0 is the initial weight of the films  and Wt is the 

weight of the films after t time. 

 

2.6  Conductivity 

 Electrical conductivity of the treated CMC, 

CMC/GO and CMC/rGO films was measured using a four-

point probe with picoammeter instrument (Keithyley, 

U.S.A.). 

 

3. Results and discussion 

 

3.1 Water solubility 

 The water solubility of the untreated CMC film 

and the treated CMC, CMC/GO and CMC/rGO films is 

shown in Figure 1. The water solubility of the treated films 

was considerably lower than that of the untreated films 

(approximately 89-93%). The acid treatment led to a 

decrease in water solubility of the films due to the change 

of amount of sodium atoms in the CMC structure by 

hydrogen atoms of citric acid. Sodium atoms were also lost 

during the acid treatment as the Na-CMC was converse to 

H-CMC. This brought about an improvement in the 

interactions between the molecules. For the treated films, 

the water solubility was higher for the CMC/rGO film than 

for the other films (12% for the CMC/GO film and 31% 

for the CMC film). This is attributed to the NaBH4 

reducing agent, which increased sodium atom contents in 

the film. In addition, sodium atoms from NaBH4 were 

more reacted by hydrogen atoms of citric acid than sodium 

atoms in the CMC structure. The water solubility of the 

treated CMC/GO film was higher than the treated CMC 

film (approximately 22%) because the GO structure has 

oxygen-containing functional groups, which increase 

hydrophilicity. 

 

 
 

Figure 1. Water solubility of untreated CMC film and 

treated CMC, CMC/GO and CMC/rGO films immersed 

in water for 24 hours. 

 
3.2 Water absorption  

 Figure 2 shows the water absorption of the 

untreated CMC film and the treated CMC, CMC/GO and 

CMC/rGO films. The water absorption was lower for all 

of the treated films than for the untreated CMC film. In the 

case of the untreated film, the value of the water absorption 

was the highest value (969.33%) when it was soaked in 

water for 3 minutes. After the untreated film soaked in 

water for more than 3 minutes, the water absorption of this 

film was reduced with increased time up to 20 minutes. In 

addition, the untreated film dissolved in water after it was 

soaked in water for 20 minutes. The values of the water 
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absorption of the treated films were also the highest values 

at 3 minutes (125.39% for the CMC, 151.08% for the 

CMC/GO, and the 166.99% for the CMC/rGO). For trends 

of the water absorption of the treated films, the CMC/rGO 

films showed faster absorption rates than both the CMC 

and CMC/GO films. The absorption rate was faster for the 

CMC/GO film than for the CMC film. These trends were 

also similar to the trends of the water solubility.  
 

 

 
Figure 2. Water absorption of untreated CMC film and 

treated CMC, CMC/GO and CMC/rGO films. 

 

3.3 Conductivity 

The electrical conductivity of the treated films was 

measured by a four-point probe with picoammeter 

instrument. The conductivity of the treated CMC, 

CMC/GO and CMC/rGO films is given in Table 1. The 

CMC/rGO films had higher conductivity than both of the 

CMC and CMC/GO films (12% and 100%, respectively). 

This is because the rGO is the nano-filler having 2D 

structure and has outstanding electrical properties. The 

conductivity of the CMC/GO film was substantially higher 

than that of the CMC film (100%) due to higher content of 

carbon atoms.  

 

Table 1. Electrical conductivity of treated CMC, 

CMC/GO and CMC/rGO films. 

Treated Film 

Sample 

Electrical conductivity 

(S·cm-1) 

   CMC  6.0 x 10-12  

   CMC/GO  6.0 x 10-8  

   CMC/rGO  6.8 x 10-8  

 

 

4. Conclusions 

In summary, the CMC nanocomposite films 

incorporated with the GO and rGO were prepared using 

casting.  The water solubility and water absorption of the 

CMC film were substantially improved by the acid 

treatment. For the treated films, the CMC/rGO 

nanocomposite film had the highest water solubility, water 

absorption and conductivity, compared with the other 

films. The CMC film, on the other hand, had the lowest 

water solubility, water absorption and conductivity. The 

effects of the incorporation of the GO and rGO in the CMC 

films on water solubility, water absorption and 

conductivity were slightly different. The treated CMC/GO 

and CMC/rGO films showed considerably lower water 

solubility and water absorption when compared with the 

untreated CMC film. However, the conductivity was 

considerably higher for the treated CMC/GO and 

CMC/rGO films than for the treated CMC film.  
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Abstract 

The poly(butylene succinate) (PBS) composites incorporated with graphene oxide (GO) and microcrystalline 

cellulose (MCC) were produced and their properties were studied. The GO used was synthesized by a Hummers’ method 

and it was also used as filler for the PBS matrix composites. The GO structure was characterized using Fourier transformed 

infrared (FTIR) spectroscopy and X-ray diffractometry (XRD). Its FTIR spectrum showed the absorption peaks that 

represent the functional groups such as hydroxyl, carbonyl and epoxy groups. The XRD pattern of the GO showed that 

the D-spacing of the GO was larger when compared with that of graphite. This also confirmed the existing functional 

groups on the GO sheets. In addition, the MCC was loaded into the PBS/GO composite with 0, 5, 10, 15 and 20 wt% 

fractions to improve the water absorption of the composites affecting their degradation rate. The neat PBS, PBS/GO and 

PBS/GO/MCC composite films were prepared using solution mixing followed by compression-molding. Their melting 

temperatures (Tm), crystallization temperatures (Tc) and crystallinity (Xc) were examined using differential scanning 

calorimetry (DSC). The Tm of the PBS/GO composite film was lower than that of the neat PBS film; however, the Tc and 

Xc were higher for the PBS/GO composite film than for the neat PBS film. For the MCC addition, it had no effects on the 

Tm and the Tc of the composite films, whereas it had effects on the Xc of the composite films. The addition of 10 wt% 

MCC to the composite film showed the highest increase in the Xc. The water absorption of the composite films increased 

with increased MCC loading. The water absorption was again confirmed by measured the contact angle of water on the 

film surface. Additionally, the hydrolytic degradation ability of the composite films in a NaOH solution was enhanced by 

the MCC addition. 

 
Keywords: Poly(butylene succinate), Microcrystalline cellulose, Graphene oxide 
 
1. Introduction 

In recent years, waste of plastics has become a 

serious problem. This is attributed to the growth of plastic 

usage. Most plastics are also non-biodegradable polymers. 

Hence, biodegradable polymers have been developed.  

Poly(butylene succinate) (PBS) is one of the 

biodegradable polyesters synthesized from succinic acid 

and 1,4-butanediol. PBS has several advantages, such as 

high thermal and chemical resistance, high flexibility and 

mechanical properties, and easy processability. However, 

PBS has very low degradation rate affected by water 

absorption. In this study, microcrystalline cellulose (MCC) 

was added in the PBS matrix to improve water absorption. 

MCC is the biodegradable material that can be used for 

several products. The chemical structure of the MCC has 

many hydroxyl groups and this indicates that the MCC can 

absorb water and be a medium for the growth of 

microorganisms such as fungi or bacteria.  

mailto:pranut.p@chula.ac.th
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In the previous studies, the MCC was added into 

natural rubber (NR) and it also affected the mechanical 

properties, morphology and water absorption. The water 

absorption of the NR increased with increased amount of 

the MCC. Water allowed microorganisms to grow and 

utilized the MCC as a carbon source. The penetration of 

the microorganisms using water as a medium brought 

about biodegradation. For the tensile properties, the NR 

filled with the MCC had lower tensile strength and 

elongation at break than the neat NR because of low 

dispersibility of the MCC in the NR [1]. The MCC was 

also loaded into poly(vinyl chloride) (PVC).  The water 

absorption of the PVC increased with increased MCC 

content [2].  

Additionally, the PBS/MCC composites were 

prepared and their tensile properties were studied. The 

addition of the MCC to the PBS matrix led to decreases in 

the tensile strength and the elongation at break, but 

increases in the Young’s modulus [3].  

Graphene oxide (GO) is the oxidative graphene 

containing several functional groups such as carboxyl, 

hydroxyl and epoxy groups. The carboxyl groups located 

on the edge of the GO sheets, hydroxyl and epoxy groups 

located on the basal planes of the GO sheets [4]. These 

functional groups lead to high interaction between the GO 

and the polar polymers and well dispersion of the GO in 

water and polar solvents [5]. Therefore, the GO can be 

used to improve tensile properties of polymer composites. 

For instance, the GO loaded into the PBS matrix was well 

dispersed. The tensile strength, Young’s modulus, 

elongation at break and fracture energy of the PBS with 

2.0 wt% GO loading were increased by 53, 70, 12 and 

100%, respectively. This is attributed to strong interfacial 

interaction between the PBS chains and the functional 

groups of GO. The polymer chains could absorb on the GO 

surface with hydrogen bonding or electrostatic interaction 

and form an interphase between the GO sheet and the PBS 

matrix [6].  

Furthermore, small amount of the GO and graphene 

nanoplates (GNP) were incorporated into poly(lactic acid) 

(PLA) and the study consisted of two cases. The first case, 

the PLA films contained 3 wt% solvent. For 0.3wt% GO 

addition, the Young’s modulus and the yield strength of the 

PLA increased by 115% and 95%, respectively. For 

0.4wt% GNP addition, the Young’s modulus and the yield 

strength of the PLA increased by 156% and 129%, 

respectively. The result trends were similar for the GO and 

GNP addition. Another case, the PLA films dried under 

vacuum were completely solvent free. The films with 0.4 

wt% content of the GO and GNP showed increases in the 

Young’s modulus (85%) and the tensile strength (15%). 

Therefore, the incorporation of the GO and GNP into the 

PLA had similar result trends [7].  

In addition, the GO added into the PBS matrix can 

accelerate the hydrolytic degradation of the PBS. The 

degree of hydrolytic degradation also depended upon the 

GO content [8].  

In the present study, the GO was filled into the PBS 

in order to improve the properties of the neat PBS and the 

PBS/MCC composite. The MCC contents were also varied 

to optimize the properties of the PBS/GO composites. 

 

2. Experimental methods 

 

2.1 Materials 

Poly(butylene succinate) (PBS) was provided by 

PTT MCC biochemical company limited. Graphite and 

microcrystalline cellulose (MCC) were purchased from 

Sigma Aldrich. 98% Sulfuric acid (H2SO4), chloroform 

(CF), and dimethylformamide (DMF) were purchased 

from RCI Labscan. Potassium permanganate (KMnO4), 

sodium nitrate (NaNO3) and 30% hydrogen peroxide 

(H2O2) were purchased from QRëC, Ajax Fine Chem and 

Chem-Supply Pty Ltd., respectively. 

 

2.2 Preparation of Graphite oxide 

Graphite oxide was prepared in according with the 

Hummers’ method [9]. Briefly, 1 g of graphite, 0.5 g of 

NaNO3, and 25 ml of H2SO4 were mixed and stirred at the 

temperature below 5ºC for 30 min. Then, 3 g of KMnO4 

was gradually added and kept stirring for 4 h. 

Subsequently 36 ml of deionized (DI) water was added 

into the mixed solution and the temperature then increased 

up to 98ºC. The mixture solution was diluted again with 
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114 ml of DI water. Next, 3 ml of H2O2 was added into the 

mixture solution and rested for 1 night. After that, the 

precipitated graphite oxide was washed by DI water to 

adjust the pH to a value of 7, followed by drying in an oven 

at 60ºC for 2 nights. 

 

2.3 Preparation of graphene oxide (GO) 

The graphite oxide was dispersed in DI water with 

a concentration of 10 mg/ml under ultrasonication for 2 h. 

The solution was then centrifuged at 4000 rpm for 2 min. 

Finally, the GO solution was oven dried at 60ºC for 1 

night. 

 

2.4 Preparation of PBS/GO/MCC composite film 

PBS was dissolved in CF and stirred for 2 h to 

obtain the PBS/CF solution. The GO (fixed at a 

concentration of 1 wt%) was dispersed in DMF by 

sonication for 2 h to obtain the GO/DMF solution. The 

MCC was then added into the GO/DMF solution with the 

0, 5, 10, 15 and 20 wt% fractions and stirred for 2 h. 

Subsequently, the GO/MCC/DMF solution was mixed 

together with the PBS/CF solution and stirred for 2 h at 

room temperature. Then, the mixture solution was dried in 

an oven at 50ºC until it reached constant weight. The 

obtained PBS/GO/MCC composites were subsequently 

fabricated using hot pressing at a temperature of 140ºC and 

a pressure of 50 bar. 

 

2.5 Characterization of graphene oxide (GO) 

The functional groups of synthesized GO were 

characterized by Fourier transform infrared (FTIR) 

spectroscopy in the range of 400-4000 cm-1. X-ray 

diffractrometry (XRD) with monochromatic Cu (λ = 

1.5406 Aº) was also used for GO characterization. The 

data was collected from 5-60o at a scan rate of 0.5 sec/step.  

 

2.6 Characterization of PBS/GO/MCC composites 

Thermal properties of the neat PBS, PBS/GO and 

PBS/GO/MCC composites were analyzed using 

differential scanning calorimetry (DSC). The 

crystallization and melting behaviors were investigated at 

a heating rate of 10ºC/min from 30ºC to 150ºC and 

maintained at 150ºC for 3 min. Then, it was cooled down 

to 30ºC at a cooling rate of 10ºC/min. After that, the 

samples were heated again to 150ºC at the same heating 

rate.  

The water absorption of the neat PBS, PBS/GO and 

PBS/GO/MCC composite films was determined. The 

specimen size was 20 mm x 20 mm. The tested films were 

oven dried at 60ºC for 24 h and immediately weighed to 

obtain the initial weight (W0). The films were then soaked 

in water for 7 days. They were subsequently removed from 

water and dried by wiping with a piece of cloth. Then, they 

were weighed immediately to obtain the final weight (Wn). 

The water absorption was calculated by equation 1 as 

follows: 

 

        %Water absorption = ((Wn – W0)/W0) x 100         (1) 

 

The hydrolytic degradation was carried out in a 

NaOH solution (pH=13) at room temperature. Prior to 

hydrolytic degradation testing, the samples were dried in 

an oven at 60ºC for 1 night and weighed to obtain H0. After 

placed the samples into the NaOH solution, the sample 

was taken out every 24 h. Subsequently, they were dried 

and carefully weighed to obtain Hn. The residual weight 

fraction was calculated by equation 2 as follows: 

 

%Residual weight = (Hn / H0) x 100     (2) 

 

Contact angle measurement was analyzed on the 

surface of the neat PBS, PBS/GO and PBS/GO/MCC 

composite films. Prior to measurement, all of the films 

were oven dried at 60ºC for 24 h. Then, a drop of water 

was dropped on the film surface and the contact angle was 

subsequently measured. 

3. Results and Discussion 

 

3.1 Graphene oxide (GO) 

The FTIR spectrum of the GO is shown in Figure 

1. The absorption peak at 3363 cm-1 is attributed to O-H 

stretching vibrations. The absorption peaks at 1721 and 

1606 cm-1 are attributed to C=O stretching vibrations 

corresponding to carbonyl groups. The absorption peaks at 
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1220 and 1049 cm-1 are attributed to C-O stretching 

vibrations corresponding to hydroxyl and epoxy groups. 

 
Figure 1. FTIR spectrum of GO. 

 

The XRD patterns of the GO and graphite are 

shown in Figure 2.  The D-spacing of the GO at 8.36720 

Aº was larger than that of the graphite at 3.35181 Aº. This 

large interlayer spacing resulted from the formation of 

functional groups on the GO sheets.  

 
Figure 2. XRD patterns of GO and graphite. 

 

3.2 PBS/GO/MCC composite films 

The thermal properties of the neat PBS, PBS/GO and 

PBS/GO/MCC composite films are shown in Table 1. The 

GO addition slightly decreased the melting temperature 

(Tm) of the neat PBS (approximately 2.4%). However, the 

crystallinity (Xc) of the PBS/GO composite film was 

higher than that of neat PBS (19.6%). This is because the 

GO was a nucleating agent, and the polymer chains were 

bound to the GO sheets with hydrogen bonds[7]. The 

MCC loading did not affected the Tm of the PBS/GO 

composite films.  The Xc of the PBS/GO composite films 

increased with increased MCC loading up to 10 wt%; 

however, it decreased with increased MCC loading more 

than 10 wt%. This is because the MCC can constrict the 

PBS chain moving for formation of crystalline. The 

crystallization temperature (Tc) was marginally higher for 

the PBS/GO and PBS/GO/MCC composite films than for 

the neat PBS film. The MCC addition did not affect the Tc 

of the PBS/GO composites. 

 

Table 1 Thermal properties of neat PBS, PBS/GO and 

PBS/GO/MCC composite films. 

Sample Tm Xc Tc 

P 116.28 38.05 80.35 

PG 113.49 47.36 83.29 

PGM5 113.65 62.48 82.45 

PGM10 113.45 62.56 82.31 

PGM15 113.23 51.13 82.04 

PGM20 113.59 49.31 82.37 

 

 
Figure 3. Water absorption of neat PBS, PBS/GO and 

PBS/GO/MCC composite films soaked in water for 7 

days. 

 

The water absorption of the neat PBS, PBS/GO and 

PBS/GO/MCC composite films is shown in Figure 3. The 

neat PBS had the lowest water absorption than the other 

films. The water absorption of the PBS/GO film increased 

with increased MCC content due to the hydroxyl groups 

of the MCC. This implied that the biodegradation was 

higher for the PBS/GO/MCC composite films than for the 

neat PBS film because water allowed microorganisms to 

grow. The PBS/GO composite film filled with 5-20 wt% 

MCC absorbed much more water than the neat PBS film 

(83-91%). 

The ability of water absorption of the neat PBS and 

PBS composite films was confirmed by the contact angle 

measurement of water on the surface of the films. Table 3 

shows that the contact angle of the neat PBS, PBS/GO and 
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PBS/GO/MCC composite films. The water absorption of 

the PBS was enhanced by adding the MCC. Additionally, 

the GO slightly increased hydrophilicity of the PBS due to 

hydroxyl groups on the surface of the GO sheets.  

The neat PBS film had the lowest hydrophilicity as 

the contact angle of water on its surface was the highest. 

However, the contact angle of the water on the surface of 

the PBS/GO/20 wt% MCC composite film was the lowest. 

This indicates the highest hydrophilicity [8]. This is due to 

the hydroxyl groups of the MCC, which can interact with 

water molecule by hydrogen bonds, and the dipole-dipole 

interaction.  

 

Table 2 Contact angle of water on surface of neat PBS, 

PBS/GO and PBS/GO/MCC composite films. 

Sample Contact angle 

P 84.17º 

PG 83.33º 

PGM5 78.91º 

PGM10 78.67º 

PGM15 77.67º 

PGM20 77.33º 

 

The hydrolytic degradation of the neat PBS, 

PBS/GO and PBS/GO/MCC composite films was 

investigated by weighing the weight loss of the films 

immersed in a NaOH solution as shown in Figure 4. 

Photographs of the neat PBS, PBS/GO and PBS/GO/MCC 

composite films after immersion in the NaOH solution for 

4 days are shown in Figure 5. The residual weight of the 

neat PBS film tested after 4 days was 99.54%. This 

indicates that its hydrolytic degradation rate was very low. 

The GO loading marginally improved the hydrolytic 

degradation rate of the PBS. The addition of the MCC 

accelerated the hydrolytic degradation of the PBS matrix.  

At 4-day immersion, the residual weight of the 

tested PBS/GO composite films filled with 5, 10, 15 and 

20 wt% MCC was 82.46%, 79.51%, 58.45% and 48.89%, 

respectively. The residual films for the PBS/GO/15 wt% 

MCC and PBS/GO/20 wt% MCC composites immersed in 

the NaOH solution were extremely delicate. This is 

attributed to the elimination at the ester bonds of the PBS 

by hydroxyl group having water as medium. Trends of the 

hydrolytic degradation results were also similar to those of 

the water absorption results. 

 

 
Figure 4. Residual weight fraction of neat PBS, PBS/GO 

and PBS/GO/MCC composite films at different time. 

 

 
P 

 
PG  

 
PGM5 

 
PGM10 

 
PGM15 

 
PGM20 

Figure 5. Photographs of neat PBS, PBS/GO and 

PBS/GO/MCC composite films after immersion in a 

NaOH solution for 4 days. 

 

4. Conclusions 

The neat PBS, PBS/GO and PBS/GO/MCC 

composite films were prepared in this work. The GO 

addition marginally reduced the Tm of the PBS. It also 

improved the Xc, Tc and water absorption of the PBS. 

However, it had very low effects on the hydrolytic 

degradation of the PBS. For the MCC loading into the 

PBS/GO composite, it did not affect the Tm. The 10 wt% 

MCC loading improved the Xc of the PBS/GO composite, 

whereas the MCC addition more than 10 wt% slightly 

decreased its Xc. The Tc of the PBS/GO composite films 

filled with the MCC was insignificantly different. The 
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MCC loading also enhanced the water absorption and 

hydrolytic degradation of the PBS/GO composite. 
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Abstract 
 
 In an attempt to enhance the properties of hemicellulose, the chemical modification of xylan by citric acid in the 

presence of sodium hypophosphite as a catalyst via esterification reaction was studied. Xylan used in this study was prepared 

from the effluent released during the soda pulping process of corn stover and it was esterified by semi-dry oven method. The 

degree of substitution values of modified xylan in the ratio of xylan per citric acid at 1:1, 1:3 and 1:5 (w/w) were 0.66, 0.79 

and 1.38, respectively. These modified xylans were exhibited the antioxidant activity with the highest IC50 value of 14.73 ± 

2.94 mg.ml-1 from the modified xylan in ratio of 1:5 (w/w). In addition, this citrate xylan at the same ratio of modification 

also affected to reduce the growth rate of bacteria including Staphylococcus aureus and Escherichia coli with growth rate of 

89.04 ± 8.42 and 82.48 ± 3.99 %, respectively, comparing with their growth rate in the present of a xylan without 

modification. These results suggest that the citrate xylan has a great potential as the polymer matrix for antioxidant and 

bacteria inhibition, which might be used for food and cosmetic industries. 

Keywords: hemicellulose, xylan, xylan citrate, esterification, antibacterial, antioxidant 

 

1. Introduction  

 
 In recent years, we are concerned about 

environmental problems due to wastes and byproduct            

from macro-industries. Agricultural industries are among 

the most important industries in Thailand and also in the 

world. Nevertheless, its production processes release 

million tons of agricultural wastes which need to be 

eliminated to prevent environmental pollution problems. 

As a result, the utilization of agricultural wastes has become 

the interests of this research in order to find useful 

applications and to value-add these wastes. 

 Hemicellulose is the one-third of abundant 

polysaccharides from nature and also found as organic 

wastes or byproducts of agricultural products. 

Hemicelluloses are commonly extracted from different part 

of plant by extraction with dilute alkaline and precipitated 

with alcohol. [1] Hemicelluloses are branched polymers of 

low molecular weight and a degree of polymerization in the 

range of 80–200. Xylan belongs to hemicelluloses type in 

plant kingdom, and constitutes 20-35% of dry biomass of 

wood tissue of secondary cell wall. Xylan of all higher 

plants possesses β -1,4 linked xylose units as the backbone, 

usually substituted with and O-acetyl groups and sugar 

groups such as  arabinose sugar(1) .  Several researchers 

have successfully extracted hemicellulose from agricultural 

wastes with alkaline extraction i.e. corn cob [2], maize 

stems, rice straw and rye straw [3].  

 The chemically modification is the new way to 

improve properties of xylan for applied in various 

application. Citric acid is one of the most interesting 

organic acids which can be reacted with hemicelluloses for 

improve desired properties. Citric acid (CA) is food-grade 

organic acid, non-toxic chemical and environmental 

friendly which widely used to prevent the growth of 

pathogens in variety of food. [4]  
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 In a previous study, they were studied about 

method of modified hemicelluloses with citric acid while 

comparing the percentage of yield and degree of 

substitution (DS). And it was found that semi-dry method 

was obtained higher yield than solution method and DS 

value is not significantly different. [5] 

 In this research, the chemical modification of corn 

stover xylan by citric acid was studied. The objective is to 

investigate the chemically-modified xylan for antibacterial 

and antioxidant properties. We expected that the modified 

xylan can be effect on antioxidant and bacteria inhibition. 

 

2. Experimental method 

2.1 Materials 

The hemicellulose used in this study was xylan 

isolated by alkaline extraction of chopped corn stover 

from Nan, Thailand. Sodium hydroxide was purchased 

from Merck Ltd,. Citric acid, glacial acetic acid and 

Sodium hypophosphite (SHP) were purchased from 

Ajax Finechem Pty Ltd,. 1, 1-diphynyl-2-picryl 

hydrazyl (DPPH) was purchased from Sigma- Aldrich. 

2.2 Extraction of native xylan from corn stover 

The extraction of xylan from corn stover was 

performed using 15% NaOH at the ratio of 1:11 and 

heating at 120 °C for 2 h. The obtained mixture was 

filtrated to keep liquid part and adjusted pH to 5.0 by 

acetic acid. After that, the liquid was centrifuged at 5000 

rpm for 10 min to delignify and again retained the liquid 

part. Ethanol was added at the ratio of 1:2 to precipitate 

xylan and kept at -20°C for 16 hr. The precipitant was 

obtained after centrifugation at 5000 rpm for 10 min and 

washed by acetone to remove remaining lignin and dried 

in oven at 60°C for 24 h. [3] 

2.3 Modification of xylan by using citric acid 

Modification of xylan by using citric acid with 

semi-dry condition was performed according to the 

modified method of Shuaiyang and co-workers [6]. The 

ratio of xylan/citric acid will be in range 1:1, 1:3 and 1:5. 

Xylan 0.66 g was dissolved in 4 mL of water at 60°C for 

60 min. The SHP is catalyst for reaction in 20% w/w of 

CA. The ratios of CA were added into minimal amount 

of distilled water (6 mL) in glass beaker. Xylan solution 

and CA solution were combined under stirring for 30 

min until completely dissolved. After that, the mixture 

was placed in air oven for dehydrate at 100°C for 30 min. 

Following, the mixtures were reacting in the oven at 

120°C for 6 h. Finally, the cross-linked reaction products 

were slurried in 95% ethanol under stirring for 2 h and 

then filtrated to collect the reacted product. The reacted 

product washed with 95% ethanol for three times to 

remove unreacted CA. Then the products were dried at 

60°C in a vacuum drying oven for 24 h. 

2.4 Determination of yield and degree of substitution 

The yield of modified product was determined 

based on weight of xylan in the reaction, which was 

calculated as the following eq1: 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑌𝑌 𝑝𝑝𝑝𝑝𝑜𝑜𝑌𝑌𝑝𝑝𝑝𝑝𝑡𝑡(% 𝑦𝑦𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌) = W1
W0

𝑥𝑥100     (1) 

Where W1 is the weight of modified product and W0 is 

the weight of initial xylan in the reaction. The 

percentage of product yield was shown in Table1. [7] 

The degree of substitution was determined by ratio of 

peak area from FTIR spectra, which calculated as 

following eq2:  

Degree of substitution = Peak area of ester band
Peak area of reference band

    (2) 

In this study was used peak area of ester band 

in the absorption around 1740 cm-1 and peak area of 

reference band (C-O-C stretching in hemicellulose) in 

the absorption around 1044 cm-1.[3] The results of 

degree of substitution were shown in Table1. 

2.5 Antibacterial activity 

The antibacterial activity of extracted and 

modified xylan against different gram bacteria of 
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Staphylococcus aureus and Escherichia coli were 

determined using plate count method. The concentration of 

extracted and modified xylan was tested at 0.5 mg/ml of 

bacterial suspension in Luria Bertani (LB) broth with the 

bacterial concentration of 105 CFU/ml. The mixtures were 

incubated at 37°C with shaking at 200 rpm for 1 h. The 

cell culture were serially diluted and plated on LB agar 

for colony count. Survival of bacteria was expressed as 

the percentage of CFU obtained from treated cultures 

with modified xylan compared with those from treated 

cultures with extracted xylan. The growth rate of 

bacteria in the present of xylan without modification was 

referred as 100%. 

2.6 Antioxidant activity  

Antioxidant activity of native xylan and 

modified corn stover xylan were also evaluated by 1, 1-

diphynyl-2-picryl hydrazyl (DPPH) radical scavenging 

method (Brand-williams et al., 1995) [8]. The solution 

of 0.1 mM DPPH in ethanol was prepared and 1 ml of 

this solution was added to 3 mL of the products in 

ethanol at different concentration (5, 10, 20 and 30 

µg/mL). The mixture was shaken vigorously and 

allowed to stand in the dark at room temperature for 30 

min. Then, the absorbance was measured at 517 nm by 

using a spectrophotometer (UV-VIS Shimadzu). IC50 

value of the transxylosylated products, which is the 

concentration required to inhibit 50% of the DPPH free 

radical, was calculated using Log dose inhibition curve. 

3. Results and discussion 

3.1 Yield and degree of substitution 

 The data in Table1 showed percentage of 

production yield in the reaction. Increasing of xylan/CA 

weight ratios from 1:1 to 1:5 resulted in an increasing of 

yield from 101% to 131% and then decreasing from 131% 

to 99%. These results indicated that the addition of excess 

CA in the reaction is caused of xylan degradation at high 

temperature. The degree of substitution (DS) is the value of 

reacted hydroxyl groups relative to the total initial hydroxyl 

groups. The result from Table1 showed the increased DS 

values from 1:1 to 1:5 which means an increment of 

weight ratios corresponding to an increase in the degree 

of substitution value. [6] 

Table 1 Effect of xylan/CA weight ratio on yield and 

degree of substitution 

weight ratios 

of xylan/CA 
Yield (%) DS 

1:01 101% 0.67 

1:03 131% 0.79 

1:05 99% 1.38 
 

3.2 FT-IR spectra 

 

Fig1. FTIR spectra of extracted xylan (A), xylan citrate 

samples prepared at the xylan/CA in ratio 1:1 (B), xylan 

citrate samples prepared at the xylan/CA in ratio 1:3 (C) 

and xylan citrate samples prepared at the xylan/CA in 

ratio 1:5 (D) 

The FTIR spectra were used to confirm the 

structure of extracted and modified xylan, which is 

shown in Fig.1. For the extracted xylan, the absorption 

at 3400, 2935, 1624, 1417, 1254, 1044 and 897 cm-1 are 

associated with xylan (spectrum A). The low intensity 

shoulder band at 897 cm-1 is characteristic of β-

glycosidic linkages between xylose unit which 

confirmed that the xylose residues forming the backbone 

of macromolecule are linked by β-form bonds. [4] The 

band around 1044 cm-1 is attributed to C-O and C-C 
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bond stretching or C-OH bending in hemicellulose. The 

band range from 3200-3400 cm-1 corresponds to the 

vibration stretching of inter-intra molecular hydrogen 

bond of xylan.[3] 

3.3 Properties of modified xylan 

In this study, the properties of modified xylan 

were focused on antibacterial and antioxidant activity 

that was shown in Table 2. The antibacterial activity 

against S. aureus and E. coli was not found in extracted 

xylan comparing with control experiment while the 

different ratio of modified xylan could reduce the 

growth rate of bacteria. The efficient activity of modified 

xylan could be explained by the substitution of carboxylic 

group in their structure [4]. This functional group might 

be caused of acidification with cell cytoplasm that 

affected to alter the cytoplasm membrane, to inhibit some 

unidentified cell function and to diminish cell metabolism 

[4, 10]. From high to low, the bacterial inhibitions of 

modified xylan in different ratio of modification were as 

the followings; 1:5 > 1:3 > 1:1. It clearly indicated that 

the increasing of carboxyl group in modified xylan 

according to the DS value affected to reduce the growth 

rate of bacteria. When comparing of antibacterial activity 

between different strains, it was found that the modified 

xylan can inhibit the growth of E.coli more than S.aureus. 

 

Table 2 Effect of xylan/CA weight ratio on 

antibacterial activity and antioxidant activity 

weight 
ratios of 

xylan/CA 

Inhibition (%) 
IC50 value 

S. aureus E. coli 
Extracted 

xylan 100.00 ± 8.37 100.00 ± 7.44 21.47 ± 1.43 

1:1 97.38 ± 9.22 93.46 ± 5.50 17.93 ± 1.58 

1:3 94.38 ± 7.50 89.58 ± 4.49 16.34 ± 1.37 

1:5 89.04 ± 8.42 82.48 ± 3.99 14.73 ± 2.94 
  

 The antioxidant activity was reported in Table2 

and the higher antioxidant activity is reflected in the lower 

IC50 value. The IC50 values of antioxidant activity were in 

the order of: modified xylan 1:5 (14.73 ± 2.94) < modified 

xylan 1:3 (16.34 ± 1.37) < modified xylan 1:1 (17.93 ± 

1.58) < extracted xylan (21.47 ± 1.43). These results 

suggested that modified xylan at the ratio of 1:5 has the 

highest potential to inhibit the oxidation that might be used 

in pharmaceuticals and personal care products.  

4. Conclusion 

After esterification with citric acid, xylan 

extracted from corn stover in all treatments exhibited the 

potential properties of antibacterial and antioxidant 

activities. The efficient ratio of modification was 1:5 (w/w) 

of corn stover xylan per citric acid with the highest degree 

of substitution values, antibacterial and antioxidant 

activities. These results suggest that the citrate xylan has a 

great potential as the polymer matrix for antioxidant and 

bacteria inhibition, which might be used for food and 

cosmetic applications. 
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Abstract 

 Tacca Leontopetaloides starch is commonly used in Thai desserts and foods due to high toughness. This research, 

Tacca Leontopetaloides starch as a raw material for to make a film by solution blending technique was studied. Tacca 

Leontopetaloides starch was dissolved in water in a ratio of 10:100 w/v using glycerol as a plasticizer at 

the different volume of glycerol such as 2.25%, 2.35%, 2.50%  and 2.70% by weight of starch. Then, the mixture was 

dried at 45 - 50°C for 24 hr. The obtained Tacca Leontopetaloides film show thin film and high transparency. The tensile 

strength, elasticity and penetration resistance of Tacca Leontopetaloides film were determined using Texture analyzer.   

The functional groups of Tacca Leontopetaloides films were characterized by Fourier Transforms Infrared Spectrometry. 

Moreover, thickness and elongation of Tacca Leontopetaloides film increased when the glycerol content is increased. 

 

Keyword:  Tacca Leontopetaloides, Glycerol, Transparency

 
1. Introduction 

 

Currently, Thailand's waste quantity increases 

continuously especially plastic such as tubes, plastic 

wrap, foil, film and general plastic from consuming. 

These plastic products can be easily found on the 

market, lightweight, non-rusty, durable, resistant to 

chemicals, colorful and easily change shapes with 

modern technology on demand. Commonly plastic such 

as a Polyethylene(PE), Polypropylene(PP), 

Polyvinylchloride(PVC), Polystyrene(PS), Polytetra 

fluoroethylene(PTFE) in the present are derived from 

petroleum, coal and natural gas which  chemical 

structure show  is not appropriate for natural 

degradation[1]. For example, Polyethylene takes more 

than 100 years of degradation. As a result, plastic 

products become waste and accumulate continuously 

every year. Plastic waste can affect the deterioration of 

soil quality and deterioration of water quality. If plastic 

waste was burned, causing the carbon dioxide and other 

toxic gas as the cause of the global warming as well and 

environmental pollution [2]. So, to reduce these 

problems, people have campaigned reduced the use of 

plastic bags since 2006 under the principle of reducing, 

reuse and recycle. Currently, biodegradable plastics by 

introducing natural polymers substitute for synthetic 

polymers. Because of biodegradable polymer shows 

similar the mechanical properties with commonly 

plastic. A biodegradable polymer such as poly(lactic 

acid)(PLA), poly(butylene succinate) (PBS), 

polyhydroxyalkanoate(PHA), etc. However, these 

biodegradable polymers have high cost and not wildly 

sold in Thailand, Starch as low-cost natural polymer and 

high volume in Thailand, so starch was interested in 

starch plastic production. 

Tacca Leontopetaloides is commonly starch 

for used in Thai desserts and foods which high stickiness 

and easily to found. This research has the interest to 

study the production of biodegradable plastics from 

Tacca Leontopetaloides starch using a glycerol as a 

plasticizer and study the physical and mechanical 

properties of the plastic prepared from Tacca 

Leontopetaloides starch.  
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2. Methodology 

2.1. Preparation Tacca leontopetaloides starch 

 Grind the arrowroot starch and pan through the 

sieve to get the arrowroot starch size 10 - 15 µm. Then 

take the section through the sieve to future study. 

2.2. Preparing the plastic from Tacca 

leontopetaloides starch 

 Tacca Leontopetaloides plastic was prepared a 

solution blending. Tacca Leontopetaloides starch was 

dissolute in water at a ratio of 10:100 w/v, then added 

glycerol (99%, Sigma-Aldrich) 2.25, 2.35, 2.50 and 2.70 

mL of Tacca Leontopetaloides solution. The solution was 

mixture by magnetic stirrer and heat by hotplate at 100oC 

for 20 minutes or until the solution blending is clear. Then 

the solution was poured and cast on the mold size 30 x 21 

x 0.1 cm. The plastic form after the evaporation of solvent 

at 50°C for 24 hours, then peel the plastic off the mold and 

cut the plastic to the required size to future characterize. 

3.3. Characterization of plastic from Tacca 

leontopetaloides starch 

    Tensile strength test. The tensile strength and 

flexible of the plastic was determined by Texture analyzer. 

Tacca Leontopetaloides starch size 0.5 x 20 cm. was pull 

at 3 mm/sec, stretching 120 mm.  

    Bursting strength test. The Bursting strength 

test of the plastic was determined by Texture analyzer.  
Tacca leontopetaloides starch size 4 x 4 cm. then press 

with a 4.65 mm diameter head with a speed 25 mm/sec. 

   Fourier Transforms Infrared Spectrometry 

(FTIR). Tacca leontopetaloides Plastic size 2 x 2 cm. was 

analyzed the group of functions using FTIR in Attenuated 

Total Reflectance mode (ATR). By taking the samples 

placed on a ZnSe glass and analyzed for a range of 4,000 

– 650 cm-1 with the scan is 16 and an analysis resolution is 

4. 

 Transparency test, Tacca leontopetaloides 

plastic was measured the transparency using UV-vis 

spectrophotometer at wavelength 600 nm in photometric 

mode by taking sample films from Tacca leontopetaloides 

starch put in the sample box and the analyze the 

transparency and calculate the transparency as equation (1) 

 Transparency =     
X

log(%T)−
                           (1) 

Whereas  

    %T =  Percentage of transmittance at   

                          wavelength 600 mm 

        X =  Film thickness 

 

3. Result and discussion 

     3.1 Physical characteristics of film from the Tacca 

Leontopetaloides starch 

 Tacca Leontopetaloides starch is derived from 

Tacca leontopetaloides as a plant that can be transformed 

into the starch. Tacca leontopetaloides starch can be 

plastic film form with water solvent as an environmentally 

friendly solvent and a glycerol plasticizer to reduce the 

tension surface. This research study the ratio of Tacca 

leontopetaloides starch with water and glycerol as 

10:100:2.25, 10:100: 2.35, 10:100:2.50 and 10:100:2.70 

w/v/v, as show the Tacca leontopetaloides plastic in figure 

1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Film from Tacca leontopetaloides starch at the 

ratio Tacca leontopetaloides starch: distilled water: 

glycerol (a) 10:100:2.25 w/v/v (b)10:100: 2.35 w/v/v (c) 

10:100:2.50 w/v/v  (d) 10:100:2.70 w/v/v  

 

All of the ratios show the high percent 

transparency of plastic in the range of 12.47-16.10 %, 

while a commercial film showed the percent transparency 

of 19.53%. The plastic with high glycerol content show the 

highest the light transmittance and the light transmittance 

decreased with glycerol content was also decrease. 

(a) (b
 

 

  

(a) (b) 

(c) (d) 
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Indicating that, the level of glycerol affects the 

transparency of the film [3]. 

   3.2 Mechanical properties.   

All ratio of obtained plastic were studied the 

tensile strength and elasticity using Texture analyzer as 

show the result in figure 2.  

Figure 2 shows the effect of glycerol on (a) tensile 

strength and (b) elasticity of  Tacca leontopetaloides 

plastic at the different ratio. 

 
From figure 2 (a) and (b) show, the amount of glycerol 

increased to show the tensile strength and elasticity also 

increase. The ratio of Tacca leontopetaloides starch per 

water and glycerol 10:100:2.25 w/v/v, show the lowest of 

the tensile strength and elasticity of 330.39 g/mm2 and 

63.65 mm, respectively. Then glycerol content was 

increased to 2.5 mL, theses can be increased the tensile 

strength and elasticity up to 495.555 g/mm2 and 108.27 

mm. Because of glycerol and heat can increased relaxation 

of starch molecule [4]. While glycerol content up to at 2.7 

mL, the tensile strength and elasticity will be decreased.  

    

 

 

3.3 Penetration resistance.   

According to the study on pressure resistance 

penetrated from the plastic produced from Tacca 

leontopetaloides starch that produced from 4 ratio of Tacca 

leontopetaloides starch per water per glycerol of 

10:100:2.25, 10:100:2.35, 10:100:2.50 and 10:100:2.75 

w/v/v can be plastic form but, show the different the 

bursting strength and distance to burst due to glycerol 

content, as show the result in figure 3.  The glycerol 

content increases from 2.25 mL to 2.5 mL can increase the 

bursting strength and distance to burst up to 157 % and 111 

% while, the glycerol content up to 2.7 mL effect on 

decreasing of bursting strength and distance to burst.   

 

Figure 3 shows the effect of glycerol on the (a) bursting 

strength and (b) distance to burst at different ratios. 

 

From the result of the mechanical properties and 

penetration resistance show, glycerol is polyol as a 

hydrophilic plasticizer; it is easy to catch the hydrophilic 

sites on starch molecules. As a result, internal hydrogen 

bonding between the starches molecules decreased but 

molecules to the film increased [5]. So, glycerol presence 

will show the flexible plastic more glycerol absence. 
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However, if glycerol content much more required, it will 

effect on also decreasing of mechanical properties.  

 

3.4 Functional groups of the plastic from Tacca 

leontopetaloides starch 

 From the identification of the Tacca 

leontopetaloides starch plastic to confirm element or 

molecule of the substance within the structure of the Tacca 

leontopetaloides starch plastic with FTIR technique, as 

shown in Figure 4 found that wide peaks occur at the 

absorption signal at the wave range 3,200 – 3,400 cm-1, 

which represents the presence of hydroxyl group (-OH 

group) a lot in molecules [5]. This is why starch has the 

ability to occur hydrogen bond with water. Glucose units 

which overlap with the methyl group (-CH group) found 

the absorption signal at the wave range 2,800 – 2,900   cm-

1. In addition, absorption at 1,076 – 1,023cm-1 is the 

shaking of C-O-C of anhydroglucose. The Tacca 

leontopetaloides starch plastic has hydrophobic properties. 

From infrared spectra showed that peaks appear at 

wavelength 1,026 cm-1  and 859 cm-1 show stretch 

vibration of C-O-C of the glycosidic bond type α - (1,4), 

which is a functional component of glucose [3] . 

 

 

 

 
 
 
 
 
Figure 4  FTIR Spectrum of Tacca leontopetaloides 
plastic. 
 
4. Conclusion 

 Tacca leontopetaloides starch is agricultural 

crops, which can be prepared plastic by solution blending 

technique. All obtained plastic show high transparency 

similar with PE plastic. The optimum ratio for Tacca 

leontopetaloides plastic preparation to produce the highest 

tensile strength, elasticity, bursting strength and distance 

to burst is the ratio of Tacca leontopetaloides per water per 

glycerol at 10:100:2.5 w/v/v. 
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Introduction 
 Nowadays, polylactic acid (PLA), one of green 

polymers, has been the most attractiveness by 

researchers due to its environmentally friendly polymer, 

acceptable mechanical properties and production from 

renewable resource.  Most of all, PLA is thermoplastic 

which is processable using industrial machinery. 

Currently, disadvantages of PLA including high 

production cost, brittleness and low thermal stability 

have been improved by several approaches such as 

polymerization technology, polymer blends and 

polymer composites.  Examples of interesting 

publications related to PLA properties improvement are 

presented in my presentation.  To be highlighted, 

PLA/cellulose biocomposites and PLAcellulose blends 

were found to exhibit improved mechanical properties 

arising from nucleation performance of crystal cellulose 

additive.  Mainly, cellulose the most important 

renewable resource was studied extensively including in 

the fields of polymer composites and polymer blends.  

Sources of cellulose are enormous. Cellulose composites 

have received much attention due to their structural 

reinforcing, light weight, biodegradable, non-toxic, low 

cost and recyclable characteristics.  However, one of the 

main drawbacks of PLA/cellulose biocomposites is poor 

filler distribution, leading to agglomeration because 

PLA and cellulose interaction is weak.   A problem of 

filler agglomeration could be solved by filler’s  

modification approach to alter the matrix-filler 

interaction.  Based on this concept, we are interested in 

preparation of PLA/acetylated cellulose biocomposite. 

Acetylated cellulose was prepared using vinyl acetate.  

Resultant acetylated cellulose ( ACC)  was then melt-

mixed with PLA using a twin-screw extruder.  As a 

result, PLA/ acetylated cellulose biocomposite was 

produced. Mechanical properties evaluation was then 

carried out. 
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Abstract  

 Acetylated cellulose (ACC)  was synthesized by acetylation of cellulose gel with vinyl acetate using sodium 

hydroxide as a catalyst.  The degree of acetylation was followed by FTIR analysis.   The IR absorbance peak found at 

1740 cm-1 indicated the presence of acetyl group on cellulose backbone.  The peak intensity increased with an increase 

in vinyl acetate to cellulose mole ratio. The optimum peak intensity was reached when 12: 1 mole ratio was employed.  

ACC synthesized using 12: 1 mole ratio was prepared for PLA/acetylated cellulose composite.  PLA compounds loaded 

with 1, 3 and 5 % (w/w) of ACC were obtained by a twin-screw extruder. Mechanical properties evaluation showed that 

tensile strength, strain at break and modulus were improved in case of PLA/1 wt% ACC due to the optimum dispersion 

of ACC.  These properties were dropped when the ACC content increased due to the agglomeration problem.  It could 

be concluded that ACC was found to enhance mechanical properties of PLA only when its dispersibility was achieved 

particularly at low percent loadings.  

Keywords: Acetylated Cellulose, Biocomposite, Cellulose, Mechanical properties, Poly (lactic acid) 
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Materials 

 Polylactic acid ( PLA) , cellulose gel, sodium 

hydroxide, urea, vinyl acetate monomer ( industrial 

grade)  was kindly provided by Siam Pro Chemical 

(Thailand) co., Ltd.. 

  

Preparation of Acetylated Cellulose 

Pure cellulose was extracted from water 

hyacinth stalk by sodium hydroxide scouring and 

hypochlorite bleaching, resulting in white cellulose 

short fiber.  Then, the cellulose short fiber (8 .7 5  g. )  was 

dispersed in NaOH: urea: water system (NaOH 14 g, urea 

24 g and water 162 ml).  The dispersion was kept in the 

freezer for 6  h to obtain cellulose gel.  After that, vinyl 

acetate was slowly added into cellulose gel under 

continuously homogenization.   It was important to note 

that the mixture temperature was kept cooled at 0oC in 

the course of vinyl acetate  

addition. Then, the reaction was continued at 0oC for 

another 6  h.  Acetylated cellulose was obtained and 

washed by water to remove unwanted chemicals.  

Acetylated cellulose in wet cake form was dried prior to 

PLA/acetylated cellulose composite preparation.  A 

series of acetylated cellulose having various degrees of 

substitution was prepared using vinyl acetate to 

cellulose mole ratios of 3 : 1, 6 : 1, 9 : 1, and 12 :1. 
 

Preparation of PLA/ACC composite    

The PLA composites with the acetylated 

cellulose contents of 1.0, 3.0 and 5.0 wt%.The mixture 

was fed into the twin-screw extruder(LTE-26-44, 

Labtech Scientific, Labtech Engineering, Thailand). The 

temperature profile of the twin screw extruder was 

170/175/175/175/170oC, respectively and the twin 

screw speed was maintained 40 rpm. The compounded 

PLA and acetylated cellulose were extruded coming out 

of the extruder were cooled down in a water bath and 

then cut into pellets by a cutting machine (Labtech 

Scientific, Labtech Engineering, Thailand). The 

masterbatch was dried in a hopper dryer (SHINI Plastic 

Technologies) at 60 oC. The specimens for tensile 

properties test were molded into a dumbbell-shape by a 

mini-injection molding machine (HAAKE Mini JetII). 

The injection temperature was set at 210oC for 5 min. 

The specimens for impact resistance were also prepared 

via the injection molding machine (NEX80, Nissei 

Injection Molding Machine). The temperature profile 

from feed zone to nozzle was set as 

30/190/190/195/195/210oC, respectively. 

  

Results and Discussion  

FTIR of Acetylated cellulose 

 The FTIR spectra of cellulose and acetylated 

cellulose are showed in Figure 1.  The spectrum of 

cellulose shows the characteristic bands of cellulose. The 

broad band at 3,400 is attributed to the stretching of O-

H group and the C-H stretching is at 2,871 cm-1.  The 

peak at 1,640 cm-1 corresponds to the bending of bound 

water and the water O-H bending is at 1,363 cm-1.  The 

FT-IR spectra of acetylated cellulose are different from 

that of cellulose, indicating the successful acetylation 

reaction.  Particularly, the absorption band at 1740 cm-1 

corresponding to the ester peak shows up strongly as a 

result of acetylation reaction.   This peak increases with 

an increase in the concentration of vinyl acetate.  Form 

Fig1, the optimum of acetylation reaction was vinyl 

acetate 12mol by cellulose 1mol.  

 

 

 

9:1 

 

12:1 

 

3:1 

 
Cellulose 

 

15:1 

 

Fig.1. FTIR of cellulose and acetylated cellulose 

 

Ester peak 
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Mechanical properties 

 

Fig.2. Impact resistance of PLA/ACC  

 

 Fig. 2.  shows the impact resistance of all 

samples.  The addition of 1. 0 and 3. 0 wt%  acetylated 

cellulose raises the impact resistance by 20 %  and 30 % . 

Fortunately, the elongation at break is found to be 

higher.  In addition, an increase in elongation at break 

implies the enhancing ductility as well as reducing 

brittleness, resulting in the increasing impact resistance. 

The poorer interfacial adhesion as well as 

incompatibility between acetylated cellulose and PLA 

fails to improve the percent elongation at break. 

Moreover, impact resistance is found to decrease 

notably. The significant deformation of PLA/ acetylated 

cellulose composites indicates that acetylated cellulose 

is capable of absorbing energy, resulting in the improved 

impact resistance [ 3] .  However, the agglomeration of 

acetylated cellulose can be observed at 3.0 and 5.0 wt% 

loadings, resulting in adverse effect of high filler 

loadings on mechanical properties. 

The mechanical behavior of PLA, PLA/ACC 

( 97/ 3) wt%  and PLA/ ACC( 95/ 5) wt%  was evaluated by 

means of tensile tests and the results are summarized in 

Table1.  Form Table1, the addition of acetylated 

cellulose produces an increase in Young’ s modulus 

values in binary systems, highlighting the reinforcement 

effect induced by acetylated cellulose.  This effect is 

more evident in the case of the 3 wt%  that showed the 

highest Young’s modulus although a reduction in tensile 

strength values was detected for all the studied 

formulations.  Moreover, a decrease in the strain at break 

of the acetylated cellulose based composites with 

respect to the PLA matrix was observed, with a more 

pronounced effect for the PLA/ ACC ( 95/ 5)  wt% , 

confirming the increase in brittleness induced by the 

addition of acetylated cellulose more than 3wt% .The of 

PLA/ ACC ( 99/ 1)  wt%  presented a different behaviour. 

The increase in strain at break values which showing an 

evident ductile behaviour of the materials.  

 

Fig.3. Strain at break of PLA/ACC  

This is due to well- dispersed acetylated 

cellulose into PLA matrix which increase interaction 

between PLA with acetylated cellulose.  The data 

obtained through tensile testing validated the 

plasticization effect induced by the acetylated cellulose 

discussed in the morphological sections. 
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Fig.4. Tensile strength of PLA/ACC  

 

 

Fig.5. Modulus of PLA/ACC  

 

Conclusion 

 Acetylated cellulose was synthesized by 

acetylation of cellulose gel with vinyl acetate using 

sodium hydroxide as a catalyst. The IR absorbance peak 

found at 1740 cm- 1 indicated the presence of acetyl 

group on cellulose backbone.  The optimum peak 

intensity was reached when 12:  1 mole ratio was 

employed. 

 The influence of acetylated cellulose on 

mechanical properties of PLA was investigated. 

Mechanical analysis showed increased values of tensile 

strength, strain at break and modulus in PLA/ACC (99/1) 

wt% more neat PLA. The presence of acetylated cellulose 

the addition of PLA matrix provoked an improvement 

of mechanical properties due to acetylated cellulose 

well-dispersion into PLA. 
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Abstract 

Development of 3D antimicrobial scaffolds that can both prevent bacterial infection and promote tissue 

regeneration is still needed. In the present work, a common periodontal antibiotic drug, tetracycline (TC), was 

encapsulated in polyhydroxybutyrate (PHB) microspheres using double emulsion-solvent diffusion method. The diameter 

size of TC-loaded PHB microspheres (TC/MSPHB) was at 21.30±9.6 µm with 11.75±3.2% drug loading and 23.17±3.5% 

encapsulation efficiency. The TC/MSPHB were then successfully incorporated into 3D porous polycaprolactone (PCL) 

scaffold at 1% TC (w/w) via post-seeding technique. Scanning electron micrographs (SEM) showed that TC/MSPHB 

scaffold had homogenous TC/MSPHB distribution throughout the scaffold. The TC/MSPHB scaffold also showed a slow 

drug release profile during the first 24 h similar to TC/MSPHB, suggesting no undesirable effect to microspheres from the 

post-seeding technique. The compressive modulus of The TC/MSPHB scaffold was also found not to be affected by the 

addition of microspheres. Lastly, the antimicrobial activities of the modified PCL scaffold with TC/MSPHB could inhibit 

90% growth of both Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 within 1 day, suggesting an 

effective antimicrobial 3D scaffold for periodontal tissue engineering applications. 

 

Keywords:  Antimicrobial 3D scaffold, Drug-loaded microspheres, Encapsulation, Periodontitis, Tissue engineering

 

1. Introduction 

 

Periodontal disease is commonly caused by 

bacterial infection of tissue structures around the teeth, 

including gums, cementum, periodontal ligament and 

alveolar bone. The accumulation of pathogenic bacteria 

bacteria includes Porphyromonas gingivalis, 

Aggregatibacter actinomycetemcomitans, Prevotella 

intermedia etc. [1] forming bacterial plague can cause oral 

tissue inflammation and eventually teeth lost. One of 

effective treatment methods for the severe of periodontal 

disease is combining antibiotic treatment and tissue 

regeneration using 3D structure scaffold as supporting 

material for cellular attachment and growth [2]. Since the 

bacterial infection is a major cause for this oral disease, the 

use of antibiotic is still in needed for killing the infected 

bacteria. As a result, an effective tissue engineering 3D 

porous scaffold that can both promote the regeneration of 

oral tissues and slowly release the antibiotic drug at the 

infected site is highly desirable. 

 In the past few years, the encapsulation of drug 

using polymeric microspheres is an effective way to 

improve drug stability overtime and control slow-released 

of drug [3, 4]. At currently, one of polymeric biomaterial 

that has been gained much interest for encapsulation of 

various hydrophobic and hydrophilic antibiotics in form of 

microspheres is polyhydroxyalkanoates (PHAs) [5, 6]. 
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PHAs are aliphatic, biocompatible, and biodegradable 

polyesters that are produced by various bacteria in nature 

under certain nutrients limited condition such as nitrogen 

and phosphorous, but with excess of carbon sources. The 

most common type of PHAs found in nature is poly(3-

hydroxybutyrate) (PHB). Francis et al., (2011) developed 

the encapsulation of hydrophilic gentamycin into PHB 

microspheres and found that the PHB microspheres had 

48% loading efficiency of drug and showed a slow 

released profile [5]. 

The incorporation of drug-loaded microspheres 

onto 3D scaffolds is an interesting approach because it 

might provide a better solution for both promoting cell 

growth and killing the bacteria at the infected site the same 

time. Kai et al., (2010) successfully incorporated 

doxycycline-loaded PLGA microspheres into 3D PLLA 

scaffold. The results showed that the drug released from 

the scaffold was slower than from the free microspheres 

and still actively inhibited the growth of bacteria [7].  

 The goal of this study was to develop a bioactive 

3D scaffold for oral tissue engineering that can promote a 

controlled release of antibiotic drug to effectively inhibit 

bacterial growth. In this study, tetracycline (TC) was used 

as a hydrophilic antibiotic drug model because it is 

commonly used for treatment of bacterial infection in 

periodontitis. TC was encapsulated into polymeric PHB 

microspheres (TC/MSPHB) using double emulsion-solvent 

diffusion method and characterized for size, % drug 

loading and % encapsulation efficiency. Then, the 

TC/MSPHB was further incorporated into 3D porous 

polycaprolactone (PCL) scaffold by a solvent post-seeding 

technique. The distribution of TC/MSPHB inside the PCL 

porous scaffold was also examined using scanning 

electron microscope (SEM). The amount of TC 

incorporated into the scaffold, the drug release profile of 

the modified PCL scaffold, as well as the mechanical 

properties (i.e. compressive and secant modulus) were also 

evaluated. Lastly, the antimicrobial activity of the 

modified 3D PCL scaffold against E. coli ATCC 25922 

and S. aureus ATCC 25923 were evaluated via both tube 

dilution and well diffusion methods. 

 

2. Experimental methods 

2.1 Preparation and characterization of TC/MSPHB 

 TC/MSPHB were fabricated by using double 

emulsion method [8]. Briefly, 500 μL of 40% (w/v) TC 

was added into 5 mL of 10% (w/v) PHB in chloroform 

solution. Then, the solution was homogenized by using a 

probe sonicator at 70 W, resulting into primary water-in-

oil (w/o) emulsion. The w/o emulsion was then mixed with 

20 mL of poly(vinyl alcohol) (PVA) 1%(w/v) solution 

under sonication condition using  probe sonicator at 70W, 

resulting into the formation of water-in-oil-in-water 

(w/o/w) double emulsion. The solution was subsequently 

stirred by magnetic stirring bar at room temperature for 4 

h to evaporate the organic solvent. The solution was 

centrifuged at 5000 rpm for 15 min to obtain the 

TC/MSPHB. Lastly, TC/MSPHB were washed twice with 

distilled water and then kept in -80oC prior to 

lyophilization.  

 

2.2 Measurement of % drug loading of TC/MSPHB 

The amount of TC presented in TC/MSPHB was 

determined. First, a known weight of TC/MSPHB was 

dissolved in 1 mL chloroform by vigorous mixing using 

vortex. Then, 5 mL of distilled water was added into the 

chloroform solution and mixed using vortex to dissolve all 

TC drug molecules into the water layer. Next, TC in the 

water layer was determined for its concentration using 

spectrophotometer (Helios alpha, England) at 290 nm. [9]. 

Both % drug loading and % encapsulation efficiency were 

calculated by using the following equation:  

 

% Drug loading = Wt / Wm x 100%                                 (1) 

 

Where Wt is the weight of TC quantified in the 

microspheres, and Wm is the weight of the TC/MSPHB. 

 

% Encapsulation efficiency = Wat / Wtotal x 100%           (2)  

 

Where Wat is the weight all of TC in the microspheres, and 

Wtotal is the weight of TC used in the formulation. 
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2.3 Preparation of TC/MSPHB incorporated PCL scaffold 

To fabricate 3D porous scaffold via a salt leaching 

method, 0.1 g PCL was dissolved in chloroform at 5% 

(w/v). In this study, NaCl was used as a porogen and sieved 

to get salt grains with size range between 425 to 500 μm. 

The 425-500 μm NaCl grains were poured into cylinder 

glass. Then, the PCL solution was slowly poured to cover 

the stack of salt. The weight ratio of NaCl to PCL polymer 

was set at 9:1. Then, the porogen and polymer solution 

were mixed together to get rid of air bubbles before mold 

setting. The solution was placed under the hood at ambient 

temperature for 2 days to gradually evaporate all 

chloroform. After that, the 3D polymeric scaffolds 

containing NaCl were taken out from glass molds and 

placed into a large volume distilled water to dissolve out 

all salt from the scaffolds. 

 TC/MSPHB was incorporated into 3D porous PCL 

scaffold by a modified post seeding method [10]. Briefly, 

the dried TC/MSPHB was loaded into the 3D PCL scaffold 

at 1% (w/w) of TC in the form of TC/MSPHB. 

Subsequently, 1 mL of hexane was slowly added on top 

side of the scaffold and waited for solvent evaporation. 

The entire seeding procedure was then repeated for the 

bottom side. Next, a mixed solvent of ratio 9 of hexane/ 1 

of tetrahydrofuran (THF) was added on to the TC/MSPHB 

incorporated PCL scaffold. The modified scaffold was left 

standing under a fume hood to completely remove of all 

the solvent. The topography of modified 3D PCL scaffold 

with TC/MSPHB was observed by SEM.  

 

2.4 Mechanical properties of TC/MSPHB scaffold 

The modified 3D PCL scaffold with TC/MSPHB 

with a defined cylinder dimension of 12 mm in diameter 

and 3 mm in thickness were prepared. The compressive 

modulus of all scaffolds was determined using a Texture 

analyzer (TA-XT2i). Briefly, a 50 kN load cell was used 

and the scaffolds were compressed at the crosshead speed 

of 1 mm/s. The values were reported by average of six tests 

for each sample (n=6). All there test was carried out at 

ambient temperature (25oC). The compressive secant 

modulus was evaluated at the value of 30% strain on the 

stress-strain curve [11]. 

2.5 In vitro TC release from TC/MSPHB scaffold  

The amount of TC drug released from the modified 

PCL scaffold with TC/MSPHB were determined. Briefly, a 

known weight of TC/MSPHB scaffold was resuspended in a 

standard phosphate buffer solution (PBS, pH 7.4). The 

suspension was incubated at 37 oC. The samples were 

collected at each time interval; 0, 20 min, 40 min, 1, 2, 3, 

4, 6, 8, 10, 12 h, Day 1, 2, 3, 4, 5, 6, 7,. Then, 1 mL of the 

release medium was measured for the concentration of TC. 

TC alone solution was also used as a control to confirm 

drug degradation during experiment time.  

 

2.6 In vitro antimicrobial activity assay of TC/MSPHB 

scaffold 

A known weight TC/MSPHB scaffold was added 

into bacteria suspensions.  E. coli ATCC 25922 and S. 

aureus ATCC 25923 were used for antimicrobial testing 

as Gram-negative and Gram-positive bacterial models, 

respectively. They were cultured in Luria-Bertani broth 

(LB) media until bacterial concentration of 108 CFU/mL. 

Then, the cultures were incubated at 37 oC under shaking 

condition at 150 rpm. Next, the bacterial cultures were 

measured for the reduction of viability cell by spread plate 

technique. Moreover, a micro-well diffusion assay was 

employed for mimicking oral tissue environment and 

evaluating whether TC could be released and killed the 

bacteria. Briefly, the cultures of bacteria were spread on 

LB agars. The agar plates were bored into small wells in 

each plate. In the cavities of each plate, they would 

contain: 1) TC/MSPHB scaffold, 2) TC/MSPHB at an 

equivalent drug to the drug present on the modified 

scaffold. After that, the culture plates were incubated at 37 
oC for 1 day. Finally, the bacterial growth inhibition zones 

around the wells were measured. 

  

3. Results and Discussion 

3.1 Properties of TC/MSPHB 

TC/MSPHB was successfully produced at diameter 

size 21.30±8.6 µm with 11.75±3.2% drug loading and 

23.17±3.5% encapsulation efficiency. SEM images 

showed that TC/MSPHB were spherical in shape. They had 

rough surface with pores distributed throughout on the 
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surface of microspheres as show in Figure 3.1. Panith et 

al., (2016) studied the encapsulation of TC in PHB 

microsphere and reported that the diameter size of 

TC/MSPHB was also at around 35.87 ± 9.45 µm with 13.53 

± 0.32% drug loading [12].  

 

 

 

 

 

 

Figure 3.1 SEM micrograph of TC/MSPHB fabricated 

 

3.2 Characterizations of TC/MSPHB scaffold  

3D porous PCL scaffold was fabricated via salt 

leaching technique. The NaCl particles with size 425 to 

500 µm were used as porogen to produce the porosity. 

SEM images showed topography of cross-section of the 

3D scaffold as showed in Figure 3.2 C. From SEM image, 

the PCL scaffold showed regular pore that reflecting the 

imprint of NaCl crystals with size 425 to 500 throughout 

the scaffold. 

 

 

 

 

 

 

 

 

Figure 3.2 Photographic images of scaffolds: (A) PCL 

scaffold, (B) TC/MSPHB scaffold. SEM images of cross-

section scaffolds: (C) PCL scaffold, (D) TC/MSPHB 

scaffold, (E) Magnification of TC/MSPHB scaffold 

 

TC/MSPHB were incorporated into the PCL 3D 

scaffold by post seeding method. Our results showed that 

the TC/MSPHB were successfully loaded in PCL scaffold 

as shown in SEM images (Figure 3.2 D and E). The SEM 

images showed that TC/MSPHB were homogenously 

distributed throughout of the 3D PCL scaffold. In Figure 

3.2 E, the white arrows point to the TC/MSPHB that are 

attached onto the wall surface of 3D PCL scaffold. 

 

3.3 Mechanical properties of TC/MSPHB scaffold 

In this study, both unmodified 3D PCL scaffold and 

the modified 3D PCL scaffold with TC/MSPHB were 

evaluated for their mechanical compressive stiffness by 

Texture analyzer. The results demonstrated that the native 

scaffold and the TC/MSPHB scaffold were quite similar in 

their secant modulus. As shown in Figure 3.3, the secant 

modulus at 30 % strain of both native scaffold and 

TC/MSPHB scaffolds were found to be at 0.45 ± 0.01 and 

0.43 ± 0.13, respectively. The similarity in their stiffness 

suggests that the loading of TC/MSPHB microspheres onto 

the 3D PCL scaffold did not affect the mechanical property 

of the PCL scaffold.  

 

  

 

 

 

 

 

 

Figure 3.3 Secant modulus of PCL scaffold and 

TC/MSPHB scaffold at 30% strain. No statistical significant 

different in two pair samples (P≤0.05). 

 

3.4 In vitro drug release profile of TC/MSPHB scaffold 

In this experiment, the modified PCL scaffold with 

TC/MSPHB was investigated for the TC release profile over 

time. As shown in Figure 3.4, the TC/MSPHB scaffold 

displayed an initial burst release of 5% at time 0. The 

amount of TC released from the TC/MSPHB scaffold was 

reached to about 80% at Day 1. The maximum release of 

TC from the scaffold was at 97% at around Day 5. For the 

release profile of TC from the TC/MSPHB scaffold, the 

initial TC released within the first day might be very 

important to kill the pathogenic bacteria. The initial 

amount of TC released at Day 1 should be higher than 

minimal inhibitory concentration value (MIC) in order to 

eliminate of the infectious dose of pathogenic bacteria. 

25 µm 
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From our results, it could be concluded that TC/MSPHB 

scaffold have a potential ability to  kill the pathogenic 

bacteria causing periodontitis, since the modified scaffold 

could release around 84 µg (80% (w/w) releasing of TC) 

within the first day, which is an equivalent amount of 2.6 

times MIC value of TC against the periodontitis-causing 

bacteria [13]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 In vitro drug release profile of TC/MSPHB 

scaffold 

 

3.5 In vitro antimicrobial activity assays of TC/MSPHB 

scaffolds 

 In this study, the antimicrobial activity of 

TC/MSPHB scaffold was tested against two bacterial model 

organisms; E. coli ATCC 25922 and S. aureus ATCCC 

25923 to represent Gram-negative and Gram-positive, 

respectively. According to our results as shown in Figure 

3.5 A, E. coli ATCC 25922 was reduced from its initial 

load around 1.5 log CFU/mL (95 % inhibition) at the first 

day and gradually reduced to 99.99 % at Day 5. As shown 

in Figure 3.5 B, S. aureus ATCCC 25923 was reduced 

from its initial loaded around 2 log CFU/mL (99% 

inhibition) and reduced to 99.99 % at Day 5. Previous 

studies reported that MIC of TC against E. coli ATCC 

25922 and S. aureus ATCCC 25923 are at around 2 and 

0.5 µg/mL, respectively [14, 15]. Therefore, the releasing 

amount of TC from our modified TC/MSPHB scaffold at 

16.7 µg/mL at Day 1 and 18.5 µg/mL at Day 5 would have 

a high enough TC dose to inhibit growth of both bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Bacterial growth inhibition studies against (A) 

E. coli ATCC 25922 and (B) S. aureus ATCCC 25923  

 

From the micro-well diffusion experiment, our 

results showed that both TC/MSPHB alone and the PCL 

scaffold modified with TC/MSPHB could inhibit growth of 

both bacteria, resulting into clear inhibition zones (Table 

3.1). The inhibition zone of TC/MSPHB against E. coli 

ATCC 25922 and S. aureus ATCCC 25923 were found to 

be at 11.74±0.07 mm and 12.05±0.02 mm, respectively. 

The inhibition zone of the TC/MSPHB scaffold against E. 

coli ATCC 25922 and S. aureus ATCCC 25923 were at 

8.68±0.04 mm and 9.70±0.03 mm, respectively, in which  

smaller clear inhibition zones against both bacteria by the 

TC/MSPHB scaffold suggests the slower TC release from 

the modified scaffold, but yet still effective in killing 

bacteria. As a result, we strongly believe that our 

TC/MSPHB scaffold has a great potential for its application 

in oral tissue engineering with antibacterial ability. 

 

Table 3.1 Contact surface inhibition studies 

 

Microorganisms  
Inhibition zone (mm) (Mean±SD) 

TC control TC/MSPHB TC/MSPHB 
scaffold  

E. coli  ATCC 25922 12.87±0.02 11.74±0.07 8.68±0.04 

S. aureus ATCC  25923 12.95±0.08 12.05±0.02 9.70±0.03 
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4. Conclusion 

 Tetracycline-loaded into PHB microspheres were 

successfully produced to carry the drug. Moreover, 

TC/MSPHB could be incorporated into the 3D porous PCL 

scaffold to make the scaffold having antimicrobial ability. 

The TC/MPHB were found to be distributed throughout the 

PCL scaffold. The modified PCL scaffold with TC/MSPHB 

scaffold showed control release of TC at sufficient amount 

to effectively kill both E. coli ATCC 25922 and S. aureus 

ATCCC 25923 in the solution and on the solid-moist 

surface. Finally, we expect that our modified PCL scaffold 

with TC/MPHB would be able to support periodontal cell 

growth while having antimicrobial activity during the 

tissue healing time.   
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Abstract 

Apoptosis of articular chondrocytes has been reported to likely cause the degradation of extracellular matrix 

(ECM). The purpose of this preliminary study was, hence, to examine the relation between the apoptosis and the secretory 

level of glycosaminoglycans (GAGs), a major component of ECM in cartilage, produced by porcine chondrocytes 

cultured on a biodegradable three-dimensional PCL/PHVB scaffold. To prepare the scaffold, the mixture of 50 wt% 

PCL/PHVB (50/50 (w/w) blend) and 50 wt% NaCl was initially fabricated by a fused deposition modeling (FDM) 

machine into a cylindrical shape with an average primary pore size of 230 µm, and NaCl leaching was subsequently 

conducted in a sodium hydroxide solution to generate secondary pores at an average size of 3.13 µm on the material 

surface. The assessments of chondrocyte apoptosis induced by hydrogen peroxide (H2O2) and ECM production were 

performed at day 1 and day 28 of cell culture. The apoptosis was evidently enhanced by the H2O2 treatment, but scarcely 

found to be H2O2-dose dependent. The number of apoptotic cells at day 28 was not significantly different from that 

observed at day 1; however, the reduction of total cell death caused by apoptosis, late apoptosis, and necrosis was noticed 

with the increase in the population of live cells. At day 28, a twofold increase in GAGs accumulation was detected by 

DMMB assay, compared to that determined on day 1, suggesting that the accumulated ECM helped reduce the cell death 

under oxidative stress condition. 

 
Keywords: Apoptosis, Chondrocytes, Glycosaminoglycans, Hydrogen peroxide, PCL/PHVB scaffold 

 

1. Introduction 

Osteoarthritis (OA) is a disease caused by 

degeneration of the knee joint, induced by several factors 

such as ages, genetics, hormones, diets, mechanical 

changes of joints, and oxidative stress [1]. When 

antioxidants react with biomolecules in a body, reactive 

oxygen species (ROS), e.g., superoxide (O2
-) and hydrogen 

peroxide (H2O2), are generated. These ROS inhibit the 

release of cartilage matrix, reduce the expression of unique 

characteristics of cartilage, and finally damage the 

cartilage [2]. Apoptosis, a programmed cell death, is 

normally induced under stress conditions such as toxicity, 

virus infection, and oxidative stress. Cells undergoing 

apoptosis are generally characterized by distinct 

morphological characteristics and energy-dependent 

biochemical mechanism, including cell shrinkage, DNA 

fragmentation, and membrane blebbing [3]. Apoptosis also 

causes cartilage damages and loss of bone mass which 

considerably affect a patient’s quality of life as self-

healing of the cartilage can barely perform due to the lack 

of blood vessels and nerve supplies at knee joints [4-5]. 

Cartilage tissue engineering has been extensively 

studied and expected to be a prospective treatment of knee 

cartilage injuries [6-8]. Ideal properties of a suitable 

scaffold used in a tissue engineering process are as 

follows: non-cytotoxicity, biocompatibility, 

biodegradability, good mechanical property, and 

interconnected porous structure, to facilitate cells 
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adhesion, cell proliferation, and tissue formation [9-10]. In 

an OA patient’s body, ROS in synovial fluid can induce 

oxidative stress at the transplantation area, causing 

cartilage cell death [11-12]. Also, it was previously 

reported that GAGs destruction might be associated with 

the apoptosis of chondrocytes [13]. Therefore, the relation 

between the chondrocyte apoptosis and GAGs 

accumulation was further examined in this preliminary 

study. 

 

2. Materials and Methods 

2.1 Materials  

Pellets of polycaprolactone (PCL; Mw = 80,000 

g/mol) and Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) were purchased from Sigma-

Aldrich (St. Louis) and TianAn Biopolymer (China), 

respectively. Sodium hydroxide (NaOH) (AR grade, 99%) 

was obtained from RCI Labscan Ltd, while sodium 

chloride (NaCl) was obtained from Thai Refined Salt Co., 

Ltd. Dulbecco’s modified Eagle’s medium (DMEM), fetal 

bovine serum (FBS), antibiotics (penicillin (100 units/ml), 

streptomycin (1µg/ml)), and 0.25% trypsin-EDTA were 

bought from Gibco (Life Technologies, Paisley, UK).  

 

2.2 Scaffold preparation 

2.2.1 Preparation of PCL/PHBV/NaCl filaments 

 PCL and PHBV pellets were first ground by Ultra 

centrifugal mill ZM 200. Then, the powders of PCL and 

PHBV were thoroughly mixed with NaCl particles at a 

25:25:50, respectively, weight ratio at room temperature. 

The mixture was extruded into filaments with an 

approximate diameter of 1.64 mm by a twin-screw 

extruder (Thermo Scientific Hake Minilab II, Germany) at 

80 rpm, 150oC. 

 

2.2.2 Fabrication of PCL/PHBV scaffolds by a fused 

deposition modeling (FDM) machine  

 The filaments were fabricated into cylindrical 

porous scaffolds with the designed diameter of 8 mm and 

height of 2.5 mm through a nozzle of FDM at 195oC with 

a hatch speed of 19 mm/s and max speed of 1.0 mm/s. Each 

layer of scaffold was laid down from bottom to top in a 

four-angle pattern, 0/90/45/135o, with a designed filament 

size (diameter) and a designed spacing setting at 0.4 mm 

and 200 µm, respectively. The actual structure and 

dimension of the scaffolds fabricated were trailed by a 

digital microscope equipped with DinoCapture 2.0 

software.   

 

2.2.3 Sodium chloride leaching  

 NaCl particles in the scaffold filaments were 

leached out by alkaline treatment; the scaffolds were 

shaken in 1 M NaOH solution at 100 rpm and 50oC for 60 

min, generating secondary pores on the material surface 

Afterward, the scaffolds were repeatedly washed with 

deionized water and freeze-dried. 

The efficiency of salt leaching was determined by a 

gravimetric method by weighing a scaffold before and 

after the salt leaching process and then reported in terms 

of weight loss (%WL) which was calculated by the 

following equation: 

%WL = [(Wb - Wa)/ Wb] ×100 

where Wb was a dry weight of a scaffold before NaOH 

treatment, and Wa was a dry weight of a scaffold after 

NaOH treatment. 

 

2.3 Scaffold morphology examined by scanning electron 

microscopy (SEM) 

The PCL/PHBV scaffolds were sputter-coated with 

gold and examined by SEM (Hitachi S-3400N) at an 

accelerating voltage of 15 kV, to observe the surface 

roughness and pore structure of scaffolds. The average 

primary and secondary pores sizes were also determined 

with SemAfore software, version 5.21.  

 

2.4 Biological assessment 

2.4.1 Cell culture 

 Porcine chondrocytes were maintained in a 

DMEM medium containing 10% (v/v) FBS and 1% (v/v) 

antibiotics until reaching 80% confluence. The scaffolds 

sterilized with 70% (v/v) aqueous ethanol solution were 

then seeded with the chondrocytes at a density of 1x106 

cells/scaffold in a 48-well tissue culture plate. The cell-

seeded scaffolds were incubated at 37 oC under a 5% CO2 



107 

 
atmosphere. The culture medium was replaced thrice a 

week. 

 

2.4.2 Glycosaminoglycans (GAGs) assay 

 In this study, different levels of GAGs secreted by 

the porcine chondrocytes were determined by the 1,9-

dimethylmethylene blue (DMMB) dye assay at day 1 and 

day 28 of cell culture. The 1 day- and 28 day-incubated 

cell-seeded scaffolds were freeze-dried for 18 h before 

being digested with a papain solution (1.5 mg/ml, Sigma, 

St. Louis, MO) at 60oC for 18 h. Aliquots of 100 µl of each 

papain digested chondrocyte solution was subsequently 

mixed with 100 µl of 0.032 mg/ml DMMB dye (Sigma). 

The absorbance of light by a colored solution was 

immediately measured using a spectrophotometer (Perkin 

Elmer, Waltham, MA) at 525 nm. The amount of GAGs 

found on each culture day was calculated against the 

bovine chondroitin-6-sulphate (Sigma) standard curve. 

The DNA content found on each culture day was 

simultaneously quantified by mixing 10 µl of a papain-

digested chondrocyte solution with a Hoechst 33258 dye 

(Sigma), according to the manufacturer’s instructions. The 

spectrophotometer was used to measure the fluorescence 

intensity at excitation/emission as 360/460 nm. Calf 

thymus DNA (Sigma) was used to generate a standard 

curve for the dsDNA quantification. The GAGs production 

on each scaffold was reported as a ratio of GAGs/DNA. 

 

 2.4.3 Apoptosis assay 

The chondrocytes cultured on the scaffolds for 1 

and 28 days were induced by H2O2, prepared in a culture 

medium at varied concentrations of 2 and 4 mM, for 24 h 

in an incubator at 37oC under a 5% CO2 atmosphere. The 

H2O2-treated cells were detached from the scaffolds by 

trypsinization and then harvested by centrifugation at 

2,000×g, 4oC for 5 min. To measure cell death, i.e., 

apoptosis, Alexa Fluor® 488 annexin V/dead cell apoptosis 

kit (Invitrogen) was used by following the manufacturer’s 

instructions. In brief, the cells were re-suspended in 100 µl 

of binding buffer and stained with 5 µl of Alexa Fluor® 

488 annexin V and 1 µl of Propidium Iodide (PI) (100 

µg/ml) for 15 min at room temperature before being 

analyzed by flow cytometry (Beckman coulter, Life 

sciences, USA.).   

   

2.5 Statistical analysis 

 The data are presented as the mean±standard 

deviations (SD) of measurements from three independent 

specimens (n=3). Statistical analysis was carried out via 

one-way analysis of variance (ANOVA) tests using SPSS 

software, version 20, with p<0.05 considered statistically 

significant.   

 

3. Results and Discussion 

3.1 The structure of scaffolds 

The PCL/PHBV scaffolds fabricated by FDM 

possessed the average height of 2.59±0.05 mm, average 

diameter of 7.53±0.05 mm, and average filament size of 

0.41±0.02 mm (Fig. 1). The fabrication with the lay-down 

pattern, 0/90/45/135o, generated the scaffolds with the 

average primary pore size of 230±0.01 µm. The %WL of 

the PCL/PHBV scaffold prepared with 50 wt% NaCl 

after salt leaching was found to be 53.66±1.58%, 

suggesting that NaCl particles were likely completely 

removed from the scaffold.   

 

3.2 The surface morphology of scaffolds 

     

 

Fig. 1. The images of the PCL/PHBV scaffold observed 

under a digital microscope: (A) top view and (B) side view. 

The scale bar represents 1 mm.  

 

(A) 

(B) 
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 The SEM image of surface of PCL/PHBV 

scaffold before salt leaching revealed the presence of 

NaCl particles distributing homogeneously all over the 

material (Fig. 2A). After salt leaching in the alkaline 

solution, NaCl particles were removed from the 

scaffold, leaving minor (secondary) pores with the 

average pore size of 3.13±0.19 µm, on the whole 

scaffold (Fig. 2B).  

 

 

 

 

 

 

 

 
 
 
 
 
 

 

 

 

 

Fig. 2. SEM images of surface morphology of the 

PCL/PHBV scaffold: (A) before and (B) after salt 

leaching. The scale bar represents 50 µm.  

 

3.3 Glycosaminoglycans produced by porcine 

chondrocytes  

 

The GAGs/DNA ratio of the chondrocytes cultured 

on the scaffold for one day was found to be 67±14 ng/ng, 

whereas that of the cells cultured on the scaffold for 28 

days was markedly higher, about twofold increase 

(GAGs/DNA = 127±8 ng/ng). The results indicated the 

accumulation of GAGs produced by the cells over a 

prolonged period of culture on the scaffold (Fig. 3). 

 

 

 

 

Fig. 3. GAGs/DNA ratios measured on day 1 and day 28 

of cell culture. *indicates a statistical difference at p<0.05. 

 

3.4 Apoptosis of porcine chondrocytes  

After the chondrocytes were cultured on the 

scaffolds for 1 and 28 days, the cells at each given day 

were treated with H2O2 and the chondrocyte apoptosis was 

determined by flow cytometry. At day 1 of cell culture 

(Fig. 4A), the control condition (no H2O2 treatment or 

treated with 0 mM H2O2) provided 85% live cells, 8% 

apoptotic cells, 2% late apoptotic cells, and 5% necrotic 

cells. Under oxidative stress, the 2 mM H2O2 treatment 

reduced % live cells to 27% and increased % apoptotic 

cells, % late apoptotic cells, and % necrotic cells to 15%, 

14%, and 42 %, respectively. Under greater oxidative 

stress, there were no significant differences in the 

percentages of live and dead cells were observed. The 4 

mM H2O2 treatment still lowered % live cells to 26% and 

enhanced % apoptotic cells, % late apoptotic cells, and % 

necrotic cells to 22%, 11%, and 41%, respectively. At day 

28 of cell culture when a twofold increase in 

GAGs/DNA was found, compared to that measured at 

day 1, % live cells were increased, while % dead cells 

were reduced under all H2O2-treated conditions. The 

control condition yielded 90% live cells, 5% apoptotic 

cells, 1% late apoptotic cells, and 4% necrotic cells (Fig. 

4B).  Under 2 mM H2O2 treatment, % live cells was only 

decreased to 45%, while 17% apoptotic cells, 3% late 

apoptotic cells, and 35% necrotic cells were found. Under 

4 mM H2O2 treatment, % live cells was reduced slightly 

further to 37% with 18% apoptotic cells, 4% late apoptotic 

cells, and 41% necrotic cells. 

 

(B) 

(A) 
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From the results shown above, the apoptosis of 

porcine chondrocytes was evidently increased by the H2O2 

treatment, but merely found to be H2O2-dose dependent. 

This might be attributed to the high variations in the 

experimental data, especially those obtained under 2 mM 

H2O2 treatment at day 28. Repeated and additional 

experiments are now being conducted to firmly conclude 

the relation between apoptosis and ECM content. 

The number of apoptotic cells at day 28 did not 

considerably differ from that observed at day 1; however, 

the reduction of total cell death caused by apoptosis, late 

apoptosis, and necrosis was noticed with the increase in the 

population of live cells, suggesting that the accumulated 

ECM likely helped reduce the cell death under oxidative 

stress condition.  

Fig. 4. Flow cytometry data analysis of porcine 

chondrocytes cultured on the PCL/PHBV scaffolds at day 

1 (A) and day 28 (B). *indicates a statistical difference at 

p<0.05 when compared to the control condition (0 mM 

H2O2 treatment). 

 

 

4. Conclusions 

The results demonstrated that the porous 

PCL/PHBV scaffolds prepared by the process described in 

this paper could support the function of porcine 

chondrocytes, and the prolonged culture of chondrocytes 

increased the secretion of GAGs. The apoptosis of porcine 

chondrocytes was intensified by the H2O2 treatment. When 

a higher level of GAGs was produced, the increase in the 

population of live cells along with the reduction of total 

cell death were observed. This suggested that the 

accumulated ECM possibly reduced the cell death under 

oxidative stress condition.  
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Abstract 

SBR hybrid composites filled with carbon black (CB) and aramid pulp were prepared in this study. Viscoelastic 

and mechanical properties of the composites were investigated as a function of ratio of CB to aramid pulp. With increasing 

aramid pulp loading, Mooney viscosity increased while no significant changes in scorch time and cure time were 

observed. A rise in torque difference in the cure curve with increasing aramid pulp content was detected, implying increase 

in crosslink density, and possibly increasing fiber network formation. The bound rubber content (BRC) drastically 

decreased with increasing amount of aramid pulp, implying decreasing rubber-filler interaction as CB was partially 

replaced by the poor interacting aramid pulp. This led to decrease in tensile strength, elongation at break, and abrasion 

resistance with increasing aramid pulp loading. However, modulus at 100% elongation (M100) significantly increased 

with increasing aramid pulp content. Heat build-up markedly increased as a function of fiber loading due to poor rubber-

filler interaction and fiber dispersion. The findings were supported by results of dynamic mechanical analysis which 

revealed a rise in Payne effect magnitude (ΔG’) as a function of fiber loading. The outstanding performance of CB/aramid 

pulp hybrid SBR composites was a retention of their high moduli over a wide range of temperatures up to 80°C. 

 
Keywords:  Hybrid composites, Aramid pulp, Carbon black, Rubber reinforcement 

 

1. Introduction 

Aramid fiber possesses high strength and thermal 

and chemical resistances. To gain the maximal benefit 

from aramid fiber, good fiber dispersion and strong 

rubber–fiber interaction must be achieved. In general, a 

surface treatment of aramid fiber with epoxy resin 

followed by resorcinol formaldehyde latex via a dipping 

process could be utilized to enhance reactivity of aramid 

fiber surface for reacting with polymer matrix. By adding 

small loading of surface-treated short aramid fiber in CB-

filled tire tread compound, improvements in wet traction 

and rolling resistance were achieved [1, 2]. Use of rare eath 

surface treatment could provide composites with improved 

tensile strength with low fiber damage [3]. Apart from the 

surface modification, mechanical fibrillation could be 

another approach for improving surface interaction 

between rubber and aramid fiber [4]. Although aramid 

fiber possesses very high strength along the fiber axis, it is 

comparatively easy to separate the fiber bundles in the 

transverse direction. The fiber obtained is called “aramid 

pulp”. Such increase in degree of fibrillation is supposed 

to enhance the rubber–fiber adhesion through a large 

surface area as developed by fibrillation process. The 

present study investigated the properties of SBR filled with 

hybrid filler of CB and aramid pulp. The hybrid filler ratio 

was varied and its effects on processibility, rubber–filler 

interaction, cure properties, mechanical properties, and 

dynamic properties were studied. 

2. Experimental 

2.1 Materials 

Oil-extended SBR [Kumho 1723 with 37.5 parts per 

hundred of rubber (phr) of treated distillate aromatic 

extract oil, Kumho Petrochemical Co., Ltd., South Korea], 

was used as polymer matrix. CB N550 (Thai Carbon 

Product Co., Ltd., Thailand) was used as a main 

reinforcing filler. Aramid pulp (Kevlar 1F538, DuPont, 
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USA) with an average length of 1.17mm was supplied by 

Chemical Innovation Co., Ltd. (Thailand). N-(1,3-

Dimethylbutyl)-N0-phenyl-p-phenylenediamine (6PPD) 

and N-tert-butyl-2-benzothiazyl sulfonamide (TBBS) 

were manufactured by Monflex Pte. Ltd. (Singapore). 

Tetrabenzyl thiuram disulfide (TBzTD) and sulfur were 

purchased from Behn Meyer Chemicals (T) Co., Ltd. 

(Thailand) and The Siam Chemical Public Co., Ltd. 

(Thailand), respectively. Stearic acid and zinc oxide were 

purchased from Chemmin Co., Ltd. (Thailand).             

2,2,4-Trimethyl-1,2 hydroquinoline (TMQ) was produced 

by Bayer Co., Ltd. (Germany). The compounding recipe is 

shown in Table 1. 

Table 1 Compounding recipe used in the present work 

Ingredient Loading (phr) 

Styrene butadiene rubber (SBR) 137.5 

Carbon black (CB) Varied* 

Aramid pulp  Varied* 

2,2,4-Trimethyl-1,2-hydroquinoline 
(TMQ) 1 

Nʹ-(1,3-dimethylbutyl)-Nʹ-phenyl-p-
phenylenediamine (6PPD) 1.5 

Stearic acid 2 

Zinc oxide (ZnO) 3 

N-tert-butyl-2-benzothiazyl 
sulfenamide (TBBS) 1.2 

Tetrabenzyl thiuram disulfide (TBzTD) 0.2 

Sulfur 2.2 

* The total filler content was kept constant at 70 phr. 

2.2 Mixing procedure 

Mixing was carried out in an internal mixer (Brabender 

Plasticorder, Germany) with a chamber size of 410 mL, 

equipped with cam rotors, at set temperature of 50°C. 

Mixing was performed with the rotor speed and fill factor 

of 40 rpm and 0.8, respectively. The SBR was first 

masticated for 1 min and then 6PPD, TMQ, ZnO, and 

stearic acid were introduced. The mixing was continued 

for 1 min and then aramid pulp was charged and mixed for 

2 min. Next, CB was added, and the mixing was continued 

for 5 min. The SBR compound was subsequently mixed 

with sulfur, TBBS, and TBzTD for 5 min at rotor speed of 

40 rpm and temperature of 50°C. The mix was then passed 

through the two-roll mill (LRM 150, Labtech, Thailand) 

for 10 times for the fiber alignment purpose. Compression 

molding was then carried out at 160°C in order to prepare 

specimens for mechanical tests.  

2.3 Characterizations 

The magnitude of the rubber–filler interaction was 

evaluated by measurement of bound rubber content 

(BRC). Approximately 1 g of SBR compound was 

immersed in 100 mL of toluene for 7 days at room 

temperature. Then, the insoluble portion was filtrated and 

dried at 60C for 24 h. The BRC is calculated using Eq. 1: 

 
 

(1) 
 

 

where Wfg is the weight of rubber–filler gel (grams), mf is 

the content of filler in the rubber compound (phr), mp is the 

content of rubber in the compound (phr), and W is the 

initial weight of the test specimen (grams). The Mooney 

viscosity (ML1+4 @ 100°C) of the SBR compounds was 

determined by using a Mooney viscometer (ViscTech+, 

TechPro, USA) following ISO 289-1. Cure characteristics 

included scorch time (ts1), optimum cure time (tc90), 

minimum torque (ML), and maximum torque (MH) were 

measured by a moving die rheometer (TechPro MD+, 

Alpha Technologies, USA) at the test temperature of      

160 °C as per ISO 6502. Rubber vulcanization was 

performed at 160°C by hydraulic hot-press (Chareon Tut 

Co., Ltd., Thailand). A dynamic mechanical thermal 

analyzer (Gabo Eplexor 25N, Germany) was used to 

determine dynamic properties of the rubber in tension 

mode. The test frequency was 10 Hz under static and 

dynamic strains of 1 and 0.2%, respectively. The test 
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temperature was scanned from -60°C to 80°C at a heating 

rate of 2°C/min. Strain sweep test was also performed at 

test frequency of 10 Hz and temperature of 60°C. Static 

strain of 12% was utilized and dynamic strain was varied 

from 0.03% to 10%. The Payne effect magnitude 

(ΔEHardness was measured by a hardness tester (Wallace 

H17A, UK) in accordance with ISO 7619-1. Measurement 

of tensile properties was performed using a universal 

testing machine (Instron 5566) at a crosshead speed of 

500mm/min as per ISO 37 (die type 1). A DIN abrasion 

test was conducted by Zwick abrasion tester (Zwick 6102, 

Germany) according to ISO 4649. Heat buildup was 

measured as per ISO 4666-3 by the use of a flexometer 

(Model II, BF Goodrich, USA). A morphological study of 

aramid pulp was carried out by scanning electron 

microscopy (SEM) (JCM-6000 scanning microscope, 

JEOL, Tokyo, Japan). The specimen was coated with gold 

before observation. 

3. Results and discussion 

 
Figure 1  BRC of SBR compounds as a function of 

aramid pulp loading  

 Figure 1 depicts effect of aramid pulp loading on 

BRC of SBR compounds. It is evident that the BRC 

decreases as aramid pulp of 8 phr was introduced, 

implying a reduction in rubber-filler interaction as CB was 

replaced by aramid pulp. Although fibrillation process is 

anticipated to enhance surface area of aramid pulp for 

interacting with rubber matrix, the surface inertness of 

aramid pulp causing poor rubber-filler interaction is still 

dominant [3].  

 

 
Figure 2  Mooney viscosity of SBR compounds as a 

function of aramid pulp loading 

Figure 2 demonstrates Mooney viscosity as a function of 

aramid pulp content. A rise in viscosity was observed with 

increasing pulp loading, implying the increased flow 

restriction under shear deformation in the presence of 

aramid pulp. Each pulp with a high degree of fibrillation 

was capable of interacting with one another via mechanical 

interlocking, leading to a strong filler network formation. 

 

 

 
Figure 3  Cure properties of SBR compounds: 

(a) scorch time; (b) cure time; (c) torque difference 
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Results of cure behaviors of SBR compounds are 

revealed in Figure 3. The effect of aramid pulp loading on 

scorch time (Figure 3a) and cure time (Figure 3b) was not 

pronounced while magnitude of torque difference (Figure 

3c) increased as CB was replaced by aramid pulp. This 

suggested the increase in magnitude of fiber transient 

network formation, as confirmed by lowered swelling ratio 

as a function of fiber loading (Figure 4). 

 
Figure 4  Swelling ratio of SBR vulcanizates as a 

function of aramid pulp loading 

 

 

 
Figure 5  Tensile properties of SBR vullcanizates: 

(a) tensile strength; (b) elongation at break; (c) M100 

 Tensile properties of CB/aramid pulp hybrid SBR 

vulcanizates are exhibited in Figure 5. Decrease in tensile 

strength and elongation at break as a function of aramid 

pulp content are shown in Figure 5a and Figure 5b, 

respectively. Such reductions are likely to be due to the 

results of poor interaction between rubber matrix and 

aramid pulp. The addition of aramid pulp could enhance 

modulus at 100% strain (M100) of the rubber vulcanizates, 

as shown in Figure 5c. This might be due to mechanical 

interlocking created via high degree of fibrillation as 

depicted in Figure 6. 

 
Figure 6  SEM image of virgin aramid pulp 

 

 
Figure 7  Eˊ of SBR vulcanizates as a function of 

temperature (AP: Aramid pulp) 

Figure 7 displays the effect of temperature on 

storage modulus (Eˊ) of the SBR vulcanizates. The results 

revealed an increase in E’ with increasing aramid pulp 

loading which is more pronounced at high temperatures 

due to the relatively high molecular mobility. A noticeable 

increase in Eˊ can be observed at fiber loadings above 2 

phr. This increase could be attributed to the formation of 

additional fiber network.  

The Eˊ shown by the CB/aramid fiber hybrid 

system was maintained at a constant level from room 
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temperature up to 80°C. This suggested possible beneficial 

application on dimensional stability at high temperature of 

the SBR vulcanizate that contained CB/aramid fiber 

hybrid system. Therefore, the present results reveal an 

important advantage of the CB/aramid fiber hybrid filled 

SBR vulcanizate. 

 

Figure 8  Payne amplitude (ΔEˊ) of SBR vulcanizates as 

a function of temperature  

 (ΔEˊ = Eˊ at 0.03% - Eˊ at 10%) 

 Figure 8 demonstrates a rise in ΔEˊ as a 

function of aramid pulp content. A sharp increase in ΔEˊ 

was detected at fiber loading of 8 phr, indicating strong 

fiber transient network caused by high degree of 

fibrillation of aamid pulp.  

 

Figure 9 Volume loss of SBR vulcanizates as a function 

of aramid pulp loading 

Figure 9 reveals volume loss of SBR hybrid 

vulcanizates. Increase in volume loss as a function of 

aramid pulp content indicates decrease in abrasion 

resistance when CB was replaced by aramid pulp. This is 

due to poor rubber-filler interaction as evidenced by the 

low magnitude of bound rubber content in the compounds 

with high loading of aramid pulp (Figure 1). 

 

Figure 10 Heat build-up of SBR vulcanizates as a function 

of aramid pulp loading 

Heat build-up results of SBR hybrid composites 

demonstrate increase in temperature rise as a function of 

aramid pulp content (Figure 10). In practice, the 

vulcanizates with poor rubber–filler interaction could 

enhance energy dissipation via molecular slippage at 

rubber–filler interface [5]. This results in considerable 

increase in heat buildup under cyclic deformation. 

4. Conclusions 

This study examined hybrid composites of CB and 

aramid pulp in SBR. The hybrid SBR composites showed 

the advantageous property of high modulus over an 

extended range of temperatures up to 80°C as performed 

in this study. This extended range is unattainable with the 

sole use of CB. Reduction in tensile strength and 

elongation at break was observed while enhancement in 

modulus was detected with increasing aramid pulp 

content. As a result of poor fiber-rubber interaction, the 

results of abrasion and heat build-up get worse as CB was 

replaced with aramid pulp. Further study on dispersion 

improvement and rubber-fiber interaction enhancement is 

to be carried out in order to gain satisfactory reinforcement 

from aramid pulp.  
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Abstract 

 Natural rubber (NR) is important in Thailand as one of the major agricultural products. In 2015, the production of 

natural rubber in the form of Standard Thai Rubber (STR) was 4.17 million tons. The largest fraction of this is Block 

rubber, classified as STR XL, STR 5L, STR 5, STR 10, STR 20, or STR CV. The STR 20 grade is the largest of these in 

exports at approximately 60% of all STR. Its total exports were 3.66 million tons, the most among all forms of rubber. At 

present the buyers prefer to use block rubbers as raw materials, because they have consistent quality characterized by 

Standard Thai Rubber category; and STR 20 grade is the most demanding category. It has respectable processing 

characteristics and good physical properties. It is among the most important raw materials of rubber products. The quality 

standards to assign the block rubber grades mainly concern the dirt content, the compositions of the dirt in natural rubber 

such as bark, soil, sand, leaves, and other. The dirt content affects both processing and eventual properties of the rubber 

products: high dirt content in block rubber gives rubber products of low quality. Therefore, it is necessary to control block 

rubber to have the least dirt content in a cost-effective manner. Determining the dirt content would ideally be based on 

the STR standard: a laboratory determination. However, such dirt content analysis is often impractical as slow and 

cumbersome with many steps. Therefore, this study aimed to develop Near Infrared Spectroscopy (NIR) techniques for 

the fast evaluation of dirt content in STR 20. For practicality the determination should be rapid, accurate and 

nondestructive. The 378 specimens of STR 20 were measured for their spectra across the wavenumber range 4000-10000 

cm-1 by the NIRFlex N-500 tool. The calibration used partial least squares (PLS) regression, and full cross-validation was 

used in the modeling. The correlation coefficient of determination (R) of the dirt content was 0.90. The standard error of 

calibration (SEC) and the standard error of prediction (SEP) were 0.02 %. The NIR tool with the predictive model enables 

rapid estimates of dirt content. This type of NIR technique for reliable fast estimates of the dirt content in STR 20 could 

be practical for use by the rubber industries. 

 

Keywords: Natural Rubber, Dirt Content, Standard Thai Rubber, Near Infrared Spectroscopy, Partial Least Squares

 

1. Introduction 

 Natural rubber is a very important economic crop 

in Thailand, which is among the globally significant 

producers of natural rubber. Thailand's rubber industry 

was established around 1900 and has consistently grown. 

The main areas with planted natural rubber are in the south 

and east, but nowadays there is also an expansion of the 

plantations to the north, northeast and west parts of 

Thailand. In 2015, Thailand had totally 22.18 million acres 

of rubber plantation area, the harvest area was 16.49  

million acres, and production 4.38 million tons. Production 

in the form of Standard Thai Rubber (STR) was 4.17 

million tons, and can be divided as follows: block rubber 

42%; ribbed smoked sheets 21%; concentrated latex 18%; 

compound rubber 18%; and other rubber 1%. The total 

exports of 3.66 million tons was composed of block rubber 

mailto:sun.isa.su@hotmail.com
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45%, ribbed smoked sheets 16%, concentrated latex 25%, 

compound rubber 12% and other rubber 2% [1]. 

Standard Thai Rubber (STR) 

 STR is technically specified rubber, also addressing 

the processing of natural rubber, and was introduced in 

Thailand in 1968. Block rubber is produced from natural 

rubber under quality controlled processes and the final 

quality is clearly identified and standardized [2]. The 

ability to measure and control the various physical aspects 

and characteristics of baled Standard Rubber has brought 

about major changes in the rubber industry. There is a 

drastically increasing demand for these rubber bales as 

they provide ease in quality control at both reception and 

processing of raw materials for the end-user. The 

consistent and efficient quality control programs, starting 

from selection of raw material to extensive laboratory 

testing, will ensure quality of shipped produce. 

Technically specified natural rubber is divided into a 

number of grades which are laid down in technical 

specifications drafted by ISO or STR. STR types of rubber 

are packed in blocks, and block rubber is classified as STR 

XL, STR 5L, STR 5, STR 10, or STR 20; or one of the new 

types STR10 CV, STR 20 CV, or STR 20 (compounds of 

SBR and Carbon Black). However, STR (No.20) grade is 

the product with highest market demand as it is used in the 

automobile tire industry, and also in seal strips, belts, and 

various other products for construction and engineering. 

The Dirt Content  

 The standards for quality of each type of block 

rubber mainly concern the dirt content. The dirt content 

affects the processing of the rubber products: if the dirt 

content is high, the rubber products will be of low quality. 

Therefore, it is necessary to control the production of block 

rubber the least dirt content, and this requires testing for 

dirt content of the various rubber grades. However, the 

standard laboratory analysis would be impractically slow 

and expensive for such wide and consistent use.  

Near Infrared spectrometry (NIRS)  

 NIRS is based on the vibrations of molecular 

chemical bonds, and their interactions with infrared 

radiation [3]. The NIR absorption spectrum therefore 

reflects the chemical structure and composition a sample 

[4]. The NIR covers the wavelength range 400-2500 nm, 

which is the region between visible light and classical mid-

infrared. The field of chemometrics encompasses, among 

other things, the mathematical and statistical methods that 

may be used to extract information from spectra, and the 

two types of method useful in this context are data-

preprocessing and regression methods. Data-

preprocessing serves to reduce undesired information in 

spectra or to amplify relevant spectral structures, while the 

regression algorithm in partial least squares regression 

(PLS) decomposes a set of calibration spectra into so-

called factors, which represent spectral structures showing 

informative variability in that set of spectra. Subsequently, 

these factors are correlated to the independent target values 

for the calibration samples, i.e., the variables to be 

predicted from the spectra. These two steps are repeated 

several times in an iterative process, so that the factors are 

slowly modified and thereby optimized for the strongest 

correlations possible with the reference values from 

chemical laboratory data. 

NIRS has been successfully applied to the rapid 

determination of various chemical components such as 

moisture [5]. Sunisa et al., 2013, 2015 showed the potential 

of NIRS to quantify rubber/water blends [3, 6]. Suchat et 

al.,2013 performed efficient calibration for rubber and 

moisture contents in guayule from NIRS data [3]. Suchat 

et al., 2015 performed efficient calibration for moisture 

content in natural rubber [6]. 

 The aim of this research was to investigate the dirt 

content in STR 20 grade and demonstrate accurate 

estimates against the slow reference method, from a rapid, 

accurate, inexpensive and nondestructive analysis method. 

The estimation of STR 20 properties, which could become 

practically useful for the rubber industries needs to be 

convenient, low-cost, safe, environmentally friendly 

(without polluting chemicals), so it can contribute to 

lowering the production costs in the long term. 

Goals set for the current research 

This work aimed to experimentally demonstrate accurate 

and reproducible rapid estimation (i.e., indirect 

measurement) of the dirt content in STR 20 natural rubber 

and usefully in rubber industry. 
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2. Materials and Methods 

2.1 Sample Preparation 

 The set of 378 rubber samples were collected from 

Von Bundit Co., Ltd., Khun Thale Branch, Surat Thani 

Province, Thailand. They were all STR 20 grade. These 

samples were masticated in a two-roll mill 6 times at room 

temperature and cut into pieces, then analyzed by the NIRS 

as well as tested in laboratory of the Von Bundit Co., Ltd. 

 

2.2 NIRS Spectrum Measurement 

 The spectra of the STR 20 samples were measured 

by NIR FLEX Solids Standard N-500 FT-NIR 

Spectrometer (Buchi (Thailand) Ltd.). The NIR spectral 

scans were over the wavenumber range 4000-10000 cm-1 

in the short wavelength region, in reflectance mode at 2 

cm-1 intervals. Each recorded spectrum was the average of 

32 scans for log(1/R), where R at each wavelength is the 

reflectance relative to a standard reference. The spectra 

were acquired in a random order of the samples, and each 

case measured was used in the chemometric data analysis. 

 

2.3 Dirt Content Analysis (Reference Method) 

 The dirt contents in the samples were determined 

following STR 20 standards [7] in the laboratory of the 

Von Bundit Co., Ltd. 

 Step 1: Then analyzed by the NIRS, the rubber 

samples were weighed a 10.0000 to 10.0200-g specimen 

of homogenized rubber to the nearest 0.1 g and cut into 

pieces having a maximum dimension of less than 3 mm. 

Place the pieces in a 250-cm3 conical flask and cover with 

150 cm3 of rubber solvent containing about 0.5 g of 

peptizing agent. Heat the mixture and maintain it at a 

temperature of 140°C until dissolution is complete (about 

3 h). 

 Step 2: Pour the hot solution through a 45-μm (No. 

325) sieve previously weighed to the nearest 0.1 mg. Rinse 

the flask three times with about 25 cm3 of hot rubber 

solvent and pour the rinsings through the sieve. Transfer 

any dirt remaining in the flask to the sieve by means of a 

jet of light petroleum and wash the dirt on the sieve until 

free of rubber solution. Dry the sieve and contents at 100 

± 5°C and weigh to the nearest 0.1 mg. 

 Step 3: Calculate the dirt content as follows: 

     Dirt content = [(B - A/ W)] x 100 (1) 

where: 

A  = mass of the clean, dry sieve, 

B  = mass of the sieve plus dirt, and 

W = mass of the specimen. 

 

2.4 Data analysis 

 For each sample, the data included NIR spectra and 

the reference dirt content. The samples were randomly 

split into two sets, namely for calibration (265 samples) 

and for validation/prediction (113 samples), as required by 

the test set validation method. The calibration equations 

were developed by PLS regression with full cross 

validation, using the NIR Cal 5.2 software (Buchi 

(Thailand) Ltd.). 

 

2.5 Data Analysis 

 For each sample, the data included NIR spectra 

from the top and bottom positions, as well as the reference 

dirt content (DC). The samples were randomly split into 

two sets, namely for calibration and for 

validation/prediction, as required by the test set validation 

method. The calibration equations were developed by PLS 

regression in the NIR Cal 5.2 software (Buchi (Thailand) 

Ltd.).  

 

2.6 Statistical Analyses 

 The statistical analyses included the processing of 

spectra and the construction of predictors. The DC data 

were subjected to analysis of variance, and 95% 

confidence interval test by the Duncan method. The 

spectra were mathematically corrected for light scattering 

by using the standard normal variate and detrending 

corrections. The second derivative was calculated with a 

sliding window of five data points, with Savitzky-Golay 

smoothing by polynomial fits over the five points. 

 

3. Results and Discussion 

3.1 Acquisition of Spectra 

 When an STR 20 sample was put in the sample cell 

and tested by placing a measuring head with the detector 
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for reflected light in direct contact, the spectrometer in 

reflectance mode was unable to measure the spectrum 

effectively. Therefore, the measuring system was modified 

using material serving as a diffuse reflector. The spectral 

acquisition setup for STR 20 samples is shown in Figure.1. 

 

 
Figure.1 Spectral acquisition system setup for STR 20 

 

3.2 The Dirt Content Analysis 

 The reference testing of dirt content (DC) was 

based on the Standard Thai Rubber procedures (Rubber 

Research Institute, 2001) and showed varying standard 

deviations (S.D.). The STR 20 is mainly produced from 

field coagulums, which contributes to the observed 

variability. On the other hand, covering the natural range 

of variability is necessary for the calibration of a novel 

method, to guarantee its generality. Summary statistics on 

the DC of samples are given in Table 1. 

 

Table 1 

Summary statistics of dirt content in STR 20 samples by 

the calibration and the validation sample sets. 

Parameter Calibration set Validation set 

Number of samples 265 113 

Minimum 0.0050 0.0380 

Maximum 0.2606 0.2567 

Average  0.0984 0.1252 

Standard deviation 0.0685 0.0843 

 

3.3 NIR Spectra 

 Various baseline shifts occurred in the original 

spectra of STR 20 over the short wavelength region 

(Figure.2). This was due to irregularities of the sample 

surfaces. 

 
Figure.2 Original spectra of STR 20 cases across the short 

wavelength region. 

 

 
Figure.3 Second derivatives of the STR 20 spectra across 

the short wavelength region. 

 

 Therefore, the spectra were pretreated with second 

derivatives to remove the baseline shift effects. After this 

pretreatment, the transformed spectra were closely similar 

to each other, indicating that the baseline shift effects had 

been removed (Figure.3). 

 

3.4 Calibration equation development 

 The regression coefficients for NIR (Figure.4) on 

modeling the dirt content by Partial Least Squares (PLS) 

were obtained from the NIRCal 5.2 software. 

 

 
Figure.4 Regression coefficients for model of dirt content 

estimates from NIR spectra of STR 20 samples. 

 The regression coefficients in Fig.4 show many 

peaks because STR 20 contains a variety of organic 

compounds, which affect the variations in STR 20 

properties. The dirt consists of the other non-rubber 

substances in STR 20, such as bark, soil, leaves, or other 
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organic matter. The wavenumbers selected for analysis 

were 6896, 5347 and 4545 cm-1, representing absorption 

by carbon in organic compounds. These absorption bands 

representing organic matter were also used by 

Confalonieri et al.,2001 and by Vichasilp and Rayan, 2014 

in the wavelength range 1450-2200 nm [8-9]. Thus, they 

appear appropriate for use in the calibration models of dirt 

content in STR 20. The validation of calibration equation 

for dirt content is shown in a scatter plot (Figure.5): 

validation was performed on the validation sample set to 

test the accuracies of both calibration equations. The points 

being close to the diagonal indicates that the predicted 

values were close to the actual ones. The correlation 

coefficient of determination (R) for the PLS model 

predicting dirt content was 0.90, and its standard error of 

calibration (SEC) was 0.02%, while the standard error of 

prediction (SEP) from validation was 0.02%. The equation 

fit was considered good based on Williams (2007), based 

on whom it matches the requirements of screening and 

approximate calibration. 

 

Figure.5 Scatter plot of estimated vs. actual dirt content in 

calibration and validation data. 

 

4. Conclusion 

 This research successfully demonstrated NIRS 

based predictive models for estimating the dirt content in 

STR 20, with efficient and accurate prediction 

performance. NIRS based estimates of the dirt content can 

explain about the dirt in STR 20, they were not different 

from the actual values from conventional methods in 

laboratory. This approach should be acceptable and useful 

for quality control and traceability applications in the 

rubber industry. NIRS based characterizations can also 

support quality monitoring of STR 20 in various 

quantitative studies affected by it. This could contribute to 

the reproducibility of future studies related to processing 

of or products from natural rubber. 
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Abstract 

 Composites were made from epoxy resin and epoxidized natural rubber (ENR). The aim of this research was to 

improve the impact properties of propellers in unmanned aircraft by mixing epoxidized natural rubber with epoxy resin. 

The ENR was prepared via in situ epoxidation reaction to contain 50 mol % epoxide groups (ENR 50). The fraction of 

ENR in the blends was from 0 to 10 parts per hundred (phr) relative to the epoxy resin. The results show that the impact 

strength of epoxy resin can be improved by blending in ENR 50. The optimal ENR content of the composite was 3 phr. 

Also the tensile strength, Young’s modulus and hardness decreased with the amount of ENR. The impact strength was 

improved to 18±0.9 kJ/m2 with 3 phr of ENR, which is the decisive property for propeller applications. The mechanical 

properties were assessed relative to morphology from scanning electron microscope (SEM) micrographs. It was 

confirmed that crazing and microcrack formations in the matrix were the main factors affecting fracture toughness. Epoxy 

resin blends with ENR 50 were tested in propeller blades. The appropriate ENR content of UAV propellers molded with 

carbon fiber was tested. It was found that the impact strength of this composite can improve the propeller impact strength 

in UAV applications. 

  

Keywords – UAV Propeller blade, composite, ENR 50, Impact Strength

 

1. Introduction 

 When the UAVs (Unmanned Aerial Vehicles) are 

in flight operation, debris can impact the fast-moving 

propeller blades and disable the UAV. Therefore, 

improving ductility of the blade to obtain better impact 

resistance is desired. An UAV has several components, 

and the blades are a vulnerable key component usually 

made from composites, typically with epoxy resins. They 

may crack particularly during landing impact. The 

materials used in the composite are carbon fiber, epoxy 

resins and hardener [1-2]. Nowadays, epoxy resins are 

used extensively because of their excellent properties such 

as high modulus, low creep, and reasonable elevated 

temperature performance [3-4]. Materials that have been 

added to epoxy solids to improve toughness include hard 

particulate materials, such as inorganic glass particles [5-

7], as well as elastomers and thermoplastics [8-10], such 

as polybutadiene and butadiene acrylonitrile rubbers [11].  

Hypothesizing that the best combination would be liquid 

rubber [12] with epoxy resin, studied the mechanical 

properties of blends of diglycidyl ether of bisphenol-A 

based epoxy resin and hydroxyl terminated, internally 

epoxidized polybutadiene rubber. Epoxidized rubber was 

used in order to achieve better bonding between the rubber 

particles and the epoxy matrix phase. When blends of ENR 

and maleate nitrile rubber were studied, they had better 

compatibility with the resin and improved the toughness 

and impact resistance of the cured resin substantially. 

Chuayjuljit was studied the effects of ENRs on mechanical 

and thermal properties across varied rubber contents in the 

blends [13]. Epoxy resins have been widely used as 

coatings and matrices in carbon fiber reinforced 

mailto:sun.isa.su@hotmail.com
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composites for UAV propeller applications, and also in a 

wide range of other applications. When cured with 

hardeners epoxy resins become highly crosslinked, leading 

to some desirable properties such as high glass transition 

temperature, high modulus, and undesirable brittleness 

with low resistance to crack initiation and propagation [14-

15]. To improve the fracture toughness of epoxies, adding 

a rubber phase to commercially available acrylonitrile 

butadiene copolymers with various functional terminal 

groups has been well documented [11]. It was found that 

high molecular weight hyper-branched polymers were 

effective in improving fracture toughness. ENR rubber 

particles with a soft material, such as polysiloxane, have 

been well studied for improving the fracture toughness of 

brittle epoxies [16]. Fiber reinforced composites are used 

in twin blade propellers because of their high strength, in 

low temperature applications. This current work is mainly 

focused on using ENR in a composite blade propeller to 

reduce the risks of tear and breakdown, to improve the 

performance of blades, and to reduce their deflection. 

Natural rubber (NR) from hevea brasiliensis trees, 

composed primarily of cis-1,4-polyisoprene, is an 

important renewable resource in Thailand, with excellent 

physical properties. Natural rubber composites have 

excellent property profiles, combining high stiffness, 

strength and toughness. NR has been studies to reinforce 

epoxy resins and other polymers [12, 17]. 

The objective of this research is to improve the 

critical mechanical properties of epoxy resin composites 

for use in unmanned aircraft by mixing in epoxidized 

natural rubber. In an epoxy resin blend the ENR can 

improve the impact strength essential to UAV propeller 

applications. 

 

2. Materials and Methods 

2.1 Materials 

- Epoxy resin  

 The resin used was a Bisphenol-type epoxy resin 

(Epicholrohydrin–bisphenol A: Epotec YD 535 LV, 

number average molecular weight < 700)  purchased from 

Aditya Birla Chemical Industry Co., Ltd., in Thailand. 

- Hardener   

 The curing agent polyamide resin (TH 7255) was 

supplied by Siam Chemical Industry Co., Ltd. in Thailand.  

- Rubber 

 The epoxidized natural rubber was synthesized 

from natural rubber latex obtained from Muang Mai 

Guthrie Co. Ltd., in Thailand. The ENR was prepared via 

in situ epoxidation reaction to contain 50 mol % epoxide 

groups (ENR 50). ENR 50 can confirm with the 1H-NMR 

tool. ENR 50 latex is commonly used in this research due 

to its relatively good properties. 

- Composite preparation 

 The composites were prepared from epoxy resin 

with ENR 50 contents of 0, 3, 5, 7, and 10 phr (parts per 

hundred parts of epoxy resin by weight). Polyamide resin 

(TH 7255) was used as the curing agent.  

The compositions of the experimental blends are 

shown in Table 1. 

Table 1 Compositions of the experimental of epoxy resin 

with ENR 50 blends.  

Epoxy resin (g) ENR 50 (g) Curing agent (g) 

100 0 35 

100 3 35 

100 5 35 

100 7 35 

100 10 35 

 

 The component mixture was stirred at 50 rpm under 

room temperature (30 oC) for 10 minutes to mix the epoxy 

resin with ENR 50. The substance that causes coagulation 

(Polyamide resin hardener; TH 7255) was added while 

continuously stirring for 5 minutes at the same stirrer 

speed. Specimens were prepared by casting the mixture in 

rubber molds, and formed into dough-moulding 

compounds (DMC) for application. The UAV propeller 

composites were prepared from epoxy resin blend with 

ENR 50 contents of 0, 3, and 7 phr. The carbon fiber was 

cutting into the contour (50×50 cm) 13 samples, and the 

UAV propeller procedure using the infusion resin transfer 

moulding technique. The TH 7255 curing agent polyamide 

resin was used. However, the UAV propeller specimens 
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were preparation following the ASTM D256 and ASTM 

D760. 

2.2 Composite properties  

 The composite properties tested were tensile 

strength according to ASTM D638, tear resistance 

according to ASTM D264, impact strength according to 

ASTM D256, Flexural test according to ASTM D790 and 

hardness (shore D) according to ASTM D2240, across the 

composite samples 

2.2.1. Impact strength 

 The Izod impact strength of the cured un-notched 

epoxy resin and ENR 50 was measured at room 

temperature according to ASTM D256. The specimen 

dimensions were 63.5 mm x 12.7 mm x 3.0 mm3. The 

impact strength is reported in kJ/m2.  

2.2.2 Tensile properties 

 Tensile properties of the cured test specimens were 

determined according to ASTM D638 using Lloyd LR10K 

Universal Testing Machine equipped with 10 kN load cell 

with the test speed of 50 mm/min. Type I specimen size 

was used and the gauge length was set at 50 mm.  

2.2.3 Morphology 

 Samples for scanning electron microscopy (SEM) 

were coated with thin gold/palladium layer and examined 

in a SEM (Cambridge Stereoscan 200). The SEM 

inspection was focused to the vicinity of a razor notch, 

which reflects the uniform failure mode.  

2.3 Statistical Analyses 

 The data were subjected to analysis of variance. 

The Different superscripts in a column indicate 

statistically significant differences at 95% confidence by 

Duncan’s method. Mean±SD: mean and standard 

deviation based on triplicate samples. 

 

3. Results and Discussion 

 The content of epoxide groups in NR after in situ 

epoxidation was estimated by Fourier transform infrared 

spectroscopy, verifying the 50 mol% content. The product 

is here labeled ENR 50 according to its content of epoxide 

groups, and was blended with epoxy resin at various ratios. 

The blends were successfully cured in silicone casting 

molds. The cured specimens appeared brownish silvery-

yellow in color. 

Part 1: Optimizing ENR 50 content in epoxy resin blend  

 The key mechanical properties at various ENR 50 

contents in the epoxy resin were determined: impact 

strength, hardness, tensile strength, elongation at break and 

tear strength. These are shown in Table 2 and in Figures 1. 

Table 2: The mechanical properties of the ENR 50 

content in epoxy resin composites.  

ENR 

50(g) 

Tensile 

strength 

(MPa) 

Hardness 

(ShoreD) 

Tear strength 

(N/mm) 

Impact 

strength 

(kJ/m2) 

0 25.78±1.46c 82.50±0.50 a 187.89±1.09 c 11.20±0.48d 

3 36.41±1.65a 78.60±0.54 b 243.90±0.89 a 18.51±0.88a 

5 26.88±1.69b 77.70±0.67 b 196.10±1.21 b 16.38±0.49b 

7 27.12±1.10b 77.60±0.65 b 144.13±0.66 c 12.64±0.65c 

10 23.70±1.12d 75.20±0.57 c 140.11±1.28 d 10.95±0.88d 

a,b,c,d,e Different superscripts in a column indicate 

statistically significant differences at 9 5 % confidence by 

Duncan’s method.  

Mean±SD: mean and standard deviation based on triplicate 

samples. 

 From Table 2, the ENR 50 content in the blend had 

significant effects. The amount of ENR 50 in the blend was 

0, 3, 5, 7, or 10 parts per hundred parts of epoxy resin (phr). 

It was found that the impact strength of epoxy resin could 

be improved by blending in ENR 50, and was maximal at 

3 phr ENR 50 content. Tensile strength and hardness 

decreased steadily with the amount of rubber, and also tear 

strength decreased with ENR 50 contents exceeding 3 phr. 

In addition, hardness of the blends was mostly below those 

of the epoxy resin. When the ENR 50 content was from 3 

to 10 phr, the impact strength decreased which corresponds 

to the value tensile strength in Table 2. This is due to the 

increased rubber content resulting in large aggregation, the 

reduction of the contact surface area between the ENR and 

the epoxy resin (EP) was reduced, resulting in a decrease 

in the bond strength between the phases. The downward 

trend follows. Moreover when the amount of rubber 

increased bubbles observed in the specimens during 
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curing, as water was not completely removed from the 

latex. This improves the adhesion of ENR 50 with the polar 

component of epoxy. However, at 3 phr of ENR 50, the 

amount of epoxide groups was not enough to improve 

interfacial compatibility, while the rigid characteristics of 

these epoxide groups increased brittleness of the structure. 

As the amount of epoxide increased, impact strength 

decreased. In addition to rigid characteristics of epoxide 

groups that increased brittleness, longer reaction times 

may also have shortened the rubber molecular chains and 

also hardness of the epoxy is reduced. It is seen that the 

elongation at break and tear strength of epoxy resin /ENR 

50 blends were similar to or better than those of epoxy 

resin (Table 2). As the amount of rubber in the blends 

increased, the tear strength decreased. In terms of the 

mechanical properties, the epoxy resin with 3 phr ENR 50 

was in general the superior case, so this dosing was used 

in experiments that followed. 

 The tear resistance as a measure of tear properties 

is shown in Table 2. The pattern with ENR content is very 

similar to that seen in tensile strength. The tear resistance 

was increased then decreased with ENR 50 loading. 

Nevertheless, in Figure 3 it is also appreciated that 3 phr 

of ENR 50 loading improved the tear resistance from the 

epoxy resin baseline. In this indicates compatibility of the 

rubber with epoxy resin for this case. Through, higher 

ENR 50 additions exceeding 3 phr, the tear resistance 

decreased because of larger rubber domains. Then the 

rubber domain is too weak at epoxide rubber contents that 

are excessive (>5, 7, and 10 phr).  

The impact strength 

 Figure 2 shows the impact strength with the optimal 

ENR 50 content in the epoxy resin blend. The ENR 50 in 

epoxy resin could improve the impact strength markedly. 

The globular rubber nodules contributed to this toughening 

effect. However, the amount of ENR 50 at 3 phr in epoxy 

resin which the impact strength and tensile strength were 

increasing. This is due to the small particle size (Figure 2). 

The contact surface area between the ENR 50 at 3 phr and 

the EP increases and the adhesion between the rubber 

phase in EP the matrix is higher. 

 
Figure 1. The impact strength at various ENR50 contents 

in epoxy resin.   

Morphology   

 The morphology of epoxy resin with ENR 50 (0, 3, 

or 7 phr) was observed from SEM images (Figure 2). 

 
Figure 2. SEM micrographs of fracture surfaces on tested 

epoxy resin composites with various ENR50 contents (0, 

3, or 7 phr).  

 Figure 2 shows that the epoxy resin had smooth 

fracture surfaces, and with 3 or 7 phr of ENR 50 the rubber 

domains or particles were visible on the surfaces and the 

lower ENR amount gave slightly smaller particles. 

Uniformity on the surface with 7 phr was poorer, which 

would degrade the mechanical properties as seen in tensile 

and tear strength. The ENR content 3 phr appears near 

optimal and was used in further experiments.  

Part 2: Properties and forming the UAV propeller blades 

The key mechanical properties for UAV propeller blades 

were determined: impact strength, hardness, and tear 

strength. These are shown in Table 3 and in Figure 3. 

From Table 3, when carbon fibers are used to fill epoxy 

resin the stiffness is not significantly affected. Since rubber 

is highly flexible in the composite propellers, it improves 

both impact and flexural strengths from the original.  

Table 3: The mechanical properties of composite for UAV 

propellers.  
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ENR 

50 (g) 

Impact 

strength 

(kJ/m2) 

Flexural 

strength (%) 

Hardness 

(Shore D) 

0 136.17±3.22b 572.83±4.93b 94.53±0.57 a 

3 142.28±2.47a 586.03±4.04a 94.00±1.10 a 

7 140.70±4.10a 577.31±5.42b 92.00±2.00 b 
a,b Different superscripts within a column indicate 

statistically significant differences at 9 5 % confidence by 

Duncan’s method. Mean±SD: mean and standard 

deviation based on triplicate samples. 

   

Application to UAV propeller blades 

 The composites from epoxy resin with ENR50 had 

improved impact strength, required in UAV propeller 

blade applications. The blends were successfully cured in 

silicone casting molds. The cured specimens appeared 

brownish yellow in color, as shown in Figure 5. Blended 

resin specimens had more cloudy appearance than the 

baseline epoxy resin. The baseline UAV propeller blades 

are carbon fiber filled in epoxy resin, and the addition of 3 

phr ENR50 in the composite was established. The impact 

strength was improved, up from 136.17±3.22, 

142.28±2.47, and 140.70±4.10 kJ /m2 respectively, by the 

added ENR50. It was found that, the impact strength of this 

composite can improve the propeller impact strength in 

UAV applications. 

 

 

 

 

 

 

 

 

Figure 3. Top view of UAV blades prepared from the 

experimental composites:   

(a) pure epoxy resin; (b) Epoxy resin with 3 phr ENR 50; 

(c) Epoxy resin with 7 phr ENR 50 

4. Conclusion 

 ENR50 at 0, 3, 5, 7, or 10 phr was mixed into epoxy 

resin in the presence of an amine curing agent, and the 

mechanical and physical properties as well as the fracture 

surface morphologies were investigated. It was found that 

the impact strength was enhanced by 3 phr ENR50 content; 

it was improved to 18±0.9 kJ/m2, this is due to the 

compatibility between the rubber particles with the epoxy 

matrix and small particle size from Figure 2, the contact 

surface area between the ENR 50 at 3 phr and the epoxy 

resin was increases. The addition of rubber particles to the 

epoxy might act as an impact modifier to absorb the impact 

loading and cause the effective stress concentration 

behavior, which is the key property desired in propeller 

applications. Tensile strength and hardness decreased 

steadily with the rubber content. The baseline UAV 

propeller blades are carbon fiber filled epoxy resin, and the 

addition of 3 phr ENR 50 in the composite was tested. The 

impact strength was improved, up from 136.17±3.22, 

142.28±2.47, and 140.70±4.10 kJ/m2 respectively, by the 

added ENR50.  
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Abstract 

Polysulfide (-C-S-Sx-S-C-) rich vulcanized natural rubber (V-NR) shows higher strain-induced crystal (SIC) 

fraction at large strain, higher tensile strength and larger elongation at break than mono-sulfide (-C-S-C-) rich and di-

sulfide (-C-S-S-C-) rich V-NR. Higher crosslink density V-NR show higher modulus and lower elongation at break, but 

do not necessarily show higher tensile strength and higher SIC fraction. The onset strain of SIC is independent on crosslink 

density and crosslink structures. Crosslink seems to be not vital for the onset strain of SIC of V-NR. It coincides with that 

un-vulcanized NR show SIC without crosslink and show the smaller onset strain of SIC than the one of vulcanized NR. 

The three onset strains of un-vulcanized NR, vulcanized NR and vulcanized synthetic poly-isoprene (IR) are discussed 

with entanglement of polymer melt. 

 
Keywords:  natural rubber, crystallization, mechanical properties, X-ray. 

 

1. Introduction 

Sulfur vulcanized natural rubber (V-NR) performs 

great mechanical properties such as  tensile strength ( 20-

30 MPa), strain at break (800-1000%), tough fatigue 

resistance and large hysteresis loss without any fillers. On 

the contrary, synthetic poly-isoprene (IR) has not been 

manufactured as a competitor of NR because of its inferior 

mechanical properties, although IR has been used as a 

processing agent [1]. 

The stress-strain relation of un-vulcanized NR 

shows stress upturn, tensile strength (2-6 MPa) and strain 

at break (800%), it has been elucidated by pseudo end-

linked network between the functional groups of polymer 

chain ends and non-rubber components in NR [2-5].  Un-

vulcanized NR shows strain-induced crystallization (SIC), 

although the crystalline fraction of SIC of un-vulcanized 

NR is much lower than the one of vulcanized NR [4-8]. 

Un-vulcanized IR does not show SIC at room temperature 

but show SIC at 0oC [8]. 

After vulcanization, three dimensional network of 

chemical crosslink is a vital element of vulcanized rubber 

to be stretched to large strain and to recover back to the 

original shape due to an entropy response.  Sulfur 

vulcanization system creates three kinds of structures of 

crosslink such as one sulfur bridge (-C-S-C-), two sulfurs 

bridge (-C-S-S-C-) and several sulfurs bridge (-C-S-Sx-S-

C-, x = 1-6), called as mono-, di- and poly-sulfides 

respectively [9-11].  It has been considered that mono-

sulfide rich compound is good for heat resistance and poly-

sulfide rich compound is good for flexibility. 

SIC of sulfur vulcanized NR has been studied 

extensively by X-ray [3-8,16-18]. It is reported that 
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crosslink density does not change the onset strain of SIC 

although the higher crosslink density samples creates 

larger amount of SIC at larger strain[17,18]. The size of 

crystallites does not grow during deformation and the 

increase of crystalline fraction is caused by the increase of 

the number of crystallites [17-19].  The onset strain of SIC 

of V-NR is smaller than the one of V-IR, although the 

maximum crystalline fraction of V-NR and V-IR are 

almost the same. [20,21] The onset strain of SIC of V-NR 

is larger than the one of un-vulcanized NR. [4,5,8]. 

Inhomogeneous distribution of crosslink density may 

create the size distribution of the local crystallites.[26]  

Recent instantaneous deformation experiments disclosed 

the mechanism of SIC and classified SIC into fast (50-100 

ms) and slow (2.5-4.0 sec) crystallization processes  

[21,22]. This manuscript deals with slow SIC.   

The crosslink has been considered to be vital for 

SIC since the theory of rubber elasticity of polymer 

crosslink network has applied to elucidate SIC at thermo-

mechanical equilibrium state. In this paper, we focus on 

the role of crosslink. Four levels of crosslink density and 

three kinds of crosslink structures of the same level of 

crosslink density are studied. 

 

2. Experimental methods 

 

2.1 Materials 

Commercial grade of Standard Thai Natural 

Rubber Light (STR-5L) was used. IR (Nipol IR2200) is a 

polyisoprene rubber (high cis-1,4 content) which is very 

similar to natural rubber in its molecular and micro 

structure. The compositions and cure time of compounds 

are shown in Table 1. Rubber compounds were prepared 

by using a laboratory-sized two-roll mill (model LRM150, 

Lab Tech Engineering) at the set temperature of 40oC. 

Vulcanization was carried out in an electrically heated 

hydraulic press at 150°C using the optimum cure time 

(Tc90) previously determined with a moving die rheometer 

(TechPro MD+) at 150°C.  The ratio of sulfur and 

accelerator is varied as 2.67, 0.50 and 0.10. The 

compounds are called as conventional vulcanization (CV), 

semi-effective vulcanization (SEV) and effective 

vulcanization (EV). 

 

2.2 Crosslink density and crosslink structures  

The total crosslink densities of the vulcanized 

rubber were calculated from the equilibrium swelling in 

toluene by the Flory-Rehner equation. The values of the 

constant used in the calculation were the molar volume of 

the swelling solvent Vs = 107 cm3/mole and the rubber-

solvent interaction parameter χ = 0.393 [9-11]. 

The contents of mono-, di- and poly-sulfide 

crosslink structures were determined using the method 

described by Cunneen and Russell [9,23]. The 

concentration of the polysulfide crosslink was evaluated 

from the equilibrium swelling in piperidine and propane-

2-thiol, the concentration of the mono-sulfide crosslink 

was evaluated from of the equilibrium swelling in 

piperidine and n-hexanethiol. Finally, the concentration of 

di-sulfide crosslink was calculated from the total crosslink 

density, poly-sulfide and mono-sulfide crosslink densities 

previously determined. The data of crosslink densities are 

shown in Table 1. 

 
Table 1. Composition and sample preparation conditions 
and crosslink density of the samples  

Ingredients Quantity (phr) 
CV1 CV2 CV3 CV4 SEV EV 

NRa  or IR 100 100 100 100 100 100 
Zinc Oxide 5 5 5 5 5 5 
Stearic acid 1 1 1 1 1 1 
Acceleratorb 0.56 0.75 0.94 1.31 1.82 4.60 

Sulphur 1.50 2.00 2.50 3.50 0.91 0.46 

Sulphur/Acc ratio 2.67 2.67 2.67 2.67 0.50 0.10 

Cure time (min)c 16 13 (23) 12 11 19 (34) 28 (37) 

νTd (x 10-5mol/cm3) 5.61 7.78 (4.53) 8.66 11.29 7.17 (5.93) 7.61 (6.79) 
Monosulphidic 
crosslink, S1 (%)  

0   1.0 52.2 

Disulphidic crosslink, 
S2 (%)  

9.7   44.8 26.8 

Polysulphidic 
crosslink, Sx (%)  

90.3   54.2 21.0 

aNR: STR 5L, bAccelerator: CBS (N-cyclohexyl-2-benzothiazole 
sulfenamide), cCuring temperature 150°C,  νT

d Total crosslink density,  
(xxx) Cure time and total crosslink density of IR samples 
 
Table 2. Mechanical properties of the samples 

Sample M1a 
(MPa) 

M3b 
(MPa) TSc(MPa) Strain at breakd 

CV1 0.72 1.53 20.49 7.63 
CV2 0.84 1.93 28.69 7.54 
CV3 1.04 2.71 30.60 6.87 
CV4 1.27 4.11 24.94 5.83 
SEV 0.80 1.72 24.10 7.25 
EV 0.86 1.96 20.97 6.46 

IR-CV 0.63 4.09 19.93 8.51 
IR-SEV 0.70 1.28 20.76 7.39 
IR-EV 0.69 1.37 17.53 7.25 

aModulus at strain 1.0, bModulus at strain 3.0, TScTensile strength,  
dstrain at break was defined as λ = (l-l0)/l0 
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2.3 Stress-strain relation and tensile strength 

Tensile properties of V-NR were measured using a 

universal testing machine (Instron 5569 series) at 25oC in 

Thailand.  The rate of deformation was 500 mm/min. The 

strain was defined as λ = (l-l0)/l0 with l0 is the initial sample 

length. The initial strain rate was 0.5 s -1. The stress was 

calculated as σ = F/(d0 x w0), where F is the force measured 

by the load cell, d0 is the initial sample thickness and w0 is 

the initial sample width. The measurements of the same 

sample were done 5 times.  

The modulus data of varied crosslink densities and 

different crosslink structures are shown in Table 2. 

2.4 Strain-induced crystallization (SIC) 

In-situ wide-angle X-ray diffraction (WAXD) 

measurements were carried out at the X-27C beam line in 

the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (BNL). The wavelength 

of X-ray was 0.1371 nm. A CCD X-ray detector (MAR, 

USA) was used to record the two-dimensional wide-angle 

X-ray diffraction (WAXD) patterns for quantitative image 

analyses. The image acquisition time for each scan was 30 

sec. All measured WAXD images were corrected for beam 

fluctuations and sample absorption prior to data analysis. 

The diffraction angle was calibrated by Al2O3 standard 

provided by the National Institute of Standards and 

Technology (NIST).  

The tensile machines allowed the symmetric 

stretching of the sample, permitting the focused X-ray to 

illuminate the same sample position during deformation. 

The chosen deformation rate was 10 mm/min. The initial 

strain rate was 7 x 10-3 s-1. The stress-strain curves and 

WAXD data during deformation were collected 

simultaneously at 25oC. The data analysis schemes for 

WAXD images were carried out by a software package 

(POLAR, Stonybrook Technology and Applied Research 

in New York) [16,24]. 

 

3. Results and Discussion 

Four levels of crosslink densities of CV cured 

samples show different magnitude of stress-strain relations 

in Fig. 1. The samples with the larger crosslink density 

show the higher modulus and the stress upturns at lower 

strain. However CV4 does not elongate to reach higher 

tensile strength than CV3.  CV3 showed the highest tensile 

strength among them, although the strain at break 

decreases with the crosslink density. 

Different crosslink structures with almost the same 

total crosslink density (CV2, SEV and EV) show similar 

stress-strain relations below strain 5.0 and significant 

different stress upturns beyond strain 5.0 as shown in Fig. 

2. The stress upturns of them start at almost the same strain, 

but the tensile strength and the strain at break of them are 

significantly different. Poly-sulfide rich samples (CV2) 

show higher tensile strength and larger strain at break. 

Flexibility of poly-sulfide bridges may increase strain at 

break to avoid rupture. The results coincide with the 

electron spin resonance (ESR) results [12-15].  

Fig.1. The stress-strain curves of vulcanized NR with 

various crosslink densities as shown in Table 1. CV1: , 

CV2: , CV3: , CV4: . 

 
Fig. 2. The stress-strain relations of three different 
crosslink structures as shown Table 1. EV: ,  SEV:   
and CV2: . 
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Ordinary 2D wide angle X-ray diffraction (WAXD) 

pictures can be transformed to 3D WAXD patterns where 

z-axis is the relative intensity of WAXD and the maximum 

intensity is colored as orange in each picture in Fig.3.  In 

order to show the changes of patterns clearly during 

deformation, 3D images are tilted to 45 degree to the 

vertical line of the figure. 3D WAXD patterns exhibited an 

amorphous halo below strain 2.0. Distinct crystalline 

peaks are distinguishable at strain 3.0. These reflections 

are sharp and highly oriented at strains 4.0 and at larger 

strains.  3D WAXD shows the changes of pattern by 

emerge of crystal peaks clearer than 2D WAXD does since 

2D WAXD shows the degree of blackness as the intensity 

of WAXD. 

 

 
Fig. 3. The 3D expression of WAXD patterns of the 
sample CV2 at the selected strains. 

 

Fig.4. Anisotropic fraction: crystal (Crystal: ) and 
oriented amorphous (OA: ) vs. strain. The sample is 
CV2. 
 

Crystalline and oriented amorphous fractions were 

determined from the one- dimensional integrated profiles 

of the WAXD. The detail of the calculation is explained at 

elsewhere [20,24] Crystalline fraction increases with strain 

during deformation and the oriented amorphous fraction 

does not increase significantly as shown in Fig.4. The 

oriented amorphous seems to be a precursor of strain-

induced crystals. The remaining un-oriented amorphous is 

around 80%. This value coincides with previous literatures 

[16-18,20].  Oriented amorphous fraction is much smaller 

than crystalline fraction and does not increase with strain 

at the strain beyond strain2.0. All the samples show the 

same behavior. Therefore, we focus on crystalline fraction 

hereafter.   

The variations of the crystalline fraction of 

vulcanized NR with various crosslink densities during 

deformation are shown in Fig. 5. It is practically difficult 

to determine the onset strain precisely since the emergence 

of SIC is a kind of dawn phenomenon. We compared three 

methods such as an asymptotic method of 1D integral data, 

the magnitude of peak heights of 3D images and our eye 

detection of 2D original CCD images. Because the three 

methods did not show distinguishable differences, we 

chose the asymptotic method of 1D integral intensities. 

Four samples show almost the same onset strain 2.5. The 

crystalline fraction of CV1 increases linearly at the strain 

close to the strain at break. On the other hand, the 

crystalline fraction of CV2, CV3 and CV4 do not increase 

with strain at large strain and seem to saturate. It suggests 

that SIC is hindered by excess crosslink at the strain close 

to the strain at break. The independence of the onset strain 

of SIC on the crosslink density has been reported 

[8,17,18,29].  The comparison of  Fig. 1 and Fig. 5 

suggests that the stresses of varied crosslink density are not 

determined by the crystalline fraction of varied crosslink 

density directly. 

Different crosslink structures with almost the same 

total crosslink density (CV2, SEV and EV) show similar 

behavior of crystal fraction during deformation as shown 

in Fig. 6.  The crystal fractions of them start to increase at 

strain around 2.5. Polysulfide rich CV2 shows lower 
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crystal fraction at small strain and reach the highest crystal 

fraction at the strain at break, compared to EV and SEV. 

The three crystal fractions seem to reach saturated level at 

large strain.  The stress-strain relations of varied crosslink 

structures in Fig.2 seem to be not determined by the 

crystalline fractions of varied crosslink structures in Fig. 6. 

 

 

 
Fig 5. Crystalline fraction and strain of CV-vulcanized 
NR with various crosslink densities (as shown in Table 
1). CV1: , CV2:  , CV3:  , CV4: . 
 

The crosslink seems to be not necessarily vital for 

the onset of SIC in V-NR because crosslink density and 

crosslink structure do not affect the onset strain of SIC. It 

has been reported that un-vulcanized NR, which has no 

chemical crosslink, show SIC since 1925 [5,6,7,8,25,27]. 

Un-vulcanized NR can be divided into gel part and sol part 

in acetone or toluene. Gel part has been considered to make 

three dimensional pseudo endlinked network and sol part 

is composed of linear chains. Both gel part and sol part 

showed SIC [7,25]. The onset strain of un-vulcanized NR 

is around 1.0 although the data are fluctuating from 1.0 to 

2.0 among literatures. Sol part show the onset strain of SIC 

as strain 3.0 [25]. It is noteworthy that the onset strain of 

un-vulcanized NR is significantly smaller than the one of 

vulcanized NR as shown in Fig.7. The dependency of 

crystalline fraction of un-vulcanized NR on strain is 

calculated from Fig.3 of reference 5. The sample of un-

vulcanized NR in Fig. 7 was the dried sheet from fresh 

latex stored in high ammonia [5].  The stress of un-

vulcanized NR does not increase with strain between strain 

1.0 and 6.0 at room temperature [4,27]. The stress shows 

the maximum at strain 1.0 and the minimum at around 2.5 

although the crystalline fraction increases with strain. This 

phenomenon is different from vulcanized NR [4,5,8,27]. 

The behavior is similar to the phenomenon of yield stress 

of plastics which is considered to be caused by 

entanglement between polymer chains. 

 

Fig. 6. Crystalline fraction and strain of sufur-vulcanized 
NR with various crosslink structures (as shown in Table 
1). CV2: , SEV: , EV: . 

 

Fig. 7. Crystalline fraction and strain of un-vulcanized 
NR ( ), vulcanized NR (CV2 ( ), SEV ( ) and 
EV ( )) and vulcanized IR (CV2 ( ), SEV ( ) and 
EV ( )) Vertical arrows are the onset strains of A: 
unvulcanized NR, B: vulcanized NR and C: vulcanized 
IR.  

 

Vulcanized IR (CV, SEV and SEV), which are 

vulcanized with the same recipe of NR in Table 1, show 

the onset strain of around 4.0 as shown in Fig.7.  It has 

been reported that the onset strain of SIC of IR is 

significantly larger than the one of vulcanized NR 
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[8,28,29,31]. The difference of the onset strain of V-NR 

and V-IR is elucidated by the low stereo-regularity of IR 

and an pseudo endlinked network of NR [30,31]. However, 

NR and IR have different molecular characteristic such as 

Tg = -70oC for NR and -65oC for IR. Molecular weights 

between entanglements (Me) are 3120 g/mol for NR and 

5429 g/mol for synthetic IR [34]. Weight average of 

molecular weight (Mw) of NR and IR are in general the 

same as one million g/mol but molecular weight 

distribution (MWD) are significantly different. NR has 

two peaks and IR has one peak in MWD.  

The three onset strains of un-vulcanized NR, 

vulcanized NR and vulcanized IR are significantly 

different. The sample of un-vulcanized NR is made of 

dried sheet of fresh latex. On the other hand, vulcanized 

NR is made of dried sheet of fresh latex and vulcanization 

agents, being mixed on a two- roll mill and vulcanized by 

a hot press. The temperature and sheared history of 

vulcanized NR may change the polymer characteristics 

and non-rubber components of un-vulcanized NR. Un-

vulcanized NR may induce SIC by entanglements and 

pseudo endlinked network. Because un-vulcanized IR has 

no network, entanglement could be considered to induce 

SIC 

 

4. Conclusion 

Polysulfide (-C-S-Sx-S-C-) rich vulcanized natural 

rubber (V-NR) shows higher strain-induced crystal (SIC) 

fraction at large strain, higher tensile strength and larger 

elongation at break than mono-sulfide (-C-S-C-) rich and 

di-sulfide (-C-S-S-C-) rich V-NR. Higher crosslink 

density V-NR show higher modulus and lower elongation 

at break, but do not necessarily show higher tensile 

strength and higher SIC fraction. The onset strain of SIC 

is independent on crosslink density and crosslink 

structures.  
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Abstract 

Bromination of natural rubber was analyzed through nuclear magnetic resonance (NMR) spectroscopy, in which 

small 1H-signals, appearing after bromination of natural rubber, were positively assigned by one-dimensional (1D) NMR 

measurement. Deproteinzation of natural rubber was carried out by incubation of high ammonia natural rubber (HANR) 

latex with urea in the present of sodium dodecyl sulfate (SDS) at room temperature for 1 hour followed by centrifugation 

twice. The resulting latex called deproteinized natural rubber (DPNR). Then, the bromination of DPNR (Br-DPNR) was 

prepared by chemical reaction of DPNR with N-bromosuccinimide (NBS) in dichloromethane solution at 30 °C for 30 

min, 1 hours, 1.5 hours, 2 hours, 2.5 hours, 3 hours and 4 hours, respectively, under nitrogen atmosphere.  
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Introduction 

Bromination is one of the important reactions to 

modify natural rubber since bromine groups of brominated 

natural rubber is useful for living radical polymerization 

and Suzuki-Miyaura cross-coupling reaction [1]. In the 

bromination, therefore, it is required to introduce bromine 

atom to a carbon adjacent to a double bond, i.e., allylic 

position, to prepare the brominated natural rubber as a 

source. One of the plausible reactions may be Wohl-

Ziegler reaction with N-bromosuccinimide (NBS) [2,3], 

which is known to be common and versatile reagent for 

radical bromination. For instance, hydrogen abstraction of 

alkene may take place at allylic position and bromine may 

react with the resulting allyl radicals, according to the 

radical mechanism, which may contribute to side reactions 

during reaction. 

Nuclear magnetic resonance (NMR) spectroscopy 

is a powerful technique to characterize organic materials. 

Primary structure of the organic materials may be 

investigated by one-dimensional (1D) NMR spectroscopy. 

For instance, signals in 1H and 13C-NMR spectra are 

assigned to the primary structure based on chemical shift 

values estimated for plausible structural units of the 

organic materials. [4] In the previous work, we prepared 

phenyl-modified natural rubber using a two-step process. 

Natural rubber was brominated using N-

bromosuccinimide in a dichloromethane solution of 

natural rubber. The amount of N-bromosuccinimide 

controlled the bromine content [5]. Later, we prepared the 

brominated natural rubber through the Wohl-Ziegler 

bromination with NBS in dichloromethane at 303 K for 3 

hours reaction. The signals of the brominated trans-1,4-

isoprene units and the secondary carbons of the 

brominated cis-1,4-isoprene units were assigned by 13C-

NMR and analyzed by 2D NMR Measurement. [6].     

In the present study, 1D NMR measurements were 

performed to analyze the structure of the brominated 

natural rubber. The purification of natural rubber was 

performed by deproteinization of natural rubber with urea. 

The bromination of deproteinized natural rubber was 

carried out with NBS through Wohl-Zeigler reaction. Then, 

the bromination of DPNR with various reaction times of 

the resulting brominated natural rubber was characterized 

by 1H NMR spectroscopy. 
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Experiment  

Preparation of deproteinized natural rubber (DPNR) 

latex 

 Deproteinzation of natural rubber was carried out 

by incubation of HANP latex with 0.1 w/w% urea in the 

present of 1.0 w/w% sodium dodecyl sulfate (SDS) at 

room temperature 15 0C for 1 hour followed by 

centrifugation at 9000 rpm. The cream fraction was in the 

centrifugation tube was re-dispersed in 1.0 w/w% SDS 

solution and, then, the resulting latex was centrifugation 

again. The cream fraction was washed twice with 0.5 and 

0.1 w/w% SDS solution, respectively. The resulting DPNR 

latex was poured into petri dish and it was dried at 30 0C 

prepare as-cast film, which was dried under reduced 

pressure at 30 0C for at least 3 days before use. 

 

Bromination of natural rubber with NBS (Br-DPNR) 

Bromination of natural rubber was carried by 

Wohl-Ziegler reaction with NBS. The dried deproteinized 

natural rubber (DPNR) (2 g) was cut into small pieces 

followed by dissolving into dichloromethane (100 ml). 

The dichloromethane solution was charged with N2 gas for 

an hour at 300C (follow condition). The bromination of 

DPNR was performed by stirring the solution at 300C after 

adding NBS (2.62 g, 15 mmol) for 0.5, 1.0, 1.5, 2.0, 2.5, 3 

and 4 hours, respectively. The reaction was terminated, 

when the solution changed from colorless to yellowish. 

Product was recovered as a precipitate by pouring the 

resulting into excess amount of methanol. The precipitate, 

Br-DPNR, was washed, twice, by toluene-methanol 

precipitation method and it was dried at 300C under 

reduced pressure. 

 

Characterization 

 NMR spectroscopy was performed with a JEOL 

ECA-400 NMR spectrometer (JEOL,Japan) for Br-DPNR, 

The rubber was dissolved into Chloroform-d without 

tetramethylsilane (TMS) in a 5-mm ∅ tube. The 1H-NMR 

measurements at 399.65 MHz and 300C was performed by 

512 scans with pulse repetition time of 7 s at 900 pulse 1.8 

µs and relaxation delay of 4.24 s.  

Results and discussion 

 Fig. 1 shows 1H-NMR spectra for Br-DPNR with 

various reaction time. Three major signals appeared at 

1.66, 2.02 and 5.10 ppm, which were assigned to the 

methyl proton (H5), methylene proton (H1, H4), and 

methine proton (H3) of the cis-1,4-isoprene units, 

respectively.  

 

 

Figure 1 1H-NMR spectra for Br-DPNR with various 

                  times. 

 

 After bromination of DPNR, small, broad signals 

appeared at 3.98 (singlet), 4.16 (quartet), 4.44 (triplet) and 

4.92 (singlet) ppm as shown in Fig.2. The signal at 4.92 

ppm was assigned to unsaturated methylene proton of 

H10, while the signal at 3.98 ppm was assigned to 

methylene proton of H32. The signals at 4.16 ppm were 

assigned to methine protons of H15, H23, H38 and H46, 

while the signal at 4.44 ppm was assigned to methine 

protons of H8, H19 and H71. 

 

 

Figure 2 The expansion of 1H-NMR spectra for  

Br-DPNR between 3.5 – 5.5 ppm. 
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 The bromine atom content of Br-DPNR, XBr, is 

estimated from the intensity ratios of the signals at 3.98, 

4.16, 4.44, 4.92 and 5.12 ppm according to the following 

equation (1): 

                       𝑋𝑋𝐵𝐵𝐵𝐵    = IBr
�𝐼𝐼5.12+

𝐼𝐼4.92
2 �+(𝐼𝐼Br)

×100               (1) 

                            𝐼𝐼Br =  𝐼𝐼3.98
2

+ 𝐼𝐼4.14 + 𝐼𝐼4.44                        

 

where I is the intensity of signals and the subscripts 

represent the chemical shift (ppm). The estimated bromine 

atom content in Br-DPNR in Table 1. 

 

Table 1 The estimated bromine atom content in Br-

DPNR with various reaction time. 

Samples Reaction Time 

(hr) 

Bromine atom 

content (XBr) 

Br-DPNR-0.5 0.50 9.70 

Br-DPNR-1.0 1.00 9.05 

Br-DPNR-1.5 1.50 15.79 

Br-DPNR-2.0 2.00 25.00 

Br-DPNR-2.5 2.50 20.06 

Br-DPNR-3.0 3.00 28.80 

Br-DPNR-4.0 4.00 25.84 

 

 

Table 1, the bromine atom content of the resulting 

Br-DPNR depended on the reaction time. It was found that 

with the increase of the reaction time the extent of 

bromination increases. Fig. 3 shows a plot of bromine 

atom content versus bromination time. The bromine atom 

content was roughly proportional to the bromination 

reaction time. The bromine atom content in Br-DPNR was 

found to be 28.80 mol% at 3 hours, suggesting that the 

bromine atom content can be easily controlled by changing 

the reaction time.  

 

 

Figure 3 Plot of Bromine atom content versus 

                         bromination time. 

 

Fig. 4 shows the small signals at 3.98, 4.16, and 

4.44 ppm, which were assigned to the allyl bromide (H11, 

H12 and H13) as reported in our previous paper [5]. The 

amounts of each structure of allyl bromine, which play 

important roles in the mechanical properties of the product, 

may depend upon the bromination time. Thus, the mole 

fractions of allyl bromide group are estimated as follows 

equation (2-4): 

 

Figure 4 Possible structure of the brominated isoprene 

unit for Br-DPNR. 

 

where C is the mole fraction, I is the intensity of the 

signals, and the subscript denotes the chemical shift (ppm). 

              𝐶𝐶𝐻𝐻11[%] =
𝐼𝐼3.98
2

𝐼𝐼3.98
2 +𝐼𝐼4.16+𝐼𝐼4.44

×100               (2) 

              𝐶𝐶𝐻𝐻12[%] = 𝐼𝐼4.16
𝐼𝐼3.98
2 +𝐼𝐼4.16+𝐼𝐼4.44

×100                (3) 

              𝐶𝐶𝐻𝐻13[%] = 𝐼𝐼4.44
𝐼𝐼3.98
2 +𝐼𝐼4.16+𝐼𝐼4.44

×100                (4) 

 

Then, the content of each brominated structure 

versus bromination time was shown in Fig.5.  From Fig. 5, 

it was found that at chemical shift of 4.16 and 4.44 showed 
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the higher content of allylic bromine group compare to that 

of 3.98. This results demonstrated that the Br-DPNR 

archived bromine group at position allylic carbon radical. 

From Table 2, the allylic bromide structure at position of 

H12 and H13 were depended on reaction time. The content 

of bromide group increased as reaction increased. The 

maximum content at position of H12 was 56.67 mol% at 3 

hours reaction.  

 
Figure 5 Plot of content of each brominated structure  

                    versus bromination time. 

 

Table 2 The content of allylic bromide group of Br-

DPNR. 

Samples Reaction 

Time 

(hr) 

C3.98 C4.16 C4.44 

Br-DPNR-0.5 0.50 33.04 42.82 33.34 

Br-DPNR-1.0 1.00 15.62 48.10 41.49 

Br-DPNR-1.5 1.50 19.66 47.79 40.11 

Br-DPNR-2.0 2.00 11.05 56.67 50.81 

Br-DPNR-2.5 2.50 12.01 55.93 49.75 

Br-DPNR-3.0 3.00 9.81 56.71 51.37 

Br-DPNR-4.0 4.00 15.00 53.91 46.85 

 

 

Conclusion 

The brominated natural rubber, which was prepared 

by bromination of deproteinized natural rubber (Br-

DPNR) through the Wohl-Ziegler reaction with NBS, was 

analyzed by solution-state 1D-NMR spectroscopy. The 

bromine atom content of the resulting Br-DPNR was 

depended on the reaction time. 
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Abstract 

 Analysis on epoxidation reaction of deproteinized natural rubber through latex-state 13C NMR spectroscopy was 

established for in-situ determination of peracetic acid content and epoxy group content in latex stage. The peracetic acid 

was formed in-situ by reaction of acetic anhydride and 30%w/w hydrogen peroxide at 40oC. Then, the epoxidized natural 

rubber latex was prepared by epoxidation of deprotenized natural rubber (DPNR) with freshly prepared peracetic acid in 

latex stage. The resulting freshly prepared peracetic acid and epoxidized DPNR (EDPNR) latex was characterized through 

latex-state 13C NMR spectroscopy. The maximum peracetic acid content obtained under experimental condition was 

34%v/v. It was found that the epoxidation levels were not affected by the percentage of acid added during the reaction. 

The epoxy group content determined through latex-state NMR spectroscopy may relate to particle size of rubber particle. 

  

Keywords: Deprotenized Natural rubber, Peracetic acid content, Epoxidation, Latex-state NMR spectroscopy 

 

1. Introduction 

Latex epoxidations of natural rubber are 

heterogeneous colloid system and these two phases could 

control the structure of the ENR product. Thus, if the rate 

of epoxidation is greater than the rate of diffusion of the 

peracid into the particle then a heterogeneous epoxidized 

product would be expected [1]. Latex-state Nuclear 

Magnetic Resonance (NMR) spectroscopy is a powerful 

technique to analyze a primary structure of polymer, 

dispersed in water. Thus, it may be useful for in-situ 

determination of epoxy group content of epoxidized 

natural rubber, since epoxidation of natural rubber is 

performed in latex stage with peracetic acid or performic 

acid. In the previous work, many studies on the latex-state 
13C NMR spectroscopy have been reported to analysis 

distribution of copolymer, dry rubber content and 

hydrolysis of polymer [2], [3], [4]. Later, a solution-state 

NMR spectroscopy were reported to characterize epoxy 

group content in epoxidized natural rubber (ENR) [5], [6], 

[7]. However, it is difficult to observe the epoxy group 

content in ENR since the solution-state method need to 

separate sol and gel. In our previous work [8], the method 

of quantitative analysis through latex-state 13C NMR 

spectroscopy was established for in-situ determination of 

epoxy group content of epoxidized natural rubber in latex 

stage. It was found that the epoxy group content 

determined through latex-state NMR spectroscopy was 

proved to be the same as that determined through solution- 

state NMR spectroscopy. 

In the present study, the latex-state NMR 

spectroscopy was applied for analysis both of 

concentration of peracetic acid and the epoxy group 

content in epoxidized deprotenized natural rubber 

(EDPNR) latex.  
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2. Experimental 

 

2.1 Preparation of deprotenized natural rubber (DPNR) 

latex 

Natural rubber latex used in this study was 

commercial high ammonia natural rubber (HANR) latex 

(Golden Hope, Malaysia). The HANR latex was incubated 

with 0.1 w/w% urea (Nacalai Tesque Inc., 99.5%) in the 

presence of 1.0 w/w% sodium dodecyl sulfate (SDS) 

(Kishida Reagents Chemical Co. Ltd., 99%) at room 

temperature for 1 hour followed by centrifugation at 104 g. 

The cream fraction was redispersed in 1.0 w/w% SDS 

solution and it was centrifuged, again. Then, the cream 

fraction was washed twice with 0.5 and 0.1 w/w% SDS 

solution, respectively. The resulting DPNR latex was kept 

in the dark at room temperature [9] . 

 

2.2  Preparation of fresh peracetic acid 

The fresh peracetic acid, was prepared by reaction 

of 30 g acetic anhydride (Nacalai Tesque Inc., 93%) at 0 °C 

for 30 min and drop 90 g hydrogen peroxide (Nacalai 

Tesque Inc., 30%) at 0°C in the glass vessel. The reaction 

time was then studied by varying a stir time at 40 °C for 0, 

1, 2 and 3.5 h, respectively. The concentration of fresh 

peracetic acid was determined by solution-state 13C NMR 

spectroscopy [7]. 

 

2.3 Preparation of epoxidized natural rubber (EDPNR) 

latex 

 Epoxidized DPNR was prepared in latex stage. The 

DPNR latex was diluted to 10 w/w% DRC with distilled 

water and pH was adjusted to 7 with acetic acid (Nacalai 

Tesque Inc., 99%). Epoxidation of DPNR latex (1.0 w/w% 

SDS) was carried out at 5-10 °C for 1-6 hour with fresh 

peracetic acid.  After epoxidation, pH of the latex was 

adjusted to 7 with ammonium hydroxide (Nacalai Tesque 

Inc., 28%). The EDPNR latex washed by centrifugation at 

104 g. Cream fraction of the EDPNR latex was recovered 

and it was redispersed into 1.0 w/w% SDS solution. The 

resulting EDPNR latex was subjected to latex-state 

particle size measurement and 13C NMR measurement. 

Schematic representation of the experimental procedure is 

shown in Fig. 1 [7],[10] 

 

2.4 Characterization  

 The particle size distribution of the rubber latex was 

analyzed by the COULTER LS230. The particles sizes, 

ranging between 0.04 and 2000 mm were recorded.  

Latex-state NMR measurement were carried out using a 

JEOL ECA-400 FT-NMR spectroscopy (Tokyo, Japan), 

operating at 100.40 MHz for 13C. The EDPNR latex with 

deuterium dioxide (D2O) was used for the measurements 

without further treatment. 13C NMR measurements were 

carried out at the pulse repetition time of 5 s. 

 

 

Fig. 1 Schematic representation for experimental 

procedure for EDPNR 

 

3. Results and Discussion 

The fresh peracetic acid, was prepared by 

reaction of acetic anhydride and hydrogen peroxide at 

40°C for 0, 1, 2 and 3.5 h., respectively. The concentration 

of fresh peracetic acid was determined by solution-state 
13C NMR spectroscopy. A typical 13C NMR spectrum for 

peracrtic acid was shown in Fig 2. The signals appeared at 

16.9, 17.8, 21.3, 170.0, 173.6 and 177.6 ppm, which were 

assigned to methyl carbon of remaining acetic anhydride, 

• Centrifugation 

• Redispersion 

• Adjusting pH to 7 by CH3COOH 

• Stirring at 5-10 °C for 1-6 hr 

• Adjusting pH to 7 by NH4OH 

DPNR latex 
(30% DRC, 0.1 w/w% SDS) 
 

DPNR latex 
(10% DRC, 1.0 w/w% SDS) 

EDPNR 

Purified EDPNR latex 
( 1.0 w/w% SDS) 

 

Distillted water 
SDS  solution (1.0 w/w%) 

Fresh peracetic acid 
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methyl carbon of peracetic acid, methyl carbon of acetic 

acid, quaternary carbon of acetic anhydride, quaternary 

carbon of peracetic acid and quaternary carbon of acetic 

acid, respectively. The peracetic acid content (Cperacetic acid) 

was estimated from intensity ratio of the signals at 16.9, 

17.8 and 21.3 ppm [7] as in the following equation 1.  

  

        Cperacetic acid       =
3.218.179.16

8.17

III
I

++
×100             (1) 

 

Where I is the intensity of the signal and subscript 

represents chemical shift (ppm). The estimated values of 

concentration fresh peracetic acid was tabulated in the 

Table 1. From table 1, we performed in-situ reaction by 

constant a mole ratio of acetic anhydride and hydrogen 

peroxide at 2.7 for all sample. A concentration of the 

estimated peracetic acid content was plotted against 

reaction time as shown in Fig.3. It shows that the 

concentration of freshly prepared peracetic acid remain 

constant with the increasing reaction time determined by 

latex-state 13C NMR spectroscopy. Then, the highest 

concentration of peracetic acid was applied to epoxidation 

reaction in DPNR latex. 

 

 

 

 

 

 

 
Fig. 2 Typical 13C NMR spectra for fresh acetic acid 

 

 

Fig. 3 A plot of concentration of fresh peracetic acid 

 

Table 1 Estimated values of concentration content of fresh peracetic acid 

Sample Reaction time 

(h) 

Acetic anhydride 

(mole) 

Hydrogen peroxide 

(mole) 

HCOOH/H2O2 

(mole) 

Cperacetic acid 

(% v/v) 

PAC1 0 0.3 0.8 2.7 27 

PAC2 1 0.3 0.8 2.7 34 

PAC3 2 0.3 0.8 2.7 34 

PAC4 3.5 0.3 0.8 2.7 32 

 

The epoxidation of DPNR latex with freshly 

prepared peracetic acid at Cperacetic acid 34 %v/v was carried 

out at 0, 0.5, 1.0, 1.5, 2.0, 3.0 and 6.0 hours, respectively.   

The resulting EDPNR latex was subjected to latex-state 

particle size measurement. A typical curve of particle size 

distribution for EDPNR with various reaction time was 

shown in Fig 4. The diameter of particle size for EDPNR 

at Cperacetic acid 34 %v/v were tabulated in Table 2. It was 

found that the average mean diameter of EDPNR was 

higher than DPNR latex at the same pH of 7 for all sample. 
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The average mean diameter of EDPNR was found to be 

increased as epoxidation time increased.  The particle size 

was seemed to be constant at 3 to 6 hours after epoxidation. 

To clarify the effect of particle size on epoxidation, it is 

necessary to measure epoxy group content in EDPNR in 

latex state through 13C NMR spectroscopy. 

 

Fig. 4 A typical curve of particle size distribution for 
EDPNR with various reaction time. 
 

Table 2. The diameter of particle size for EDPNR at  
Cperacetic acid 34 %v/v. 

 

The epoxidation of DPNR latex with freshly 

prepared peracetic acid with various concentration was 

performed at 3.0 and 6.0 hours reaction time. A typical of 

a latex-state 13C NMR spectra for EDPNR were shows in 

Fig. 5. Five major signal appeared at 23.3, 26.5, 32.3, 

125.1 and 135.0 ppm, which were assigned to five carbon 

atoms of cis-1,4-isoprene units, according to pervious 

work [8]. The latex-state 13C NMR measurements were 

applied for EDPNR latexes to determine their epoxy group 

content. The epoxy group content of EDPNR (Xepoxy) was 

estimated from the intensity ratio of the signals [a], as in 

the following equation 2 and was given in Table 3 

 

          Xepoxy = 100
1.1250.64

0.64 ×
+ II

I
                           (2) 

 

Where I is intensity of the signals and subscript numbers 

represent chemical shift (ppm). The signals at 64.0 and 

125.1 ppm [a] were assigned to methane carbon of 

epoxidized isoprene units and that of the cis-1,4- isoprene 

units, respectively. 

 
Fig. 5 A typical of latex-state 13C NMR spectra for 

EDPNR. 

 

The peracetic acid content, Cperacetic acid, epoxidation 

time, epoxy group content, Xepoxy, and diameter of particle 

size for EDPNR were tabulated in Table 3. At 3 hours of 

epoxidation time, the estimated values of epoxy group 

content for EDPNR increased with increasing 

concentration of peracetic acid. This resulting in increased 

in diameter of rubber particle. It was found that the average 

diameter of particle size of EDPNR was vary from 0.9209 

to 1.1043 µm, no different in particle size was observed. A 

correlation of epoxy group content and peracetic acid 

content at different epoxidation time was plotted in Fig.6. 

The epoxidation level increased with increasing peracetic 

acid content only for 3 h, in contrast it was a bit lower as 

reaction time increased to 6 h. It is suggested that 

epoxidation levels were not affected by the percentage of 

acid added during the reaction but affected by reaction 

time. 
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0.5h
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Sample Epoxidation 

time 

 (h) 

Mean diameter of 

particle size  

(µm) 

DPNR 0.0 0.83 

EDPNR0.5h 

EDPNR1.0h 

EDPNR1.5h 

EDPNR2.0h 

EDPNR3.0h 

EDPNR6.0h 

0.5 0.84 

1.0 0.86 

1.5 0.92 

2.0 0.95 

3.0 1.03 

6.0 1.03 
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Table 3. The Cperacetic acid, epoxidation time, Xepoxy, and 

diameter of particle size for EDPNR. 

 

 

Fig. 6 A plot of epoxy group content at reaction time     (a) 

3 h and (b) 6 h for latex-state epoxidation of DPNR. 

 

4. Conclusion 

Analysis of latex epoxidation reaction was 

performed to determine the peracetic acid content and 

epoxy group content of EDPNR through latex-state 13C 

NMR spectroscopy. The chemical shift values of signals 

of latex-state 13C NMR spectrum for peracetic acid and 

EDPNR were revealed. The estimated values of the epoxy 

group content determined by latex-state 13C NMR 

spectroscopy were depend on amount of peracetic acid. 

From 13C NMR spectrum, it was found that a moderate 

reaction conditions of 0.5 to 6 hours can avoid the ring-

opening reactions but the longer preparation time required 

is not favorable. The analysis of the latex epoxidation in 

latex-state 13C NMR spectroscopy was found to be 

applicable technique to determine a primary structure of 

epoxidized DPNR.  
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Abstract 

Graphene oxide(GO) is a material which contains many stacking layers of carbon network decorated by oxygen 

containing functional groups. It is a highly efficient sorbent for cation removal. However, GO disperses very well in water 

making it difficult to be separated and disposed of after the water treatment process. In this study, GO was successfully 

immobilized in the PLLA nanofiber using electrospinning. The composite fibers were characterized using SEM, FTIR, 

and TGA to analyze their morphology and properties. Thermogravimetric analysis showed that up to 10% w/w of GO 

can be dispersed into the composite fiber. According to SEM images and FTIR spectra, there is no appearance of GO 

sheet on the surface of this composite and that GO sheets are probably dispersed inside the cylindrical structure of the 

PLLA fiber. The GO-PLLA fiber was then tested for Cs cation removal.  The adsorption of Cs onto this composite was 

revealed to be pH dependent with the highest sorption capacity at pH 9. The adsorption isotherm of this sorbent is well 

fitted with the Langmuir model with the maximum sorption capacity of about 82 mg Cs/g GO.  

 
Keywords:  Electrospinning; Poly l-lactic acid; Graphene oxide; Nanofiber; Cs adsorption 
 
1. Introduction 

 Owing to the development of nuclear power plant 

facility in electricity generation, the radioactive element 

such as cesium may release to the environment during the 

operating process or explosion of nuclear weapons, and 

accidents involving nuclear power plants [1]. However, 

cesium is very high soluble which makes it difficult to 

remove from water [2].   

Graphene oxide is a layered-structure material 

derived from graphite; it is known to be highly efficient 

sorbent for cation removal because there are many oxygen 

functional groups in its structure [3]. These oxygenated 

species make graphene oxide an interesting material for 

use in heavy metals removal such as Pb(II), Ni(II), Cd(II), 

Zn(II), Cr(II) [4], and radionuclides sorption such as Sr(II), 

Cs(I) and U(VI) [1, 5]. However, a large amount of oxygen 

containing groups on the basal plane and at the edges of 

GO leading to GO being highly dispersible in water, and  

 

as a result, causing a problem in GO separation from water 

after the sorption process.  

Poly l-lactic acid (PLLA) is the biodegradable 

polymers, which is commonly used in the biomedical and 

environmental friendly areas [6]. This material is known 

to be hydrophobic with the water contact angle of about 

138.2 degrees [7] 

In this study, the composite made from PLLA and 

GO was prepared in order to immobilize GO onto the 

fibers before the cation removal process. The aim of the 

experiment was to investigate the fabrication of 

electrospun PLLA/GO composite nanofibers, and to test 

for its potential application in Cs adsorption. 
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2. Experiment 

2.1 Preparation of graphene oxide (GO) 

 Graphite oxide was prepared from natural graphite 

powder by the Hummers method. First, 69 mL of 

concentrated H2SO4 was added to a mixture of 3 g of 

graphite powder and 1.5 g of NaNO3. The mixture was 

cooled to below 20°C in an ice bath then stirring for 60 

minutes, 9 g of KMnO4 was added slowly to the mixture. 

The mixture was warmed to 35 °C under vigorous stirring 

for 30 minutes. Then, 138 mL of deionized water was 

added slowly producing heat while the temperature rises to 

about 98°C. Subsequently, 420 mL of deionized water and 

50 mL of H2O2 were added to the mixture. The GO 

obtained were separated from the solution by 

centrifugation and washed with the concentrated HCl 

(35.4% w/w) to remove any Mn residuals and finally with 

deionized water. The obtained gel-like GOs were dried 

under vacuum at 40 °C for 48 hours. 

 

2.2 Preparation of PLLA/GO blends via an 

Electrospinning process. 

The PLLA polymer solution was prepared by 

dissolved 0.384 g PLLA in 3 ml chloroform and stirred it 

for overnight. Graphene oxide 0.038g was dissolved in 

2.10 ml Dimethyl sulfoxide (DMSO) and then mixing it 

together. The end of mixing was added 1.38 ml acetone 

that used as a volatile solvent for electrospinning. The 

polymer solution is subsequently processed by 

electrospinning. 

  The polymer solution was placed in a 3-ml syringe 

and the pumped system was employed with the feeder flow 

rate of 2 ml per hour. The high voltage was applied in the 

range of 15-16 kV. The collector was covered by 

aluminum foils at a 15-cm distance. The electrospinning 

process was carried out at room temperature. The 

PLLA/GO ratio after spinning in this blend fiber will later 

be analyzed by thermogravimetric analysis. In addition, 

pure PLLA fiber without GO was also prepared under the 

same solvents and electrospinning conditions for 

comparison. 

 

2.4 Characterization   

Morphology of the fibers was analyzed by scanning 

electron microscope, the accelerating voltage of 2 kV and 

the magnification from 1000-15000. Fourier-Transform 

Infrared (FTIR) spectroscopy was employed to examine 

chemical structure and interactions of the GO and the 

blended fiber.  The spectra were recorded on a Nicolet IS5 

spectrometer at a resolution of 2 cm-1 and 64 scans. 

Thermogravimetric Analysis technique was use to analyze 

the amount of PLLA and GO in the sorbent.  The 

concentrations of various cations before and after sorption 

were measured using Inductively-Coupled Plasma (ICP) 

Spectroscopy. 

 

3. Results & Discussion  

3.1 Scanning electron microscope (SEM) 

 The morphological structure of the electrospun 

PLLA and PLLA/GO fibers is shown in Fig. 1 at a 

magnification of 1000. The pure PLLA shows smoother 

surface morphology, and the shape of fibers are flat. (b) 

The PLLA/GO blends fibers exhibit a large amount of 

surface roughness and wrinkle structure, and the shape of 

fibers are round.  

 Fig.2. shows SEM images of pure PLLA and 

PLLA/GO at higher magnification of 15000, with (a) and 

(b) are PLLA/GO, there is no appearance of GO sheet on 

the surface of this composite, which indicates that GO 

sheets are probably dispersed inside the cylindrical 

structure of the PLLA fiber. (C) The pure PLLA fiber, 

however, show a lot of porosities on the surface. 

 

 

(a) 
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Fig.1. SEM images accelerating voltage at 2 kV and 

magnification at 1000 of (a) PLLA fiber (b) PLLA/GO 

blends. 

 

 

 

 

 

 

 

 

Fig.2. SEM images of (a) PLLA/GO blends (b) Close-up 
of (a), and (c) PLLA fiber. 
 
 
3.2 Fourier Transform Infrared (FTIR)   

 Graphene oxide, PLLA fiber and PLLA/GO blends 

have been characterized using FTIR spectroscopy as 

shown in Fig.3. A very broad band at (3100-3400 cm-1) 

corresponds to the hydroxyl O-H stretching. The peak at 

(1718 cm-1) corresponds to the C=O vibration of the 

carboxyl functional groups. The band at 1620 cm-1 is 

believed to be the contribution from the C=O stretching 

and –OH bending vibration of water molecules trapped in 

the GO. At approximately (1230 cm-1) is the peak of C-O 

epoxide group. At (1035 cm-1) correspond to the C=O 

bonding of etheric rings. 

 FTIR spectra of PLLA and PLLA/GO blend fiber, 

it is no appearance of GO peak on the surface of this 

composite. The spectra of PLLA/GO blend fiber are quite 

similar to the peak of PLLA fiber alone. The C=O 

stretching mode of PLLA is located at 1750 cm-1. Other 

characteristic modes are observed at 1212, 1183, 1130 and 

1080, 1044 cm-1, corresponding to the vsCOC, vasCOC, 

rCH3, vsCOC and vsC-CH3 modes, respectively.  

 

 
 

Fig.3. FTIR spectra of GO (green line), (blue line) PLLA, 

(read line) PLLA/GO 

 

3.3 Thermogravimetric analysis (TGA) 

 Thermogravimetric analysis technique has been 

used to determine the ratio of PLLA and GO containing in 

the composite.  

 Fig.4. (a) and (b) represent the TGA curves of 

PLLA and PLLA/GO, respectively. There is only one 

stage of weight loss observed from PLLA curve, occurs at 

360℃, reveals that PLLA is totally decomposed at this 

temperature. On the other hand, PLLA/GO shows that 

there are 2 stages of weight loss: the first stage is around 

90℃ which is belonged to the trapped water molecules of 

GO that evaporate out, the second stage is around 366℃, 

So the weight remaining after 366℃ can be considered as 

GO.  The ratio between PLLA and GO calculated from 

TGA is 10:1. 

The results show that, starting from 10%w/w in the 

solution before spinning, PLLA/GO fibers can maintain 

similar ratio in the obtained fiber. 
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Fig.4. TGA curves of (a) PLLA (b) PLLA/GO (10:1) 

 

3.4 Batch adsorption experiment 

3.4.1 Effect of pH 

To determine the effect of pH on sorption process 

of Cs onto PLLA/GO fiber, this sorbent was investigated 

over a pH range of 3-9. The adsorption process of cesium 

onto the composite fiber was carried out under room 

temperature with incubation time 1 hrs, Cs concentration 

is 1 mM and sorbent amount is 10 mg/mL for all samples. 

ICP–OES machine was used to measure the concentrations 

of Cs before and after sorption. 

Fig.5. shows that the sorption of Cs onto PLAA/GO 

10:1 is a pH-dependent process, with the highest capacity 

at pH 9, whereas PLLA fiber does not show any change 

along with pH. Furthermore, PLLA/GO 10:1 exhibit better 

performance than PLLA fiber over a wide range of pH, 

with sorption capacity varied from 9 – 25 mg/g from pH 3 

to pH9, while PLLA obtained only 1 mg/g for all samples. 

 

 
Fig.5. Adsorption performance of the composite fiber 

(with and without GO) as a function of pH 

 

3.4.2 Effect of contact time 

This batch experiment using PLLA/GO fiber, Cs 

concentration is 1 mM and sorbent amount is 10 mg/mL 

then adjust all of them to pH 9 and incubate in solution 

with contact time 10 minutes to 3 hours. Fig.6 show the 

change of Cs concentration as a function of contact time, 

which reveals that the adsorption process can reach 

equilibrium within 1 hour. The sorption capacity increases 

continuously from 10 minutes to 1 hour after starting 

shaking and then become stable. The length of contact time 

with only 1 hour to obtain highest capacity can be 

considered as fast sorption process, whereas the work by 

Deming Li shows that magnetic graphene oxide adsorbs 

Cs within 6 hours [1] and the work by Jiseon Jang shows 

that magnetic prussian blue nanocomposites can reach 

equilibriums within 4 hours[8]. 

 
Fig.6. Cesium removal capacity as a function of contact 

time. 
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3.4.3 Adsorption isotherm 

To determine the adsorption capacity of Cesium onto 

the composite fiber, Cs solution at various concentrations 

ranged from 10-2000 mg/l were prepared; and the amount 

of sorbent PLLA/GO (10:1) was applied in this batch 

experiment is 10 mg/ml for each sample. 

The adsorption isotherm is the plot between the 

equilibrium Cs concentration into the solution (Ce) and the 

amount of Cs that has been adsorbed on the sorbent (Qe). 

Fig.7. shows the adsorption isotherm which is plotted 

using Langmuir model [9] as calculated following the 

equation below. 

 
In this equation, Qmax is the highest adsorption 

capacity of this composite fiber (PLLA/GO 10:1) sorbent 

and k refer to the affinity constant for Cs of the sorbent. 

Fitting the equation to the experimental data, the result 

shows that Qmax of our composite PLLA/GO nanofiber is 

about 82 mg/g and k is 0.0060, with the correlation 

coefficient R2 about 0.9837. The adsorption isotherm of 

this sorbent fits quite well using Langmuir model. 

 

 

Fig.7. Adsorption isotherm of Cs onto the electrospun 

PLLA/GO (10:1) nanofiber. 

 

The value of about 82.2 mg/g obtained for Qmax is 

quite high, compare with some Cs sorbents in literature 

showed in Table 1 below. 

 

Table 1. Maximum Cs adsorption capacity for some of the 

Cs adsorbents reported in the literature 

Adsorbents Qmax (mg/g) References 

PLLA/GO composites 82.2 This study 

Prussian blue-coated 

magnetic nanoparticles 

96.0 Thammawong 

et al. (2013) 

[10] 

Magnetic graphene 

oxides 

15.1 X. Wang and J. 

Yu (2015) [11] 

PB/Fe3O4/GO caged in 

calcium alginate 

microbeads 

43.5 Yang et al. 

(2014) [12] 

Graphene oxides 

nanosheets 

40.0 Tan et al. 

(2016) [13] 

 

4. Conclusions 

Graphene oxide was successfully immobilized in 

the PLLA nanofiber using electrospinning. According to 

SEM images and FTIR spectra, there is no appearance of 

the GO sheets on the surface of this composite and the GO 

may be inside the cylindrical structure of the PLLA fiber. 

TGA has been used to calculate the ratio of PLLA and GO 

containing in the composite, which found to be 10:1 of 

PLLA: GO. The adsorption of Cs onto this composite was 

revealed to be a pH-dependent process, with the highest 

sorption capacity at pH 9 is about 25 mg/g, and took about 

1 hour to reach equilibrium. The adsorption isotherm of 

this sorbent is fitted well with Langmuir model with the 

maximum sorption capacity of about 82 mg Cs/g GO.  
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Abstract 

This study focused on synthesizing natural rubber-based toughening agents for PLA by grafting PLA with natural 

rubber (NR) grade STR5L. The grafting of PLA onto NR was investigated by using 2 approaches, where the 1st and the 

2nd approaches were carried out by blending NR with PLA and L-lactide, respectively, and using MA as a linker. It was 

found that all natural rubber-based toughening agents synthesized in this work could provide higher impact strength than 

neat NR. For the 1st approach, it was found that 6 phr of MA could provide the highest impact strength to PLA. For the 

2nd approach, the impact strength of the blend was lower than that using the first approach. Nevertheless, in the presence 

of a coupling agent, the 2nd approach out-performed all other toughening agents.

 
Keywords:  Natuaral rubber (NR), Poly(lactic acid) (PLA), PLA-grafted NR (PLA-g-NR), Reactive Melt-Blending 

 

1. Introduction 

   Poly(lactic acid) (PLA) is one of the biodegradable 

polymers which is derived from agricultural resources 

such as corn, cassava, and sugar cane. It is desirable to use 

PLA as eco-friendly containers like dishes, cups, CD 

boxes and food packages. The advantages of PLA are its 

transparency and gloss. On the other hand, the brittleness 

and low impact strength of PLA make it not suitable for 

high impact applications [1]. Several approaches have 

been used to improve the toughness of PLA such as by 

blending with other polymers [2-8]. One of the well-

known polymers to be used with PLA is natural rubber 

(NR) because NR is a rather inexpensive biopolymer 

which possesses high elasticity, high tensile strength, high 

tear resistance and high abrasion resistance. However, NR 

is incompatible with PLA leading to phase instability and 

agglomeration of NR domains [9]. Consequently, 

alternative functional materials were investigated to 

reduce surface tension between PLA and NR including the 

use of compatibilizers, grafted PLA or grafted NR with 

various functional groups. The NR grafted with different  

 

functional materials include co-compatibilizer of 

epoxidized NR (ENR)/poly(methyl methacrylate) 

(PMMA) [10], NR grafted with MA (NR-g-MA) [11], NR 

grafted with vinyl acetate (NR-g-VA) [12], and NR grafted 

with methyl methacrylate (NR-g-MMA) [13].The grafted 

PLA with different functional materials includes 

glycolyzed PLA (GPLA) [14] and PLA-g-MA [15-18]. 

However, PLA-g-MA was not suitable for PLA/NR 

system because PLA-g-MA may cause higher polarity 

difference between PLA and NR [13].  

The grafting of PLA with NR (PLA-g-NR) is thought 

to be the most effective compatibilizer for PLA and NR 

due to the structural similarity to the matrix and the 

disperse phases. However, the difference in 

polymerization mechanism between PLA and NR makes 

direct grafting of PLA with NR difficult. In the past, there 

were very few reports on grafting of PLA with NR 

including synthesizing PLA-g-NR in solution state  [19]. 

This technique used a lot of chemicals and took a long time. 

Another work reported on synthesizing PLA-g-NR by 
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using MA as a linker and compounding by melt-blending 

technique [20]. This technique use less chemicals and took 

shorter time than the solution technique. They found that 

the optimum MA content that provided the highest impact 

strength to the PLA/NR blend was 2%. 

Therefore, in this research, we aims to investigate the 

grafting of PLA with NR also by reactive melt blending 

using 2 different approaches and the grafted products will 

be tested for the improvement in the impact strength of 

PLA. 

        

2. Experimental 

 
2.1 Materials 

Poly(lactic acid) (PLA) grade 4043D having the 

density of 1.24 g/cm3 and the melt flow index of 6.0 g/10 

minutes was manufactured by NatureWorks LLC. 

Standard Thai Rubber grade STR5L was purchased from 

Microseen Co., Ltd. Maleic anhydride (MA) was supplied 

by TTK science Co., Ltd. L-lactide with the purity of 

99.5% was synthesized at the Faculty of Science, Chiang 

Mai University. The coupling agent used in this work is 

undisclosed due to a pending patent. PLA, STR5L, and L-

lactide were dried at 60 ºC overnight in an oven before use. 

  
2.2 Preparation of NR-based toughening agents 

In this work, NR-based toughening agents were 

prepared by reactive melt-blending using 2 different 

approaches. One is by grafting PLA with NR and using 

MA as a linker. This type of toughening agents were 

denoted as PLA-g-NR(MAx), where x is the amount of 

MA in phr used in the formulation. Another type of 

toughening agents investigated here was by grafting of L-

lactide with NR using MA as a linker.  

2.2.1 Approach 1: Grafting of PLA with NR by 

using MA as a linker 

Here, PLA, MA, and NR were blended in a 

Brabender Plasti-corder® 350E for 12 minutes at 160 ºC 

and rotor speed of 60 rpm. The ratio of PLA to NR was 

fixed at 1:2 by weight and the amount of MA was varied 

from 4, 6, 8, and 10 phr. The grafting reaction was initiated 

by shearing and heating without the use of chemical 

initiator. The amount of MA investigated in this work 

follows several papers on grafting of NR with MA [21, 

22]. Those papers indicated that NR-g-MA could be 

successfully formed between the double bond of MA and 

the double bond or allylic carbon of NR. There were also 

several papers indicating the potential of grafting PLA 

with MA by the ring opening reaction [23, 24, 25], which 

occurred at a different reaction site of MA molecule. 

Therefore, it is possible that the MA grafted onto NR chain 

could further react with PLA in the same way. The 

proposed grafting structure is illustrated in fig.1. The 

verification of the proposed structure is yet to be 

determined. 

 
Fig.1 The proposed grafting structure of PLA-g-NR using 

MA as a linker 

The PLA-g-NR(MA)s were then used as impact 

modifiers in PLA by blending a PLA-g-NR(MAx) with 

PLA in the internal mixer as described in section 2.3. 

 

2.2.2 Approach 2: Grafting of L-lactide with NR by 

using MA as a linker 

For this approach, the toughening agent was 

prepared by grafting L-lactide with NR and using MA as a 

linker. The sample was prepared by blending NR, MA, and 

L-lactide together in the internal mixer for 12 minutes at 

135 ºC and rotor speed of 60 rpm. The amount of MA was 

fixed at 6 phr, and the amount of L-lactide was fixed at 10 

phr. This blend was denoted as LA-g-NR. The sample was 

then used as toughening agent in PLA, as described in 

section 2.3.  

 

 

 

PLA 

MA 

NR 
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Table 1 Formulation of NR-based toughening agents used 

in this study  

 
Toughening agents 

Composition  
NR 

(wt%) 
  MA 
 (phr) 

PLA 
(wt%) 

L-lactide 
   (phr) 

PLA-g-NR(MA4) 100 4 50 - 
PLA-g-NR(MA6) 100 6 50 - 
PLA-g-NR(MA8) 100 8 50 - 
PLA-g-NR(MA10) 100 10 50 - 
LA-g-NR 100 6 - 10 

 

2.3 Preparation of PLA/NR compounds 

The PLA/NR compounds were prepared by 

blending PLA with toughening agents (NR or modified 

NR in section 2.2) as shown in table 2. All samples were 

done in the internal mixer at 160 ºC and 60 rpm for 12 

minutes. The total amount of PLA and NR were controlled 

to be the same in all blends. The weight ratio of PLA:NR 

in each batch was fixed at 90:10.  

 

Table 2 Formulation of PLA/NR compounds used in this 

study 

Compounds Composition (wt%) 
PLA NR toughening agent 

PLA 100 - - 
PLA/NR 90 10 - 
PLA/TA1* 85 - 15 
PLA/TA2* 88 - 12 

*TA1 are the toughening agents produced by the 1st approach, which are 
PLA-g-NR(MA4), PLA-g-NR(MA6), PLA-g-NR(MA8), and PLA-g-
NR(MA10). 
*TA2 is the toughening agent produced by the 2nd approach, which is LA-
g-NR. 

 
        Some compounds in table 2 were selected for 

investigating the effect of a coupling agent by preparing 

the samples the same way as before, except that 3 phr of 

the coupling agent were also added into the formulation. 

The samples with coupling agents are denoted as (CA) at 

the end of the compound names.  

All blend samples were prepared for impact 

resistance tests by compression molding at 190 ºC and 

cooling to room temperature. 

 

2.4 Blend characterization 

The impact resistance test was done in accordance 

to ASTM D256. The samples were tested with 2.7 J 

pendulum energy at 25 ºC. 

Scanning electron microscope (SEM) was used to 

study the dispersion of NR particles in PLA matrices. All 

selected samples were broken in liquid nitrogen and were 

then coated with gold before testing.  

 

3. Results and Discussion 

 

3.1 The effects of MA content in the toughening agents 

produced by approach 1. 

From fig.2, it was found that the impact strength of 

neat PLA was lower than the blends using NR or PLA-g-

NR(MAx) as toughening agents. When varying the 

amount of MA in PLA-g-NR(MAx), it was found that the 

impact strength of the blend increased with MA content up 

to  the optimum at 6 phr (PLA-g-NR(MA6)) with the 

impact strength of 171 ± 13 J/m. At higher MA contents (8 

and 10 phr), the impact strength were lower, and, at 10 phr 

of MA, the strength was even lower than the 

uncompatibilized PLA/NR. This is consistent with another 

work in our research group that PLA blended with NR-g-

MA provided lower impact strength when using MA 

content higher than 5% [26]. The low impact strength at 

higher MA content may be caused by the poor 

compatibility of the excess free MA with the PLA matrix 

as many papers found that the higher MA content led to 

lower %grafting of MA onto NR molecules. [22, 26, 27].  

 

Fig.2 The impact strengths of PLA blended with 

toughening agents 
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3.2 The effect of L-lactide in the toughening agent 

produced by the approach 2. 

When using L-lactide-grafted NR as toughening 

agent, the blend manifested undesirable impact strength 

compared to the simple PLA/NR blend, as shown in fig.2. 

The reason for low impact strength is yet to be determined. 

However, it was suspicious that lactide might not be 

successfully grafted onto NR and might cause stronger 

polarity difference between the PLA phase and NR phase. 

  

3.3 The effects of coupling agent 

Fig. 3 indicated that the coupling agent could 

improve the impact strength of all PLA/NR blends except 

for the sample PLA-g-NR(MA6) indicating no synergistic 

effect between the toughening agent produced by the 1st 

approach and the coupling agent. Surprisingly, dramatic 

improvement was observed when using the toughening 

agent produced from L-lactide and NR by the 2nd approach 

(LA-g-NR), where the impact strength was improved from 

130 ± 9 to 247 ± 18 J/m. The reason for this significant 

improvement is to be characterized in the near future.  

 

Fig.3 The impact strengths of PLA blended with 

toughening agents and the presence of coupling agent  

 

3.4 Fractured Surface Analysis  

The SEM micrographs of fracture surfaces of the 

blends were shown in fig.4. The micrographs of the blends 

indicated the presence of dispersion rubber particles in 

PLA matrices. As can be seen, the rubber domain size of 

the blend sample using LA-g-NR as a toughening agent 

(PLA/LA-g-NR) was larger than that of the simple 

untreated PLA/NR blend, as shown in fig.4(b). This 

indicated poorer compatibility of the rubber domain and 

the PLA matrix. The large rubber domain size is also 

consistent to the poorer impact strength of PLA/LA-g-NR 

than that of PLA/NR.        
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(d) 

Fig.4 SEM Micrographs of the blends: (a) PLA/NR, (b) 

PLA/LA-g-NR, (c) PLA/NR(CA), (d) PLA/LA-g-NR (CA) 

 

 Obviously, the evidence from the SEM 

micrographs indicated that the presence of coupling agent 

could provide better phase compatibility, smaller rubber 

particle sizes, and better dispersion of rubber particles in 

all PLA/NR compounds. The most significant rubber size 

reduction occurred in PLA/LA-g-NR(CA), where the 

SEM micrograph indicated that the presence of the 

coupling agent provided the smallest rubber particle size 

and improved phase compatibility between PLA and NR. 

This could explain why the presence of coupling agent 

could dramatically increase the impact strength of 

PLA/LA-g-NR(CA).  

 

Conclusion 

This study focused on synthesizing toughening 

agents for PLA based on natural rubber and PLA by melt-

blending technique. Two approaches in producing the 

toughening agents were investigated. The first approach is 

by blending NR with PLA by using MA as a linker. The 

second approach is by blending NR with L-lactide in the 

presence of MA.  It was found that, without coupling 

agent, the toughening agents produced by the first 

approach provided higher impact strength to the PLA/NR 

blends than that produced by the second approach, where 

the optimum amount of MA in the first approach was 6 

phr. Nevertheless, with the presence of the coupling agent, 

the second approach significantly out-performed the first 

approach by provided the highest impact strength of 247 ± 

18 J/m. This high impact strength was consistent with the 

good rubber dispersion and distribution, good phase 

compatibility, and the smallest average rubber domain size 

of 1.16 ± 0.41 µm.  
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Abstract 

 The effect of waste ground coffee (WGC) as a bio-filler on LDPE/WGC composite film using PE-g-MA as a 

compatilizer agent was investigated. LDPE was blended with 10, 15, and 20 %wt of WCG by twin-screw extruder and 

were blown into film via blown film extrusion. Polymer composite film was further investigated by FT-IR, revealed O-

H group of WGC influenced to water absorption and biodegradation in LDPE/WGC composite. The tensile strength, 

elongation at break and Young’s modulus of LDPE/WGC composite film were declined as increasing WGC. Moreover, 

SEM images were supported to results of fracture and degradation as decreasing mechanical properties.   

 

Keywords:  Waste ground coffee (WGC), Polymer composite, Biodegradation, Water absorption, Mechanical properties 

 

1. Introduction 

 The effective utilization of waste ground coffee 

(WGC) as bio-filler is enhanced to society for added value 

and waste reduction reasons [1]. The consumption of 

WGC all over the world is very high volume. In Thailand, 

the growth rate of WGC consumption during the year 2014 

to 2015 is 1.82 million tons in industries. WGC is a by-

product of the coffee beverage in café, bistro, restaurants 

and beverage industry. WGC has included organic and 

inorganic component, such as fitronutrient, vitamins, 

proteins, carbohydrate and fatty acid [2]. The properties of 

WGC have been popularly studied for various purposes by 

many researchers and currently used in the field of 

antioxidant [3] and polymer [7].    

 There are no research related to polyolefins  

with WGC. However PLA and starch are studied. 

Development of composite film using bio-filler has been 

applied in the field of degradable filler and blended films 

containing bio-filler are potential packaging materials in 

the agriculture and packaging industries [4]. The blending 

of biodegradable bio-filler such as WGC, carrageenan,  

 

 

 

chitosan, gelatin and starch with polyolefin or  

bio-polymer, has received considerable attention.  

Beside, upon disposal, all bio-fillers are completely 

degraded by micro-organisms (bacteria and fungi), photo-

degradation as energy sources and hydrolytic way in 

various environments such as soil, UV light, sea and 

sewage. This photo-degradation has no effect to 

environment and also reduced the global warming [5, 7]. 

The selection of bio-filler and polymer matrix must be 

considered about compatibility [6, 7]. Moreover, the 

polymer composite in WGC could be degraded. LDPE was 

not degraded but its structure was collapsed during 

degrading WGC.  

 The objective of this research was emphasized  

on mechanical properties of LDPE and WGC  

composite with PE-g-MA as a compatilizer. The amount 

of PE-g-MA is varied to percent of WGC. It could not be 

forming composite film if there was no compatilizer. 

However, the amount of compatilizer added into WGC 

was the optimum value to form composite film. This 

research decreased the used amount of LDPE and 

enhanced the WGC to add value.  

 

mailto:kwosomsa@gmail.com
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2. Materials and Methods  

2.1 Materials  

  Waste ground coffee (WGC) were used as a  

bio-filler from Khao Shong Industry Co.,LTD Bangkok, 

Thailand. Low density polyethylene (LDPE) was 

LD2426K blown film grade, supplied by PTT Chemical, 

Thailand. Linear low-density polyethylene grafted maleic 

anhydride (PE-g-MA grade 18341) used as compatilizer 

agent was supplied by Polymer Asia Technology 

Producing & Trading (PATPT, Thailand). Ethanol 

(C2H6O) grade with its purity 95% from Carlo Erba 

Reagents, France and deionized water (DI) from  

SCI-KMITL Laboratory, Thailand was used for washing 

and removing dirt such as soil, sand and fatty acid. 

Glycerol was obtained from Sigma-Aldrich, Germany 

used as a plasticizer in internal mixer and blown film 

processing.    
 

2.2 Preparation of waste ground coffee (WGC) 

 1,000 g of WGC were washed by deionized water 

to scrub, remove dirt and remove fatty acid by ethanol and 

then dried in an oven at 60 0C for 15 hr. WGC was finely 

ground using grinder via ball-milling at 100 rpm for 24 hr. 

The powders were sieved using a stainless steel sieve with 

an aperture size 400 mesh to obtain micron-sized (37 μm 

in diameter) powders. The powders were finally packed 

into a polyethylene bag for further internal mixer. 

 

2.3 Blending preparation and blown film process 

 WGC, LDPE, PE-g-MA and glycerol were pre-

mixed in internal mixer (MX500-D75L90, Chareon, 

Thailand) as shown in Table 1. The used temperature was 

120 0C with rotor speed of 50 rpm and running time of  

5 min. 

Table 1 Samples and formulations. 

 Blend          %WGC          %LDPE     %PE-g-MA  
 LDPE  0  100  0 
 F1  10  90  5.5 
 F2  15  85  6 
 F3  20  80  6.5 

∗ The amount of PE-g-MA was varied to percent of 

WGC for forming film composite. 

  

The polymer composite was further processed to 

single-screw extruder blown-film extrusion with 25 mm 

diameter, L/D ratio of 22 and annular die of 50 mm (LF-

250, Lab Tech Engineering Company LTD, Thailand). 

Temperature zones of barrel and die were maintained  

at 110 0C, 120 0C, 130 0C and 140 0C, respectively.  

The screw speed was set to 40 rpm, take up and take down 

speed were set to 3.0 and 3.2 m/min, respectively.   

2.4 FT-IR spectroscopy     

 FT-IR spectral in transmission mode of the WGC 

particles and film composite were recorded on a 

spectrometer (Perkin Elmer, USA) with a resolution of  

4 cm-1 in a spectral range of 4000-400 cm-1 using 6 scans 

per sample.  

 

2.5 Scanning electron microscopy 

 A scanning electron microscope (SEM) (JEOL, 

USA) was used to investigate the surface morphologies of 

WGC and cross-section morphologies of film composite 

(before and after the soil burial test). Samples were coated 

with a thin layer of gold. The image of the samples were 

magnified and digitally recorded. An accelerated voltage 

of 10 kV was used as the operation condition.  

 

2.6 Biodegradation by soil burial test    

 The soil biodegradation was tested for three 

months. According to the method described by  

Di Franco, Cyras, Busalmen, Ruseckaite and Vazquezw 

[5] in a plastic boxes (80 cm x 15 cm x 10 cm) containing 

soils and film samples were cut (2 cm x 8 cm) at room 

temperature (27-33 oC) and soil humidity was maintained 

at 30-40% by sprinkling of water. Weight loss (WL) 

during soil burial was measured according to Chin-Sa Wu 

[7]. The mass of each sample was weighed before and after 

degradation and weight loss of each film sample was 

obtained using the following equation: 

 WL(%) = (M1-M2)/M1 x 100  (1) 

where M1 is the pre-degraded dry weight of the film 

composite and M2 is dry weight of the sample after 

degradation. 
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2.7 Water absorption 

 Water absorption test was carried out according to 

ASTM D570. The preparation film was dried at 60 0C for 

1 hour and then soaked in distilled water. The amount of 

water absorbed by a sample was daily determined for  

30 days. The percentage of water absorption was 

calculated as followed: 

 Water absorption = (W2-W1)/W1 x 100 (2)   

where W2 and W1 were the wet weight and the dried 

weight of film composite, respectively.  

 

2.8 Mechanical test 

 The mechanical properties were measured using  

a universal testing machine (LR 5K, LLYOD 

INSTRUMENT LTD, England) at room temperature  

(25 0C). A mechanical measurement of each dumbbell-

shaped was conducted according to the ASTM D-638 

standard. The control condition systems were at load cell 

of 100 N with a cross head speed of 50 mm/min. Finally, 

the average and standard deviations of the tensile strength, 

elongation at break and Young’s modulus were studied for 

each formulation of film composite.  
 

 

3. Results and Discussion  

3.1 Characterization of WGC 

  

 
 

Figure 1. SEM images of WGC with different 

magnifications (a) 100x (b) 1000x and (c) particles size of 

WGC (d) particle size distribution of WGC by linear 

intercept method 

  

     Fig. 1 (a) shows the structure of WGC and indicated 

that it had a roughness and irregular shapes with a deep 

pore. As Fig. 1 (b), the particles had irregular shapes. Fig. 

1 (c) shows the particles size of WGC. Fig.1 (d) shows the 

particle size about 20-80 µm of WGC by linear intercept 

method [9]. 

 

     Fig. 2 shows the IR spectral of the most significant 

in WGC powders occurred in region from 1650 cm-1 to 

1540 cm-1 (peak I), which is specific for proteins 

molecules [8]. A characteristic NH2 band for cellulose has 

been observed at 1633 cm-1 (peak I).  The NH2 group may 

be associated with NH stretching at 3436 cm-1 (peak II), 

[8]. The stretching pattern near 1550 cm-1 (peak I) was also 

suggested the presence of the enzyme carboxyl group [8]. 

The C-O stretching at 1050 cm-1 (peak III), dominated 

primary alcohol for cellulose in WGC [8]. These 

absorption bands may be associated to cellulose and 

proteins, indicating its presence in WGC components [8]. 

 
 Figure 2. FT-IR spectra of WGC  

 

 Thermal degradation of WGC powder was studied 

by thermogravimetric analysis (TGA). The evolution of 

the weight loss from 25 ◦C to 900 ◦C of WGC powders 

shows in Fig. 3. The degradation process took place in 

three different stages. The first step occurs at relative low 

temperatures with a very small weight loss around  

30-110 ◦C which was due to the degradation of the humility 

and organic component of the WGC [2].  

The organic component was close to 4.46 wt%. as 

calculated by a step analysis in the TG curve. The second 

degradation step occurred at high temperatures and 

http://www.heliyon.com/article/e00146/#bib0025
http://www.heliyon.com/article/e00146/#bib0145


161 

 
corresponded to the thermal decomposition of lipid and 

fibre started at about 110 ◦C with a maximum 

decomposition of 400 ◦C [2]. The weight loss in this second 

degradation step was close to 64.47 wt%.  

The third degradation step occurred at higher temperature 

with a weight loss around 400-580 ◦C which was due to the 

degradation of all fibre [2]. The weight loss in this third 

degradation step was close to 29.39 wt%.The degradation 

of WGC led to approximately 98.32 wt% of lipid, fibre and 

a 4.46 wt% of organic component.   

  

 

Figure 3. TGA curve of degradation process of WGC 

 

3.2 Characterization of WGC/LDPE composite film 

 The surface morphologies of composites film with 

different PE-g-MA compatilizer shows in Fig. 4. (a-c) 

demonstrated that the WGC were dispersed into the 

polymer matrix. The WGC/LDPE composites film 

indicated the roughness surface for each formula because 

WGC pulled out from surface. 

 
Figure 4. The surfaces SEM images of WGC/LDPE 

composite film with different ratios of PE-g-MA as 

compatible agent (a) F1, (b) F2 and (c) F3. 

 

 The cross-sectional SEM images of WGC/LDPE 

with different PE-g-MA shows in Fig.5. These composite 

films was revealed to a lower adhesion and agglomeration 

of WGC in LDPE matrix leading to lower WGC 

mechanical properties. 

 
Figure 5. The cross-section SEM images of WGC/LDPE 

composite film with different ratios of PE-g-MA as 

compatible agent (a) F1, (b) F2 and (c) F3. 

 

3.3 Mechanical properties testing 

 The tensile strength, elongation at break and 

Young’s modulus of WGC/LDPE composite films were 

shown in Table 2. Tensile strength and elongation at break 

of WGC/LDPE blends decreased with increasing WGC 

content. The decreasing mechanical properties were due to 

weaker interfacial adhesion between WGC and LDPE 

matrix leading to lower elongation at break. The tensile 

strength of 10%, 15%, and 20% of WGC was also 

decreased as compare to pure LDPE. The bio-filler WGC 

content, was indicated a non-reinforcing filler. For 

Young’s modulus values were also decreased when WGC 

was increased because Young’s modulus was closely 

related to the rigid domains of the material. The lowery to 

mechanical properties was also supported by the SEM 

images Fig. 4 (a-c) and Fig. 5 (a-c).     

 

Table 2 Mechanical properties of composite films before 

soil burial test. 
Blend Tensile 

strength  

(MPa) 

MD 

Elongation  

at break  

(%) 

MD 

Young’s 

Modulus 

(MPa) 

MD 

LDPE 

F1 

11.47+0.13 

4.62+0.31 

433.49+10.38 

142.78+6.69 

20.83+0.43 

23.88+5.27 

F2 4.22+0.54 75.65+5.43 51.11+8.71 

F3 4.07+0.25 28.66+2.76 79.24+6.98 
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Blend Tensile 

strength  

(MPa) 

TD 

Elongation  

at break  

(%) 

TD 

Young’s 

Modulus 

(MPa) 

TD 

LDPE 

F1 

7.25+0.14 

4.02+0.11 

342.15+9.90 

126.55+5.12 

19.27+0.65 

22.54+6.62 

F2 3.21+0.27 43.19+8.83 46.33+9.38 

F3 2.45+0.87 17.44+6.87 63.22+4.64 

MD = Machine direction      

TD =  Transverse direction  
 

3.4 Water absorption 

 The percentage of water absorption with different 

WGC/LDPE composite films after water immersion 

carried out at the room temperature was presented in Table 

3. It was found that all composite films showed the 

increasing percentage water absorption when immersed in 

water after 30 days. This was mainly due to the absorption 

of cellulose in WGC component of the composite films 

[7]. The percentage water absorption  

of all WGC/LDPE composite films measured after 30 days 

was found to be approximately 1.90+0.52% (F1), 

4.03+0.83% (F2) and 5.54+0.58% (F3) respectively.       

 

Table 3 Percentage water absorption 

Blend Water absorption (%) 

LDPE 

F1 

No absorption 

1.90+0.52 

F2 4.03+0.83 

F3 5.54+0.58 

 

3.5 Biodegradation by soil burial test 

 Biodegradation test was conducted using soil burial 

test. Different WGC/LDPE composites were buried under 

soil surface for 12 weeks; then the tensile test was carried 

out and characterized surface morphologies of composite 

film by SEM. The biodegradation was indicated to 

decrease of the tensile strength, elongation at break and 

Young’s modulus (Table 4) because the WGC component 

was degraded by microorganism existed such as fungi and 

bacteria in soil. This was also because the composite 

absorbed water from the soil. The occurrence of fungi in 

various part of the composite was enhanced to decreasing 

to mechanical properties. The results were suggested that 

the addition of the WGC into the polymer matrix could 

accelerate the biodegradation of composite film. As 

supported by the SEM analysis (Fig. 6.), cavities and crack 

were initiated shown up during the 12 weeks of 

microorganism activities. 

 

Table 4 Mechanical properties of composite films after 

soil burial test. 

Blend Tensile 

strength  

(MPa) 

MD 

Elongation  

at break 

(%) 

MD 

Young’s 

Modulus 

(MPa) 

MD 

LDPE 

F1 

11.10+0.21 

4.35+0.73 

433.17+16.21 

128.27+8.77 

19.13+.28 

17.75+4.23 

F2 3.92+0.96 40.32+9.98 43.44+5.56 

F3 3.02+0.54 14.25+2.24 65.77+4.76 

 

Blend Tensile 

strength  

(MPa) 

TD 

Elongation  

at break  

(%) 

TD 

Young’s 

Modulus 

(MPa) 

TD 

LDPE 

F1 

7.14.+0.22 

2.89+0.27 

339.15+14.78 

101.45+2.22 

19.98+0.36 

14.20+1.26 

F2 1.44+0.18 35.28+7.49 37.25+8.55 

F3 0.98+0.49 9.63+5.31 58.76+3.72 

 

 For the SEM images of composite film after soil 

burial test exposure shows in Fig. 6. (a-c). The surface of 

those films which contain high WGC were more damaged 

than composite film containing low WGC. These 

composites film was dominated some cavities from 

degradation of WGC shows large interconnected holes. 

These results proved that degradation efficiency of high 

content of WGC was much better than low content of 

WGC. This result was corresponding to weight loss as 

shown in Table 5.  
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Figure 6. The SEM images after soil burial test of 

WGC/LDPE composite film with difference ratio of  

PE-g-MA as compatible agent (a) F1, (b) F2 and (c) F3. 

 

 The weight loss measurement of composite film 

was carried out to study their biodegradation by soil burial 

test. The weight loss of difference samples compared to 

before and after soil burial test was shown  

in Table 5. 

 

Table 5 The weight loss of difference samples compare 

with before and after soil burial test. 

Avg = Average 
 After soil burial test, the noticeable degradation rate 

of WGC was revealed a maximum degradation (24.98% 

by weight) at composite film containing 20% WGC (F3) 

in 12 weeks. The higher of WGC content, the more 

biodegradation of WGC in LDPE. 
 

4. Conclusion 

 The polymer composite between LDPE and WGC 

with PE-g-MA as a compatilizer was revealed a good 

degradation evidence. This was shown by a burial test, the 

more WGC content in the matrix LDPE, the better the 

degradation could be performed. The water absorption was 

also a physical properties for enhancing the degradation 

ability. However the mechanical properties were sacrificed 

for better degradation. The tensile strength and elongation 

at break were decreased as WGC increment. This was 

opposite to Young’s modulus.     
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Abstract 

Effect of viscosity ratio (ηc/ηs) of core polymer to shell polymer on patterning and extrudate swell in the extrusion 

process was studied. Two sets of three different melt index polystyrene and polypropylene samples thus each with three 

viscosity ratios were used. Low and high steady shear flow measurements were performed. For both PS and PP samples, 

the core size be larger and the magnitude of extrudate swell become bigger with high deviation of viscosity ratio from 1 

and at high shear flow. In addition, the extrudate swell in the extruded core-shell polymer is comparable to its neat shell 

polymer.   

 
Keywords:  viscosity ratio, extruded core-shell patterning, extrudate swell   

 

1. Introduction 

   Extrusion process is one of the most highly used 

processing technique in polymer products. Polymer rods, 

pipes, sheets, films, profiles are typically produced with 

extrusion. In many applications, patterns on extruded 

products like core-shell (co-layer) or multilayer patterns  are 

needed. Viscosity of each layer plays an important role in 

governing the patterns. The lower viscosity polymer tends 

to migrate to the high shear stress at the die wall and 

encapsulate the higher viscosity polymer during flow side-

by-side in a circular die1. Polymer melts exhibit Newtonian 

behavior (constant viscosity) at low shear flow and non-

Newtonian behavior at high shear.  

Upon exiting the extrusion die, polymer melts 

generally swell (extrudate swell). Many studies have been 

done to correlate the extrudate swell with molecular 

characteristics and extrusion conditions. It is believed that 

this extrudate swell is due to elastic characteristic of the 

polymer2. The polymer chains are highly deformed under 

flow and tend to relax when released.  

Here the effect of viscosity ratio of core to shell 

polymers on the core-shell patterns and extrudate swell 

under shear flow was investigated. Amorphous polystyrene 

and semicrystalline polypropylene samples were used in 

the study. Core and shell polymers are the same type of 

polymer with different melt indices. To be clearly observed, 

the core polymer was mixed with colorants. Neat polymers 

under shear flow were also examined as for comparison.  

 

2. Experimental methods 

 
2.1 Materials 

Three polystyrene samples with melt indices of 2, 

3 and 10 g/10 min (at 2.16 kg and 200°C) and three 

polypropylene samples with melt indices of 2, 11 and 20 

g/10 min (at 2.16 kg and 230°C) were used. The samples 

were designated as PSx or PPx where x is its melt index. 

As explained later, for PS samples, PS3 was mixed with 



166 

 
colorants and chosen to be core material with three shell 

PS samples. Low shear rate at 10 and high at 100 (1/s) were 

selected for PS.  For PP samples, PP2, PP11 and PP20 were 

mixed with colorants and chosen to be core materials with 

fixed shell PP2 sample. Low shear rate at 5 (approaching 

Newtonian region) and high at 100 (1/s) were selected for 

PP.   

2.2 Shear flow measurements 

Steady shear flow was performed using Gottfert 

RG20 rheometer equipped with an in-house slit die of 

1x10x10 (LxWxH) mm3. Shear stress at wall (τw ) , shear 

rate at wall (γ̇w) and viscosity (ηw) are determined as 

follows 

 τw =  L∆P
2H

  

γ̇w = 6Q
WL2

  

 ηw = τw
γ̇w

 

where ∆P  is pressure drop and Q is volumetric flow rate. 

Figure 1 shows the sample loading in the reservoir. 

Colored samples (as labelled A and B) were placed in layers 

(for PS) or only a pellet (for PP). Measurements were done 

at 200°C for PS and 190°C for PP.  

 
Figure 1 Sample loading in the reservoir of the rheometer 

 

3. Results and Discussion 

3.1 Flow behavior of polymer melts 

Flow curves of PS and PP melts under steady shear 

are presented in Figure 2. All PS samples show only shear-

thinning behavior in the shear rate range studied. 

Newtonian behavior is observed in PP11 and PP20 at low 

shear rates.  Due to their low viscosities leading to sagging, 

PP11 and PP20 samples were limited to extrude as shell 

polymer. Shear rates of 5 or 10 and 100 (1/s) were chosen  

for further study. Viscosity ratios of core to shell of each 

pair are listed in Table 1.   

 

 

Figure 2 Flow curves of PS samples (upper) and PP 

samples (lower) 

Table 1 Viscosity of polymers at 5 or 10 and 100 (1/s) and 

viscosity ratio (ηc/ηs) of core to shell polymers 

Polymer η@5,10(1/s) 

(Pa.s) 
η@100(1/s) 

(Pa.s) 
ηc/ηs 

@5,10(1/s) 
ηc/ηs 

@100(1/s 
PS2 7,990 2,240 - - 
PS3 7,720 1,400 - - 
PS10 4,988 1,020 - - 

PS3/PS2 - - 0.97 0.63 

PS3/PS3 - - 1.0 1.0 

PS3/PS11 - - 1.55 1.37 
PP2 6,800 1,170 - - 
PP11 1,610 553 - - 
PP20 1,120 405 - - 

PP2/PP2 - - 1.0 1.0 

PP11/PP2 - - 0.24 0.47 

PP20/PP2 - - 0.16 0.35 
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3.2 Core-Shell Pattern 

 Figure 3 depicts the photographs of extruded core-

shell polystyrenes as obtained at 10 and 100 (1/s). At these 

rates, all PS samples are in the shear-thinning region. The 

flow front is more-or-less like V-shape as the velocity is 

maximum in the middle of the slit. Core size became wider 

as melt flowing along the die. It was noticed that the core 

(colored) never reached the die wall. There was always the 

presence of shell polymer at wall. The ratio of core size to 

extrudate (wc/we) was determined and summarized in Table 

2. As seen, the wc/we at high shear rate is larger than that at 

low rate. With high viscosity core (PS3), the wc/we was 

relatively the same for any shell PS polymer. Unlike high 

viscosity core (as in PS samples), with high viscosity shell 

(PP2), the wc/we became larger with lower viscosity core. 

These agree with the migration of the low viscosity 

polymer to the high shear stress area1.  

 
(a)                                                      

 
(b) 

Figure 3  Photographs of extruded core-shell PS3/PS2, 

PS3/PS3 and PS3/PS11  (from left to right) at shear rates of 

(a) 10 (1/s) and (b) 100 (1/s). 

Table 2 The size ratio of core to extrudate (wc/we)  

Core-shell polymer wc/we 

 

 @5,10(1/s) @100(1/s) 

PS3/PS2 0.75 0.80 

PS3/PS3 0.76 0.80 

PS3/PS11 0.76 0.84 

PP2/PP2 0.20 0.27 

PP11/PP2 0.32 0.40 

PP20/PP2 0.50 0.47 

 

3.3 Extrudate Swell 

 The extrudate swell was determined as BW along 

the width and BL along the length of the slit surface. The 

BW is the ratio of extrudate width to slit width BW = We/W. 

BL is the ratio of extrudate surface length to slit surface 

length BL = Le/L.  Figure 4 and Figure 5 show the extrudate 

swell of PS and PP samples. Due to their low viscosities, 

sagging, not the extrudate swell, is dominant in PP11 and 

PP20. As clearly seen, magnitude of extrudate swell 

increases then levels off at high shear rate. In addition, 

higher viscosity PS (higher molecular weight) show larger 

extrudate swell than lower viscosity one.  For any samples, 

the BL is much larger than BW. This can be explained by 

the higher velocity gradient in L direction than in W 

direction. 

Figure 6 and 7 present the extrudate swell of the 

core-shell PS and PP samples at 5 (or 10) and 100 (1/s). 

Similarly, the magnitude of extrudate swell of core-shell 

polymer is larger at higher shear rate. The BL is much larger 

than BW. Compared to their neat counterparts, these core-

shell polymers show relatively the same magnitude of 

extrudate swell at the same rate. This results suggest that 

the extrudate swell be mainly governed by the shell 

polymer. 
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Figure 4 Extrudate swell as a function of shear rates of PS 

samples (a) BW and (b) BL. 

 

 

Figure 5 Extrudate swell as a function of shear rates of 

PP2 sample (a) BW and (b) BL. 

 

 

Figure 6 Extrudate swell of core-shell PS samples (a) BW 

and (b) BL at 10 and 100 (1/s). 

 

 

Figure 7 Extrudate swell of core-shell PP samples (a) BW 

and (b) BL at 10 and 100 (1/s). 

      

4. Conclusion 

    Effect of viscosity ratio of polystyrene and 

polypropylene samples was studied on the patterning and 

extrudate swell of core-shell polymers.  It was found that 

the larger the difference in viscosity of core and shell 
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polymer the larger the core size using high viscosity shell. 

For high viscosity core, changing the viscosity of the shell 

does not seem to affect the core size. The extrudate swell 

become larger with high viscosity polymer and shear rate. 

Also, the extrudate swell in core-shell polymer is 

comparable to its neat shell counterparts. 
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Abstract 

This research studied the effect of ethylene vinyl acetate copolymer (EVA) on mechanical properties of bottles 

produced from high density polyethylene (HDPE) mixed with calcium carbonate (CaCO3). The CaCO3 content was fixed 

at 30% by weight. The 70% by weight of the compounds was the HDPE/EVA blend. The HDPE/EVA blends were 

prepared in various weight ratios of 100/0, 95/5, 90/10, 85/15 and 80/20. All compounds were mixed in an internal mixer 

at 190ºC and the compounds were formed into a bottle shape by an extrusion blow molding machine. The SEM results 

revealed that dispersion of CaCO3 in the compounds was improved when adding EVA. This indicated that better 

compatibility between CaCO3 and polymers was achieved because EVA structure contains both polar and non-polar parts. 

Due to the softness and flexibility of EVA, the tensile strength at yield and Young’s modulus of the HDPE/EVA/CaCO3 

bottle specimens were decreased with increasing EVA loading. On the other hand, the elongation at yield and the drop 

impact resistance of bottle specimens were increased.  

 
Keyword: Calcium carbonate, Ethylene vinyl acetate copolymer, Extrusion blow molding, High density polyethylene 

 

1.Introduction 

Polymer toughened with rigid micro-particles is 

one of the ideas for polymer modification. There are many 

factors, such as matrix toughness, particle size, interface 

adhesion, which greatly affect the toughening efficiency. 

It is widely believed that matrix yielding is necessary for 

polymer toughening. However, the role of interfacial area 

has not been elucidated clearly for toughening with rigid 

particles. High density polyethylene (HDPE) is a semi-

crystalline polyolefin which is one of the mostly used 

thermoplastic materials as commodity plastics due to its 

low price, balanced properties, and easy processability 

[1]. However, because of its low toughness, weather 

resistance, and environmental stress cracking resistance, 

its application in many technologically important areas 

are limited. Although polymers have high fracture 

toughness, they suffer from the drawback of having low 

stiffness. On the other hand, the stiffness of a polymer can 

be enhanced substantially by incorporating rigid micro-

particles [2-3]. However, the toughness of the material 

usually decreases. CaCO3 is one of the most widely used 

minerals in polyolefin composite industry because of its 

low cost and abundance, and moreover, it is available 

globally in a variety of particle sizes (from macro to 

nano), shapes, and purities [4]. The impact strength of 

toughened HDPE/CaCO3 composites depended not only on 

surface-to-surface inter particle distance, but also on the 

diameter of CaCO3 particles [5]. 

In this research, HDPE acts as polymer matrix and 

CaCO3 acts as the filler. The CaCO3 loading was fixed at 

30% by weight. Usually, with high filler loading, CaCO3      

(a polar filler) gives poor dispersion in HDPE (a non-polar 
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polymer) because of their low compatibility. Therefore, 

ethylene vinyl acetate copolymer (EVA), a polymer 

containing both polar and non-polar parts, was 

incorporated to address the issue. Better compatibility 

would enhance impact properties of HDPE/CaCO3 

composites. Additionally, an extrusion blow molding is 

one of the most popular applications for HDPE. The 

HDPE/CaCO3 composites in this work were used to 

prepare plastic bottles. Then the bottle properties were 

investigated via morphological and mechanical 

properties.  

 

2. Materials and Methods 

 

2.1 Materials 

High density polyethylene (HDPE), H6430BM 

grade (density = 0.966 g/cm3, MFI (190ºC/2.16 kg) = 0.4 

g/10min) was received from SCG Chemicals Co., Ltd. 

Ethylene vinyl acetate copolymer (EVA), UL00728 CC 

grade (density = 0.952 g/cm3, MFI (190ºC/2.16 kg) = 7.0 

g/10 min, vinyl acetate content = 27.5 wt%) was a product 

of Exxon Mobil Chemical Company, Inc. Calcium 

carbonate (CaCO3), Omyacrab 2 grade (density = 2.7 

g/cm3, mean particles size = 2.67 µm) was supplied by 

Surintomya Chemicals (Thailand) Co., Ltd. Xylene, a 

commercial grade, was used for EVA extraction. 

 

2.2 Preparation of HDPE/EVA/CaCO3 bottles 

CaCO3 was oven-dried overnight at 120ºC to 

remove any trace of moisture. EVA and CaCO3 were 

mixed by an internal mixer at 160ºC with a rotor speed of 

100 rpm for 10 minutes to make a weight ratio of 

EVA:CaCO3 at 1:1. After that the mixture were mixed 

with HDPE using an internal mixer at 190ºC with a rotor 

speed of 100 rpm for 10 minutes. The compound formulas 

are shown in Table 1. Then all compounds were formed 

to be bottles by an extrusion blow molding machine 

operated at a temperature profile of 170, 180, 190ºC from 

the feed zone to the die at a fixed screw speed of 24 rpm. 

The bottle is cylindrical and its dimensions are 7.4 cm 

high and 4.2 cm diameter with a volume of 106 cm3. 

 

Table 1. Compound formulas of HDPE/EVA/CaCO3  

Formula 
Weight ratio 

HDPE EVA CaCO3 

H100E0Ca30 70 - 30 

H95E5Ca30 66.5 3.5 30 

H90E10Ca30 63 7 30 

H85E15Ca30 59.5 10.5 30 

H80E20Ca30 56 14 30 
Remark: H is HDPE, E is EVA and Ca is CaCO3  

  

2.3 Bottle characterization and testing 

The phase morphology of HDPE/EVA/CaCO3 

specimens was evaluated by scanning electron 

microscope (SEM, JEOL 5410LV). The specimens were 

fractured in liquid nitrogen. To determine CaCO3 

dispersion in the samples, the cross-sectional area of 

fracture specimen was observed. To assess EVA 

dispersion in the samples, the fractured specimen was 

sonicated at 60ºC in xylene for 3 hours to extract EVA 

phase. After that the extracted specimen was dried in an 

oven at 60ºC for 48 hours. All specimens were sputter 

coated with a thin layer of gold under vacuum before 

examination. 

Tensile properties of the specimens were 

performed according to the ASTM D638 on dumbbell-

shaped specimen using a universal testing machine (Lloyd 

Instrument; LR5K). The tensile properties including 

tensile strength at yield, %elongation at yield and Young’s 

modulus (in both vertical direction (VD) and hoop (HD) 

direction) are reported. The tensile testing conditions were 

a 2 kN load cell and a 50mm/min test speed. 

Drop impact resistance were performed according 

to the ASTM D2463 on bottle-shaped dropping at least 20 

bottle samples from various heights of building and 

reported the average data. A mean failure height 

calculated from the test data following equation (1):  

ℎ =  ℎ𝑜𝑜 + 𝑑𝑑[(𝐴𝐴/𝑁𝑁) ± 1/2]          (1) 

where h is the mean failure height, d is the increment in 

height of drop, N is the number of failures or non-failures 

whichever is lesser, h o is the lower height at which any 



172 

 
one of N occurs and A is the Σ𝑖𝑖=0𝑖𝑖−𝑘𝑘 ini where ho, h1, h2, etc., 

are the heights in progressive order of magnitude in the 

range of heights where N occurs, i is the subscript of h, 

and n is the number of failures or non-failures, whichever 

is pertinent at the level of i. The negative sign is used in 

the parentheses to calculate h when N refers to failures and 

the positive sign when N is the number of non-failures [6]. 

 

3. Results and Discussion  

 

3.1 Morphological results of bottles 

The CaCO3 dispersion in the samples can be 

evaluated using Figure 1. Some agglomerations of CaCO3 

particles are found in H100E0Ca30 sample.  

Figure 1. SEM micrographs (1000×) of cryogenically 

fractured surface of HDPE/EVA/CaCO3 bottles.  

 

This is caused by the tendency of CaCO3 

particles to agglomerate when mixing with a non-polar 

polymer [7]. The addition of EVA containing both polar 

and non-polar parts could reduce CaCO3 agglomeration 

because the agglomeration could break down to smaller 

size and CaCO3 particles could embed within the 

polymers. A higher EVA content seems to give better 

CaCO3 dispersion.  

The EVA dispersion in the samples can be assessed 

in Figure 2. The pores in this figure represent EVA which 

was extracted. EVA is well dispersed in HDPE matrix 

because EVA has a non-polar backbone similar to HDPE. 

Most pores of EVA phase in H90E10Ca30 are spherical 

while those in H80E20Ca30 are more cylindrical due to 

higher EVA loadings.  

Figure 2. SEM micrographs (3500×) of cryogenically 

fractured surface of HDPE/EVA/CaCO3 bottles after EVA 

extraction. 

 

It is also found that less CaCO3 particles can be 

seen when EVA is removed. In addition, all of the 

particles left in the samples are located in the pores, in 

which EVA is previously retained. This indicates a good 

compatibility between CaCO3 and EVA due to dipole-
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dipole interaction, leading to an improved dispersion of 

the polar CaCO3 in the HDPE/EVA/CaCO3 samples, as 

similarly seen elsewhere [8]. 

From results of phase observation, it is concluded 

that the EVA plays a significant role in the dispersion of 

CaCO3 particles in the composites by creating interfacial 

adhesion, it is well known that both the filler dispersion 

and the interfacial interaction between filler and polymer 

compounds are key factors for the enhancement of 

mechanical properties [9].  

3.3 Tensile results of bottles 

Figure 3 shows tensile properties of 

HDPE/EVA/CaCO3. It was found that the tensile 

properties in hoop (HD) and vertical directions (VD) of 

HDPE/EVA/CaCO3 are similar. This may be because the 

produced bottle is a cylindrical shape with a small size 

(106 cm3). The molecular orientation induced during the 

process in both directions may not be significantly 

different.  

Figure 3. Tensile properties of HDPE/EVA/CaCO3. 

The tensile strength and elongation at yield of 

H100E0Ca30 are lower than those of HDPE. This is 

because CaCO3 is a polar filler whereas HDPE is a non-

polar polymer, therefore, there is no strong interaction 

between these two phases. Consequently, the weak 

interface was occurred and CaCO3 particles could be 

easily pulled out from HDPE.  

As observed from Figures 1 and 2, a good 

compatibility between CaCO3 and EVA could improve 

dispersion of the polar CaCO3 in the HDPE/EVA/CaCO3 

samples. This results in an increase in elongation at yield 

when EVA is incorporated in the samples. However, EVA 

is softer and more flexible as compared with HDPE, the 

tensile strength at yield and Young’s modulus of 

HDPE/EVA/CaCO3 are decreased with increasing EVA 

loading.  

3.4 Drop impact resistance results of bottles 

Figure 4 shows drop impact resistance of 

HDPE/EVA/CaCO3 bottles. The drop impact resistance of 

H100E0Ca30 is lower than that of HDPE because CaCO3 

particles are rigid and act as stress concentrator and so the 

impact force could not be easily absorbed. In addition, the 

low compatibility between CaCO3 and HDPE results in 

interfacial voids in the samples and so the impact energy 

could not be readily transferred.  

Figure 4. Drop impact resistance of HDPE/EVA/CaCO3 

bottles. 

 

As mentioned in morphological results, better 

compatibility between CaCO3 and polymer is improved 

when EVA is presented. In addition, the softness and 

flexibility of EVA leads to an increase in drop impact 

resistance of HDPE/EVA/CaCO3 because of better impact 

force transfer and greater absorbed energy.  
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4. Conclusion 

From the morphological, it was found that good 

compatibility between CaCO3 and EVA, due to dipole-

dipole interaction, was achieved and this leads to an 

improved dispersion of the polar CaCO3 in the 

HDPE/EVA/CaCO3 samples. In addition, due to the 

softness and flexibility of EVA, the tensile strength at 

yield and Young’s modulus of the HDPE/EVA/CaCO3 

bottle specimens were reduced with increasing EVA 

loading. On the other hand, the elongation at yield and the 

drop impact resistance of bottle specimens were 

enhanced.  
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Abstract 

Linear low density polyethylene (LLDPE)/polystyrene-ethylene-butylene-styrene copolymer (SEBS) blend films 

were prepared to improve ethylene gas permeation in packaging films. The factors affecting ethylene gas permeation of 

blend films studied were LLDPE/SEBS blend ratios (80/20 and 70/30) and styrene contents in SEBS (13% in SEBS 

G1657 M and 30% in SEBS G1650 E and SEBS G1652 E). Polymer blends were compounded by an internal mixer and 

thereafter films were shaped by a compression molding machine. From DSC, it was found that SEBS did not affect the 

crystallinity of LLDPE in the films. SEM micrographs illustrated a well dispersion of SEBS in LLDPE. The morphology 

of dispersed SEBS G1657 M in the films was in spherical and cylindrical forms while other SEBS grades showed spherical 

form in the LLDPE/SEBS blends at the 80/20 ratio. The higher SEBS contents gave morphological change from spherical 

to cylindrical form. LLDPE blended with SEBS G1657 M (low styrene content) facilitated a greater ethylene transmission 

rate (ETR). From mechanical studies, tensile strength of LLDPE/SEBS blends was higher than that of LLDPE. The higher 

SEBS contents resulted in an increment of tensile strength whereas Young’s modulus was decreased. These values of the 

films were the lowest when using SEBS G1657 M due to the least styrene content. In this research, it was found that 

LL70S30G57 film had the greatest ethylene gas permeation together with acceptable tensile strength. Therefore, the 

developed films should be potentially used for packaging application.

 
Keywords:  LLDPE, SEBS, Polymer Blend, Ethylene Gas Permeation 

 

1. Introduction 

   Ethylene gas is plant growth hormone that is 

effective in minute level (ppb to ppm) and is produced 

during the respiration of climacteric fruits and vegetables. 

So it can cause major problem in handling of the fresh 

climacteric fruits and vegetables. Therefore, the modified 

packaging for high ethylene gas permeation is greatly 

essential for slowing down ripening and senescence of 

fresh produces [1-2]. Although linear low density 

polyethylene (LLDPE) is one of the most popular 

polymers for flexible packaging film due to its good 

mechanical properties, low processing temperature and 

very flexible, it exhibits low ethylene permeability due to 

a semi-crystalline structure. 

Thus, it is not proper to be packaging for extending 

shelf-life of fresh fruits and vegetables. To solve this 

problem, styrene-(ethylene-butylene)-styrene block 

copolymer (SEBS) was introduced in this work to be a 

dispersed phase in LLDPE matrix. This is because SEBS 

is amorphous and its ethylene-butylene structure is flexible 

to enhance ethylene gas permeability of the blend films, as 

previously reported [3]. In this study, the LLDPE/SEBS 

blend ratios were varied from 100/0, 80/20 and 70/30 by 
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weight. The effect of styrene contents in SEBS on ethylene 

gas permeability and mechanical properties of the 

LLDPE/SEBS blend films was investigated.   

 

2. Materials and Methods 

 

2.1 Materials 

 LLDPE, DOW™ Butene 1220G1 film grade 

(density = 0.919 g/cm3, MFI (190ºC/2.16 kg) = 2 g/10min), 

was obtained from Dow Chemical Thailand Ltd. Three 

commercial grades of SEBS, which are the products of 

Kraton Performance Polymers, Inc., are listed in Table 1. 

Tetrahydrofuran (THF) solvent was used for SEBS 

extraction. 

 

Table 1. Property data of SEBS grades used 

Property Kraton® 
G1650 E 

Kraton® 
G1652 E 

Kraton® 
G1657 M 

MFI (230ºC/5 
kg) (g/10 min) 

<1 6.0 22.0 

Styrene content 
(%) 

30 30 13 

Density (g/cm3) 0.910 0.910 0.900 
 

2.2 Film Preparation 

 The melt blends of LLDPE/SEBS were carried out 

using an internal mixer at 190ºC with a 60 rpm rotor speed 

for 10 min. After grinding the compounds, the film 

samples were prepared via a compression molding process 

at 200ºC to obtain about 50-60 µm thick samples. The film 

formulas are given in Table 2. 

 

Table 2. Formula of LLDPE/SEBS films in weight ratios 

Formula LLDPE 
SEBS 

G1650 
E 

G1652 
E 

G1657 
M 

LLDPE 100    

LL80S20G50 80 20   

LL70S30G50 70 30   

LL80S20G52 80  20  

LL70S30G52 70  30  

LL80S20G57 80   20 

LL70S30G57 70   30 

2.3 Morphological Study 

 Scanning Electron Microscope (SEM, model JSM 

5410LV, Jeol) was employed to study the film 

morphology. The film samples were soaked in liquid 

nitrogen and were cryogenically cracked. Subsequently, 

the fractured surface was etched by THF for 6 h to 

selectively extract the SEBS phase for observing SEBS 

dispersion. The etched samples were dried in a vacuum 

oven at 40°C for 24 h. All the samples were coated with 

gold prior to examination. 

 

2.4 Thermal Study 

 The crystalline melting temperature (Tm) and the 

crystallinity of the LLDPE in the films were measured 

using Differential Scanning Calorimeter (DSC, model 

DSC7, PerkinElmer). The samples were scanned from 25 

to 160°C with a heating rate of 10°C/min in a nitrogen 

atmosphere. The crystallinity of LLDPE was calculated 

using melting enthalpy of sample according to the 

following equation. 

%Crystallinity = ∆H
∆Hm ∙ X

 x 100       (1) 

Where ∆H is the enthalpy of the melting, ∆Hm is the 

enthalpy of 100% crystalline form of PE (293 J/g) [4] and 

X is the weight fraction of LLDPE in the sample. 

 

2.5 Tensile Test 

 Tensile measurement of the film samples was 

determined according to ASTM D882 using a universal 

testing machine (Lloyd Instrument; LR5K) with a load cell 

of 100 N. Values of tensile strength, elongation at break 

and Young’s modulus were calculated from the test with a 

crosshead speed of 100 mm/min. The rectangular samples 

(80x10 mm2) with a gauge length of 25 mm were tested 

and six trials were measured per each blend film and the 

mean values were reported. 

 

2.6 Ethylene Gas Permeation Test 

 A home-made glass tube with a volume of 1 L was 

constructed for ethylene gas permeation of the films. Two 

flat films were tightly attached to both tube ends. The 20% 

v/v ethylene gas mixed in a nitrogen gas (carrier gas) was 
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fully fed into the gas inlet port for 30 min. A mass flow 

meter was used to ensure a constant feed rate of the mixed 

gas.  A syringe was used to collect the 500 µL gas from the 

gas outlet port and then the collected gas was injected into 

a Gas chromatograph (GC, model CP-3800, Varian) with 

a thermal conductivity detector at 120ºC to assess the 

ethylene transmission rate (ETR) of the LLDPE/SEBS 

films. 

 
Figure 1. A home-made glass tube for ethylene gas 

permeation test. 

 

3. Results and Discussion 

 

3.1 Film Morphology 

 Figure 2 illustrates that LLDPE/SEBS blends are 

immiscible, having dispersed SEBS phase in LLDPE 

matrix.  

 

Figure 2. SEM micrographs (3500X) of cryogenically 

fractured surface of LLDPE/SEBS films after SEBS 

extraction. 

The black pores in this figure represent SEBS 

which was extracted. In all samples, SEBS shows good 

dispersion in the LLDPE phase. An increase in SEBS 

content generally increases SEBS dispersed phase size.  

The SEBS morphological shape in LL80S20G50 and 

LL70S30G50 is spherical similar to that of LL80S20G52; 

however, the pore sizes in the latter case seem to be smaller. 

This may be because viscosity of SEBS G1652 E is close 

to that of LLDPE, creating in good compatibility between 

these polymers. In addition, the pore shape of SEBS 

G1652 E becomes cylindrical in LL70S30G52. This may 

be attributed to the coalescing of the spherical forms. 

Additionally, LL80S20G57 and LL70S30G57 films show 

both spherical and cylindrical shapes of pores as the SEBS 

G1657 M is the highest MFI (the lowest viscosity). 

 

3.2 Thermal Behavior of LLDPE/SEBS films 

 Table 3 displays that Tm and crystallinity of LLDPE 

in the LLDPE/SEBS blend films are not affected when the 

SEBS content are varied. The crystallinity of LLDPE is in 

a range of 24-29%. This indicates that the initiation and 

growth in crystalline region of LLDPE were not altered 

with the presence of SEBS. This is because the 

LLDPE/SEBS blends are immiscible. 

 

Table 3. Tm and crystallinity of LLDPE in LLDPE/SEBS 
films 

Formula Tm (oC) Crystallinity (%) 

LLDPE 124 29.0 

LL80S20G50 126 26.1 

LL70S30G50 126 29.2 

LL80S20G52 120 24.6 

LL70S30G52 122 27.2 

LL80S20G57 127 26.3 

LL70S30G57 126 24.7 

 

3.3 Tensile Properties of LLDPE/SEBS films 

 Figure 3 shows that Young’s modulus of 

LLDPE/SEBS films is lower than that of LLDPE film. 

This is attributed to amorphous SEBS structure consisting 

of styrene (hard segment) and ethylene-butylene (soft 

LL80S20G50 LL70S30G50 

LL80S20G52 

LL80S20G57 

LL70S30G52 

LL70S30G57 
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segment). The ethylene-butylene portions in SEBS are 

flexible and responsible for the decrease of the Young’s 

modulus of the blend films. The higher the SEBS loading, 

the lower Young’s modulus of the films is revealed.  

 

 

 

 

Figure 3. Tensile properties of LLDPE/SEBS films. 

 

While ultimate tensile strength of the 

LLDPE/SEBS films prepared from SEBS G1650 E and 

G1652 E are higher and those of the films with SEBS 

G1657 M are lower, as compared with those of LLDPE 

film. This is due to the presence of 30% styrene in SEBS 

G1650 E and G1652 E and only 13% styrene in SEBS 

G1657 M. The styrene unit in SEBS is more rigid than 

ethylene unit in LLDPE and therefore, more forces are 

required to break the polymer chains when SEBS with the 

high styrene content (30%) is used. Also, the higher the 

SEBS content, the greater the tensile strength of the films. 

Furthermore, the rigid styrene hinders the chain mobility, 

resulting in lowering elongation at break of the blend films. 

 

3.4 Ethylene Gas Permeability of LLDPE/SEBS films 

 Table 4 exhibits that ethylene transmission rate 

(ETR) of the films is greater when adding SEBS. As seen 

in Figure 2, an increase in SEBS content generally 

increases SEBS dispersed phase size and hence ethylene 

permeability. This is because LLDPE is a semi-crystalline 

polymer, giving low ETR and SEBS is an amorphous 

polymer, having higher free volume. Moreover, the 

ethylene-butylene segment in SEBS is flexible aliphatic 

structure which assists the dissolution of ethylene gas in 

SEBS phase, giving greater ETR of the films. 

 Among the films studied, the LL70S30G57 film 

gives the greatest ETR. This is due to the high content of 

SEBS (30%) and the SEBS G1657 M is the lowest styrene 

content (13%), i.e. the highest ethylene-butylene content 

(87%), as compared to other SEBS grades (30% styrene 

and 70%  ethylene-butylene). 

  

Table 4. Ethylene transmission rate (ETR) of 

LLDPE/SEBS films at a 20% v/v ethylene gas 

concentration 

Formula ETR (cm3/m2.day.atm) 

LLDPE 10848 

LL80S20G50 13955 

LL70S30G50 15635 

LL80S20G52 16578 

LL70S30G52 16756 

LL80S20G57 20117 

LL70S30G57 68475 
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4. Conclusion 

 The LLDPE/SEBS films with several grades of 

SEBS were successfully prepared. Because these blends 

are immiscible, SEBS did not disturb the crystallinity of 

LLDPE in the films. SEBS was well dispersed in LLDPE. 

The morphology of dispersed SEBS G1657 M in the films 

was in spherical and cylindrical forms while other SEBS 

grades showed spherical form in the LDPE/SEBS blends 

at the 80/20 ratio. The higher SEBS contents gave 

morphological change from spherical to cylindrical form. 

LLDPE blended with SEBS G1657 M (low styrene content, 

13%) facilitated a greater ethylene transmission rate (ETR). 

Tensile strength of the LLDPE/SEBS G1650 E and 

LLDPE/SEBS G1652 E films were higher than those of 

LLDPE film. The higher SEBS contents resulted in an 

increment of tensile strength whereas Young’s modulus 

was decreased. These values of the films were the lowest 

when using SEBS G1657 M due to the least styrene 

content. In this research, it was found that LL70S30G57 

film had the greatest ethylene gas permeation together with 

adequate tensile strength. 
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Abstract 

           New silica/poly(lactic acid) hybrid materials were synthesized by sol-gel method and used as coating materials in 

order to improve the water vapor barrier property of PLA films. The mixtures of Tetraethoxysilane (TEOS) and 

Triethoxyvinylsilane (VTES), containing a reactive double bond were used as the inorganic silicate precursors to 

construct the siloxane network structure by co-hydrolysis and polycondensation reaction. Polymerization of the 

unsaturated bonds occurred by UV irradiation, as evidenced by sharp decrease of FTIR band at 1600 cm-1, corresponding 

to terminal C=C stretching bond. Moreover, the phase attraction between the coating hybrid and the substrate was a 

crucial factor to increase the performance of the materials. In this study, PLA and                                                3-

Isocyanatopropyltriethoxysilane (ICPTES) were used as an organic polymer and a silane coupling agent, respectively. 

FTIR absorption band at 1550 cm-1 was specified to the formation of amine groups (-NH), due to isocyanate groups in 

ICPTES reacting with hydroxyl groups in PLA chains. SEM was indicated that there were a lot of cracks on the surface 

of coating materials without ICPTES. The coating material showed a flat and smooth cross-section and no phase 

separation after UV-irradiation for 1h. The water vapor barrier property of coated film showed a great improvement by 

24.6% at the VTES/ TEOS ratio of 1: 1 (VT11), compared to neat PLA film. In addition, the water contact angles of 

coating materials, VT41, VT10 and VT11, were decreases at 12.1%, 11.4% and 6.6%, respectively. Moreover, the water 

vapor barrier property was improved by increasing the aging time, because dense network structures were continuously 

generated after drying.  

 

Keywords: Silica hybrid; Coating material; Poly(lactic acid); Sol-gel; Water vapor permeability. 

 

1. Introduction 

           Current human society faces a variety of 

environmental concerns such as pollution, greenhouse gas 

effect and fossil resource consumption. Biodegradable 

materials, such as polyhydroxybutyrate[1] and poly(lactic 

acid)[2] have long been the interest of research to solve the 

environmental issues. Poly (lactic-acid), or PLA, is a non-

toxic and non-irritating material with excellent 

biocompatibility and absorbability. It can be completely 

decomposed into CO2 and H2O without causing pollution. 

PLA is thus currently one of the most promising 

biodegradable polymers. In addition, the mechanical 

properties of commercially available PLA films are better 

than polystyene (PS) and PET spell out [3], [4]. PLA is also 

widely used as biomedical polymer, and in textile and 

packaging industries currently. 

           However, PLA is limited in the application as food 

or medical packaging material, because of its low 

resistance to oxygen and water vapor permeation 

compared with conventional non-degradable polymer 

http://webagro.psu.ac.th/th4/images/stories/HR/staffagro/CVfile/cv-ponusa.j.pdf
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materials[5]. The most common approach to solve this 

problem is to prepare organic-inorganic hybrid coating 

materials. Silica (SiO2) has been proved to be one of the 

most popular candidates for preparing organic- inorganic 

coating materials to improve gas barrier properties, 

because there is a great natural abundance of silica on 

earth with low cost. Moreover, silica has high thermal 

resistance and good functionality surface [2].  

           Sol-gel process is a simple method to produce 

good hybrid materials. The process uses inorganic 

or metal alkoxide as a precursor, and can be 

homogeneously mixed in the liquid phase. By aging, slow 

polymerization between colloidal particles occurs, and a 

three-dimensional network structure of the gel is formed. 

After drying, the molecules or nano-structure materials 

are obtained[6]. 

           In this study, we report a novel strategy to 

synthesize organic-inorganic hybrids by sol-gel method 

and its application as coating materials for PLA film. PLA 

was used as an organic part and incorporated into the 

inorganic siloxane, which contains ethylene groups. Then 

vinyl polymerization was performed by UV-irradiation. 

Phase attraction of the hybrid was increased, because the 

different inorganic phases (the polycondensed silane 

backbone) were connected via covalent bonds (self-

assembled organic double bonds). Based on the tortuous 

pathway concept, stronger phase attraction could enhance 

the water vapor barrier property by increasing the 

effective water vapor diffusion length [7]. 

2. Experiment 

2.1. Materials and preparation 

           Tetraethyl orthosilicate (TEOS, Aldrich, 99%) was 

used as an inorganic silicate precursor. 3-

Isocyanatopropyltriethoxysilane (ICPTES, Shanghai 

Aladdin Biochemical Technology Co., Ltd., 95%) and 

Triethoxyvinylsilane (VTES, Shanghai Aladdin 

Biochemical Technology Co., Ltd., 97%) were used as 

silane coupling agents to strengthen phase attraction. 

Benzoin Isobutyl Ether (BIE, Zhejiang Maya-Reagent 

Co., Ltd., 95%) was used as a photoinitiator to promote 

the photo- polymerization rate. PLA resin (PLA 2002D, 

NatureWorks LLC) was used as an organic part in the 

PLA/siloxane hybrid materials. Hydrocholoric acid (HCl, 

Loba chemie 35.4%) was used as catalyst to promote 

hydrolyze reaction rate. Moreover, Tetrahydrofuran (THF, 

RCI labscan, 99.8%) was used as co-solvent mixed with 

VTES, TEOS and distill water. PLA substrate film with 

thickness of 30 μm. 

   PLA/Siloxane hybrid coating materials were 

prepared by sol-gel method. First, a mixture of (VTES 

and TEOS)/H2O/THF at mole ratio of 1:2:6 was stirred 

for 3 h to partially hydrolyze the VTES and TEOS under 

acid analyst at room temperature. Hydrocholoric acid was 

used as catalyst to increase the reaction rate, as well as to 

adjust the pH of to 2, as the rate of hydrolysis reaction was 

promoted in acidic condition[8]. The composition of the 

solution was VTES: TEOS at mole ratio of 1:4 (VT14), 

1:0 (VT10), 1:1 (VT11), 0:1 (VT01) and 4:1 (VT41). The 

total mole of TEOS and VTES was 0.03 mol. Second, 

PLA resin was dissolved in THF solvent to obtain 5 wt% 

PLA solution with homogeneous dispersion. Moreover, 

PLA resin was modified by adding 0.001 mol silane 

coupling agent, ICPTES, and stirred for 3 h at 60℃. The 

partially hydrolyzed inorganic siloxane precursor and 

modified PLA solution were mixed and stirred for 3 h at 

room temperature. Finally, 0.001 mol Benzoin isobutyl 

ether (BIE, Zhejiang Maya-Reagent Co., Ltd., 95%) was 

added to the solution with the VTES/ BIE molar ratio of 

5/100 as a photoinitiator[9]. The solution was further 

stirred for 1h.  

2.2 Photo-polymerization 

          The resulting gel was coated on PLA films using a 

bar coater (F99000, Feldham 2, Austriag). The coating 

films were aged and put in a closed package with silica 

gel for 12h. Then the samples were irradiated under UV 

light at 30000lux for 1 h. Moreover, the control sample 

was prepared without UV irradiation. Finally, all samples 

were dried in a drying oven at 60℃ for 24h.  
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2.3 Characterization 

   Scanning electron microscopy (SEM, Quanta 400, 

FEI, Netherland) was used to observe the morphological 

structure of the coating materials. Fourier-Transform 

Infrared Spectrometer (FTIR, EQUINOX 55, Bruker, 

Germany) was used to characterize the structure of the 

coating materials before and after UV irradiation. Coating 

materials were diluted with KBr power and pressed into 

pellets less than 1mm thick. The spectra were collected in 

the range of 400–4000 cm−1 at a resolution of 4 cm−1 and 

scan number of 32. The wettability of the coated PLA film 

was measured using a contact angle device (Dataphysics, 

COCA 15 ED) at ambient temperature. Water vapor 

permeability (WVP) was measured using a modified 

ASTM method (ASTM, 1989).  

3. Result and discussion 

3.1 FTIR analysis 

   In organic–inorganic hybrid materials, the phase 

attraction has a crucial effect on the production of high 

performance hybrid film, because the micro-phase 

separation could be suppressed by strong phase attraction 

in the material. 3-Isocyanatopropyltriehoxy-silane 

(ICPTES) was used as silane coupling agent here, because 

the urethane groups could be formed between hydroxyl 

groups (–OH) in PLA and isocyanate (N=C=O) groups in 

ICPTES[5].  

  As shown in Figure 1, the strong band at 1750cm-1 

was related to the carbonyl bond (-C=O) in PLA chains. 

The broad and strong band at 1200cm-1 to 1000cm-1 was 

due to the siloxane framework (Si-O-Si) stretching modes. 

The peak band at around 1550cm-1 was ascribed to amine 

group (-NH). The result indicated that the strong covalent 

bonding was successfully formed between hydroxyl 

groups in the PLA chains and isocyanate groups in 

ICPETS. 

 

 

 

 

 

 

 

  VTES could also be used as a coupling agent to 

treat silica nanoparticles and introduce reactive groups 

(C=C bonding), and perform vinly polymerization via 

UV-irradiation[10]. Figure 2 shows the comparison of 

FTIR spectra of PLA/SiO2 hybrid materials before and 

after UV irradiation. The band at 1600cm-1 was 

corresponding to terminal C=C stretching bond, and it 

presented a sharp decrease to 50% after UV irradiation in 

all samples. This indicated that the vinyl polymerization 

occurred between C=C bond. It also indicated that the 

C=C bonds could not be totally transferred to C-C bonds 

after UV-irradiation for 1h for all ratios of VTES and 

TEOS. On the other hand, the peak band of C-O bond 

Figure 1: Comparison of FT-IR spectra for the 

PLA/SiO2 hybrid without ICPTES and that with 

ICPTES.  

 

Figure 2: Comparison of FT-IR spectra of the 

PLA/SiO2 hybrid materials before and after UV 

irradiation. (a). VT10 (b). VT11 (c). VT14 (d). VT41. 

(Red line: After UV-irradiated 1h. Blue line: No UV) 
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overlapped with the peak band of water to form a small 

broad peak at around 1630cm-1. This peak did not change 

with UV-irradiation. This could also be used as a 

benchmark for comparison. 

3.2 WVP 

 

            

 

 

 

            

 

           

 

 

 

 

            Figure 3 shows that the WVP of coating materials 

was decreased after vinyl polymerization was performed 

by UV irradiation for 1h. A lot of C=C bonding were 

transferred to C-C bonding and were connected together. 

This change improved the phase attraction and the 

stability of microstructure and provided a higher effective 

water vapor diffusion length. The WVP did not change 

significantly before and after UV-irradiation at VT01 and 

VT14, because there was almost no C=C bonding. The 

WVP of UV-irradiated coating materials at VT11, VT41 

and VT10 were decreased at 15.8%, 10.1% and 5.5%, 

respectively, compared with no UV-irradiation. Indeed, 

VTES could promote the phase attraction between 

coating materials with substrate films[11]. The WVP of 

coating materials decreased as the VTES content 

increased. However, the amount of TEOS also affected 

the WVP of coating materials. The degree of cross-

linking was increased in silica chains with adding more 

TEOS, which resulted in a homogeneous dispersion of 

nano-silica particles in the continuous matrix. The WVP 

of UV-irradiated coating materials at VT10, VT41, VT14 

and VT01 was decreased at 16.4%, 12.7%, 8.1% and 9.3, 

respectively, compared with PLA neat film. This 

indicated that VTES had a more significant effect than 

TEOS did on WVP as coating materials. However, in 

comparison with PLA neat film, the WVP showed a great 

decrease of 24.6% at VT11. This demonstrated that the 

coating material presented the best water vapor barrier 

property when the same mole ratio of VTES and TEOS 

were added. Figure 4 shows the WVP of the coating 

materials with 1, 7 and 14 aging days. All coating 

materials exhibited an increase in water vapor barrier 

property with increasing aging time. This was ascribed to 

the physical and chemical reaction in coating materials, 

which continued throughout aging at an ambient 

temperature due to deficient curing.  

3.3 Water contact angle 

 

 

 

 

 

 

 

  

Water contact angle is a significant parameter to 

investigate the wettability of materials. Generally, a water 

contact angle less than 90° corresponds to the surface of 

the coating materials favoring wetting[12]. In Figure 5, 

most results presented a low water contact angle (<90°), 

which demonstrated that the coating materials have good 

wettability. This is because there was hydrophilic 

hydroxyl group on the surface of the coating materials. 

However, coating materials at VT10 showed a relatively 

large water contact angle, due to carbon double bond 

Figure 4: Water vapor permeability of the same dry 

coating materials (VT11) with different aging days. 

 

Figure 5: The average water contact angle of coating 

materials. 

Figure 3: Comparison of water vapor permeability 

with different composition of VTES/ TEOS ratio and 

before and after UV- irradiation. 
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(C=C) which was a hydrophobic group and there was a 

lot of C=C bond in this materials. On the other hand, the 

amount of C=C bond in coating materials was reduced 

after UV- irradiation by vinyl polymerization. Thus, the 

water contact angle of coating materials at VT41, VT10 

and VT11 had a dramatic decrease at 12.1%, 11.4% and 

6.6%, respectively, after UV-irradiation for 1h. The angle 

did not change much at VT14 due to small amount of C=C 

bonds in this materials. The results were also observed in 

FTIR analysis.  

3.4 Morphological structure   

   

             

 

 

 

 

 

 

 

 

 

           Phase morphology has a great effect on properties 

of coating materials. ICPTES was used as a silane 

coupling agent to avoid phase separation. Figure 7 (a) 

showed the phase morphology of coating materials of 

VT11 with ICPTES. There were a few small cracks on the 

surface. By contrast, there were a lot of big cracks on the 

surface of coating material without ICPTES as showed in 

Figure 7(b). In Figure 7(c), there were one big crack and 

some small cracks on the surface of coating materials for 

VT14. In contrast, there were a lot of particles aggregated 

together, causing a disordered structure when adding too 

much TEOS.  

            In addition, Figure 8(a) showed a flat and smooth 

cross-section and no phase separation of the coating 

materials with UV-irradiation for 1h. There were a lot of 

cracks and folds on the cross-section of the coating 

materials without UV- irradiation. Thus, it further 

explained that the WVP of coating materials was 

decreased after UV-irradiation for 1h. Figure 8(a) and 

Figure 8(c) show the cross section of the coating material 

without ICPTES. The material was not completely 

attached to the substrate, with small gaps presented 

between coating gel and PLA film. Thus, these results 

further indicated that ICPTES could increase the phase 

attraction. 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

           Silica/ PLA hybrid materials were synthesized. It 

was proved that the WVP of coating materials were 

decreased after UV-irradiation for 1h, due to improving 

the phase attraction and the stability of microstructure, it 

provided a higher effective water vapor diffusion length, 

and there was no phase attraction on the surface and cross-

section of coating material by adding silane coupling 

agent ICPTES and UV-irradiating for 1h. In addition, the 

mole ratio of VTES/ TEOS had a significant impact on 

the barrier property of coating material and it had a great 

(b) (a) 

(d) (c) 

Figure 7: Phase morphology of coating materials after 

UV-irradiation 1h. (a). VT11 with ICPTES. (b). VT11 

without ICPTES. (c). VT14. (d). VT41.  

 

(a)  (b) 

(c) 
 Figure 8: The cross-section of coating materials at 

VT11. (a). UV-irradiation 1h. (b). No UV. (c). Without 

ICPTES. 
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improvement by 24.6% at the VTES/ TEOS ratio of 1: 1 

when compared with PLA neat film. The result also 

showed that the VTES had an effect on the water contact 

angle of the coating materials, because carbon double 

bond (C=C) was a hydrophobic group. Moreover, the 

aging time played a crucial role on the water vapor barrier 

property of coating materials. 
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Abstract 

The prednisolone molecularly imprinted polymers in this study were prepared for two different ratios via 

precipitation polymerization using methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA) and benzoyl 

peroxide (BPO) as functional monomer, crosslinker and initiator, respectively. The imprinted polymers were further 

characterized by Fourier transform–infrared spectrometer (FT–IR) and scanning electron microscope (SEM) as well as 

evaluated their adsorption abilities using high performance liquid chromatography (HPLC) technique. The imprinted 

polymer ratio 1:6:50 of the same recipe was revealed a better trend of molecular recognition than ratio 1:6:28.  

 
Keywords:  molecularly imprinted polymer, precipitation polymerization, prednisolone, adsorption ability 

 

1. Introduction 

   Molecular imprinting technology (MIT) is an 

alternative technique for preparation of imprinting 

polymer with having specific molecular recognition for 

molecules of interest. The tailor–made polymer via MIT is 

based on the complex formation between template 

molecule or target compound and functional monomer as 

covalent or non–covalent interactions followed by 

polymerization in the presence of huge excess of 

crosslinking agent (generally ≥ 80%) in the system [1-3]. 

The achieved cavities after removal of template are existed 

corresponding to that of template regarding the size, shape 

and arrangement of functional groups [4]. The man–made 

molecularly imprinted polymers (MIPs) are widely 

distributed in several applications, e.g. biosensor materials, 

drug delivery, catalysis, antibody mimics [5]. 

A synthetic corticosteroid, prednisolone Figure 1, is 

effective utilized as immunosuppressant, rheumatoid 

arthritis and anti–inflammatory drugs. However, the 

recommended doses for taking prednisolone is ordinarily 

concerned for human. On the other hand, an overdose of 

prednisolone will affect in sodium and water retention as  

 

well as adverse hypersensitivity including anaphylaxis, 

proximal myopathy, thromboembolism, hirsutism, 

dyspepsia and cardiovascular risks [6-7]. 

In past years, the molecularly imprinting of 

corticosteroids such as cortisol and corticosterone have 

been published [8], however, a few works for imprinting 

of another corticosteroid; prednisolone; are appeared. The 

purposes of this study describe the synthesis of 

prednisolone molecularly imprinted polymer with two 

different ratios. In addition, the adsorption capacity of the 

imprinted polymers to their target compound was then 

determined using HPLC. 

 

 

 

 

 

 

 

Figure 1 The chemical structure of prednisolone 
O

HO
OH
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OH
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2. Experimental methods 

2.1  Chemicals and reagents 

Prednisolone was purchased from Tokyo Chemical 

Industry. Methacrylic acid (MAA) and ethylene glycol 

dimethacrylate (EGDMA) were from Sigma Aldrich. 

Benzoyl peroxide (BPO) was from PanReac. Analytical 

grade solvents, methanol and acetic acid, were purchased 

from RCI Labscan and J.T. Baker, respectively. The HPLC 

grade solvents including acetic acid glacial was from 

Fisher Chemical, toluene and acetronitrile were purchased 

from RCI Labscan. Nitrogen gas high purity grade was 

from a local supplier. 

2.2  Instrumentation and Apparatus 

The SEM photomicrographs of MIPs and NIPs (non–

molecularly imprinted polymers) were taken by LEO 

1450VP. The FT–IR spectra were characterized by Perkin 

Elmer Spectrum GX. 

The detection of prednisolone from the template 

removal step was carried out by BMG Labtech 

SPECTROstar Nano microplate reader using 96 well UV–

Vis microplate (Eppendorf). 

An analysis of prednisolone in adsorption ability was 

performed with HPLC Waters 2695 with Photodiode 

Array (PDA) detector Waters 2996 at 240 nm for 

prednisolone. The stationary phase was Waters XBridgeTM 

C18 (5 µm; 4.6×150 mm) column and guard cartridge 

Waters XBridgeTM C18 (5 µm; 4.6×20 mm). The column 

was at ambient temperature. A sample injection was 10.0 

µL. The mobile phase was including 75:25 of 0.5% (v/v) 

acetic acid:water (solvent A) and acetonitrile (solvent B) 

at flow rate 2.0 mL/min for runtime of 6 min. The solvent 

A was filtered through a 0.45 µm filter and degassed for 

before use. 

2.3 Synthesis of MIPs and NIPs 

Molecularly imprinted polymers toward prednisolone 

were prepared via precipitation polymerization. The ratios 

of template:functional monomer:crosslinker of this 

experiment were 1:6:28 and 1:6:50, respectively. One 

mmol of template and 6 mmol of MAA were mixed with 

50 mL of 25% (v/v) toluene:acetonitrile solution. The 

mixtures were sonicated for 45 min and leaved on at room 

temperature for 15 min. Then, 28 or 50 mmol EGDMA and 

100 mg BPO were subjected and sonicated for 10 min once 

again. The degassing was operated for 20 min followed by 

purging with N2 atmosphere for 10 min. The precipitation 

polymerization was carried out at 80±5ºC for 24 h. 

Subsequently, prednisolone was discarded using 20% 

(v/v) acetic acid:methanol by sonication for several times 

until template was already removed. MIPs and NIPs were 

dried in a hot air oven at 60ºC for 24 h and weighed. 

For the preparation of NIPs, the NIPs were prepared 

in the similar manners to their MIPs by without the 

template molecule in the system. 

2.3  Adsorption ability analysis 

The 50–500 ppm prednisolone solutions were 

prepared and poured to 20 mg of MIPs and NIPs in 

microcentrifuge tubes. All tubes were shaken in an 

incubated shaker with 150 rpm speed at 30±5ºC for 24 h. 

The supernatants after centrifugation were filtered through 

0.45 µm Nylon filters and collected in HPLC vials. All 

vials were kept at 4ºC before analysis. The experiment was 

done in triplicate. The peak areas were calculated the 

amount of prednisolone bound to imprinted polymers from 

equation below. 
 

                                   𝑄𝑄 = (𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓)𝑉𝑉
𝑊𝑊

                              (1) 

 

where Q (mg/g) represents the prednisolone binding 

quantity to the polymers. Ci and Cf (mg/L) are initial and 

final concentration of prednisolone, respectively. V (L) 

and W (g) indicates volume of prednisolone and weight of 

polymers for experiment, respectively. The Q values are 

also brought to calculate the Imprinting factor (IF) 

and %Bound as followed equation 2 and 3, respectively. 

 

                               𝐼𝐼𝐼𝐼 =  𝑄𝑄𝑀𝑀𝑀𝑀𝑀𝑀
𝑄𝑄𝑁𝑁𝑀𝑀𝑀𝑀

                                  (2) 

 

                     %𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  𝑄𝑄
𝑄𝑄𝑖𝑖

×100                           (3) 

 

where Q represents the amount of target prednisolone 

bound to imprinted polymers and Qi is the amount of target 

prednisolone before analysis. 
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3. Results and discussion 

3.1 Characterization of MIPs and NIPs 

The photomicrographs from SEM were obviously 

difference between two ratios in Figure 2. It could be 

implied that a huge amount of crosslinker can play a key 

role for polymer morphology. A robust appearance with 

tightly particle connection was shown in the ratio 1:6:50 of 

the same ingredient. On the other hand, the ratio 1:6:28 

was seemed to be spherical beads and larger particle size. 

From the results, the precipitation polymerization with 

high volume of porogen provides a nano–level particle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 SEM micrographs of a MIP 1:6:28, b NIP 1:6:28, 

c MIP 1:6:50 and d NIP 1:6:50 

size. According to micrographs, it could be demonstrated 

that larger ratio of crosslinker was affected to tighten 

polymer morphology under this polymerization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 FT–IR spectra of template molecule, functional 

monomer, crosslinker and imprinted polymers 

 

The functional groups in the achieved imprinting 

polymers were characterized by FT–IR technique. The 

FT–IR spectra of prednisolone as well as both ratios were 

presented in Figure 3. The spectrum patterns of all 

polymers were similar since all polymers were composed 

of the same compositions. A significant band of imprinted 
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polymers range 1640–1620 cm-1 indicating as C=C 

stretching. A small band of vinyl group was indicated to a 

good radical polymerization between functional 

monomers and crosslinkers in the construction of polymer 

[9]. Besides, a lacking of C=C absorption band of another 

cyclohexadiene at 1611 cm-1 was an evidence to confirm 

that the template was already removed from those of MIPs. 

3.2  Adsorption ability analysis 

The imprinted polymers of both ratios were analyzed 

the amount of prednisolone bound to the imprinted 

polymers as shown in Figure 4. The ratio 1:6:50 was 

approached to a better trend of binding analysis although 

the performance was not significantly difference between 

these two ratios. The IF was also used for consideration 

about the strength of interaction between target compound 

and imprinted polymers [10]. The highest IF  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 The amount of prednisolone bound with 

imprinted polymers; a ratio 1:6:28 and b ratio 1:6:50 

of both conditions was evaluated at 100 ppm prednisolone 

solution including 1.24 and 1.33 of ratio 1:6:28 and 1:6:50, 

respectively. This can be implied that at 100 ppm 

prednisolone solution was performed the strongest 

strength interaction to the imprinted polymers. 

According to the calculation of %Bound of two 

conditions, the binding values of ratio 1:6:50 were not 

beyond 6.0% whereas polymer ratio 1:6:28 was 

approached to 10.0% (Figure 5). However, the efficiency 

of binding performance was concerned which was 

conflicted to above information due to the fact that the IF 

values of ratio 1:6:50 were higher than another ratio of 

whole concentrations. This might be related to an excess 

amount of crosslinker in the system to construct a robust 

polymer network as well as to support an embedding of 

functional monomer. The larger crosslinker quantities are 

prepared, the stronger monomer positions are fixed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Percentage bound (%Bound) of a ratio 1:6:28 and 

b ratio 1:6:50 
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4. Conclusion 

The imprinted polymers of the same ingredients with 

two different ratios were not displayed a significant 

binding performance between their MIPs and NIPs, 

however, the ratio 1:6:50 was revealed a better trend of 

adsorption ability than the ratio 1:6:28. 
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Abstract 

The preparation of copper ion imprinted polymers (Cu-IIP) by thermal polymerization was synthesized using 

copper sulphate pentahydrate, itaconic acid, ethyleneglycol dimethylmethacrylate, 1,1'-azobiscyclohexanecarbonitrile, 

and methanol as template, functional monomer, crosslinker, initiator, and porogen, respectively. The obtained polymers 

were used to quantify copper (II) by Microplate Spectrophotometer. Morphological of the polymers was characterized by 

scanning electron microscopy and infrared spectroscopy.The Cu-IIP was provided a good recognition by adsorption 

kinetics and adsorption equilibrium studies. 

 
Keywords:  Ion imprinted polymer, Copper ion, Microplate Spectrophotometer  

 

1. Introduction 

   Molecular imprinted polymers (MIP) are a synthetic 

polymer with shown suitable high specificity and 

selectivity to combine with targeting molecule [1]. The 

polymer materials prepared by the template molecule and 

the functional monomer were formed via a covalent bond 

or non-covalent bond after that the added crosslinker can 

react with the functional monomer to from imprinted 

polymer matrix [2]. The template molecule was then 

removed from the polymer matrix. Hence, the polymer 

matrix has a cavity complementary in size, shape, and 

chemical inter actions such as hydrogen bonds or ionic 

interactions to bind with the template molecule or ion. This 

MIP technique has many advantages such as low cost of 

preparation, high affinity to the template molecule and 

high chemical stability [3]. The application of MIP is used 

in many fields [4], such as sensor on chip devices, drug 

delivery, biosensor and solid phase extraction [5]. 

Copper is the necessary heavy metal in the human 

body and plays an essential role in manifold physiologic 

processes. Its insufficiency is a symptom of anemia, but at 

higher concentration levels, it is toxic and may cause 

different diseases [6]. The concentration of copper in many 

samples is low, so sensitive, and requires selective  

 

 

method for preconcentration and determination of copper 

in food, environmental, water, and biological samples [7]. 

Normally, flame atomic absorption spectrometry 

(FAAS) [8] and UV-Vis spectroscopy (UV-Vis) have been 

applying as the analytical method for determination of 

copper ion. FAAS and UV-Vis are usually determined of 

copper at millimolar (mM), exhibiting the advantages such 

as easy to use, high precision and inexpensive technique. 

On the other hand, FAAS and UV-Vis are requiring large 

amount of sample solution and less sensitivity. 

Nowaday, IIP has become very popular because of 

their ease of synthesis, high environmental stability and 

high ability to be reused, as well as broad applicability and 

high selectivity towards the target ion due to a recognition 

effect resulting from their preparation process [9-10].The 

aim of this work to develop the efficiency ion imprinted 

polymer for selective properties, preconcentration and 

determination of copper ion [11]. Cu-IIP was prepared for 

separation of Cu (II) ion by using a coordination bond. It 

is the most frequently used method to prepare imprinting 

polymer due to its simplicity. The physical properties of 

the polymer were evaluated by scanning electron 

microscope (SEM), Fourier Transform Infrared 

Spectroscopy (FTIR). In addition, adsorption kinetics and 
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adsorption equilibrium studies were analyzed to assess 

their selective recognition properties for copper ion. 

 

2. Materials and Methods 

2.1 Reagents and chemicals  

 Copper (II) sulphate pentahydrate (CuSO4.5H2O) 

was obtained from Quality Reagent Chemical. Itaconic 

acid (ITA), Ethylene glycol dimethacrylate (EDMA) and 

1,1'-azobiscyclohexanecarbonitrile (ACBN) were 

supplied by Sigma-Aldrich. Methanol (MeOH) was 

obtained from Laboratory reagents & fine chemicals. 

Acetonitrile (ACN) and 36.5-38.0% of Hydrochloric acid 

(HCl) were supplied by J.T. Baker.  

2.2 Polymer preparation 

 The template Cu (II) ion from CuSO4.5H2O 1 mmol 

and 2 mmol of ITA as functional monomer were dissolved 

in 30 ml of MeOH. After stirring for 15 minutes, 20 mmol 

of crosslinker ethylene glycol dimethacrylate (EDMA) and 

100 mg initiator ACBN were added and stirring for a 

further 15 minutes. Then it was purged nitrogen for 15 

minutes. The mixture was then polymerized by thermal 

initiation at 70 °C in an oil bath for 24 h. The obtained 

polymer was grinded in motar and it was extracted with 1 

M HCl 50 mL then washed with a mixture of Acetone/DI 

water (50 %, v/v) in aqueous solution for 1 h. This process 

was repeated 4 times for complete removal of all Cu (II) 

ions, followed by washing with MeOH and drying in hot 

air oven at 60 °C. In part of control experiment, non-

imprinted polymer (NIP) has been synthesized in the same 

procedure but without addition of the template ion [12-13]. 

2.3 The morphologies of Cu-IIP and NIP 

 The surface morphologies of the polymer were 

observed using SEM (LEO 1450 VP LEO) with measured 

at magnification 10.00 KX. Cu-IIP and NIP were dried 

under vacuum. The polymer samples were coated with a 

thin layer of electrically conductive material with gold 

sputtering machine. The collecting of static electric fields 

at the specimen due to the electron irradiation desired 

during imaging. 

 

 

2.4 FTIR spectrometer (Fourier Transform Infrared 

Spectrometer) 

 FTIR-Spectra were characterized by using FTIR 

spectrometer (Perkin Elmer model Spectrum GX). The 

spectrum was scan 32 numbers and samples can be ground 

into a fine powder and mixed in a powder matrix of 

potassium bromide (KBr). The wavelength was controlled 

from 400 to 4,000 cm-1. 

2.5 Adsorption kinetic experiments 

 Analysis of the adsorption kinetics of copper ion 

solution on the imprinted polymer was carried out in a 

batch process. In each test, 20 mg of Cu-IIP and NIP were 

placed in 1 mL of 8.0 mM CuSO4.5H2O methanol solution 

and then stirring at 180 rpm 30 °C for 24 h. The microtubes 

were centrifuged for 10 min at 18000 rpm before removal 

of the supernatant. Afterwards, 0.2 mL of the solution at 

different time intervals, of 1, 3, 7, 9 and 24 hour was 

pipetted and placed into 96-well plate before analysis by a 

Microplate Spectrophotometer at λmax = 750 nm for 

copper ion. (SPECTRO star Nano BMG LabTech). Where 

the adsorption capacity (Q) was calculated using Eq. (1) 

and (2): 

 

Q = (Ci-Cf)
V
W

           Eq. (1) 

 Where Ci (mM) is the initial concentration of 

CuSO4.5H2O solution; Cf (mM) is the final concentration 

of CuSO4.5H2O solution; V (L) is the volume of dye 

solution; and W (g) is the weight of the polymers used 

[14]. 

%Bound = Qbound/Qinitial   Eq. (2) 

 Where Q bound is the amount of analyte bound to the 

polymer after loading; and Q initial is the initial amount of 

analyte before loading to the polymer [15]. 

2.6 Adsorption equilibrium experiments 

 Adsorption equilibrium experiment was conducted 

by adding 20 mg Cu-IIP and NIP of into 1 mL of the initial 

methanol concentrations within the range of 4.0-12.0 mM, 

and then stirring at 180 rpm 30 °C for 24 h. The microtubes 

were centrifuged for 10 min at 18000 rpm before removal 
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of the supernatant. Afterwards, 0.2 mL at different 

concentration was pipetted into 96-well plate before 

analysis measured at 750 nm by using the 

spectrophotometer. The adsorption amount was calculated 

using Eq. (1) and (2). 

 

3. Results and Discussion 

3.1 Cu-IIP preparations 

 Copper ion imprinted polymer has been 

synthesized in methanol which is of polar protic solvent 

and good porogenic solvent  for dissolving CuSO4.5H2O 

under ultrasonicator. The mixture of CuSO4.5H2O: ITA : 

EDMA in the ratio of 1 : 2 : 20 and 1,1'-

azobiscyclohexanecarbonitrile initiator were also added 

into the solution. The solution mixture was then heated to 

70 °C under nitrogenous atmosphere. The first step of the 

synthesis, copper ion interact with oxygen atom of the 

carboxyl from four ITA molecules [16] via coordinate 

bonding to form pre-polymerization complex in methanol 

solution. EDMA is the crosslinker to link all ITA 

functional monomers after the polymerization  is allowed 

to perform by adding the initiator. In the last synthetic step, 

the template Cu (II) ion is removed from the imprinted 

polymer by using acidic solution to produce specific 

binding sites of copper ion in the polymer. 

3.2 Infrared spectroscopic measurements 

 Figure 1a exhibits FTIR spectra of Cu-IIP 

unwashed, Cu-IIP removal of  the template ion and NIP. 

All of FTIR spectrum signals are similar except the FTIR 

spectrum of the Cu-IIP unwashed that shows the Cu-O 

coordination bond at 705 cm-1 in Figure 1b display the 

FTIR spectrum in the range of 600-800 cm-1. The broaden 

peak at 3612 cm-1 stretching vibration of O-H in itaconic 

acid,  peak at 2990 cm-1 of stretching C-H stretching in 

itaconic acid and ethylene glycol dimethacrylate , C=O 

stretching vibration at 1731 cm-1 containing functional 

group in polymerization  and the stretching vibration of C-

O at 1256 cm-1 in itaconic acid and ethylene glycol 

dimethacrylate. This result confirms that the structure of 

polymer exhibit homologous cavity. 

 

 

(a) Cu-IIP unwashed, Cu-IIP and NIP. 
 

 

 

 

 

 

 

 

(b) Cu-IIP unwashed in the range of 600-800 cm-1 

 

Figure 1 FTIR spectra of the ion imprinted polymer 

3.3 Characterization of microspheres 

 The morphological characterization of the 

microspheres was shown in Figure 2 Cu-IIP and NIP 

showed different size of particles. The interesting from this 

work, NIP can be prepared by the absence of the template 

ion and the obtained polymer particles is smaller than Cu-

IIP.  

 

 

 

 

 

 

 

 

 

 

 

(a) Scanning electron micrographs of Cu-IIP 



194 

 
 

 

 

 

 

 

 

 

 

 

 

 

(b) Scanning electron micrographs of NIP 

 

Figure 2 SEM images of the microspheres MIP (a) and 

NIP (b) 

 

 

 

 

 

 

 

 

 

Figure 3 Adsorption kinetics of Cu-IIP and NIP 

3.4 Kinetic adsorption  

 Kinetic curves showed specific % bound with 

template ion in range from 4.24-6.44 % when the time is 

increased. The adsorption tended to saturation after 9 h. 

NIP showed adsorption curve likewise trend to Cu-IIP but 

lower adsorption capacity than Cu-IIP. The obtaining 

results show the recognition property of the polymer. The 

recognition is very important to selective adsorption 

performance of polymer as shown in Figure 3 Kinetic 

adsorptions of Cu-IIP and NIP. 

3.5 Equilibrium adsorption  

 Figure 4 showed adsorption equilibriums of Cu-IIP  

and NIP. The % bound of Cu-IIP with copper ion of shown 

in range from 4.12-10.38 % by different concentrations of 

Cu (II) ion in methanol solution. Moreover, NIP showed 

the lower adsorption capacity of copper ion with the % 

bound exhibited in the range of 0.82-4.21 %. This graph 

showed the good cavity of Cu-IIP which was higher 

selective to copper (II) ion than NIP. 

 

 

 

 

 

 

 

 

 

Figure 4 Adsorption equilibriums of Cu-IIP and NIP 

 

4. Conclusions 

 The Cu-IIP was prepared by thermal 

polymerization using copper ion as the template molecule, 

ITA as the functional monomer, EDMA as the crosslinker 

and ACBN as the initiator in methanol as porogenic 

solvent. The synthesized polymers showed excellent 

uniform microspheres. The Cu-IIP exhibited more 

selective and recognized abilities to the template Cu (II) 

ion than the NIP. 

 This ion imprinted polymer technique is still in 

process to optimize the best performance of the imprinting 

polymer for further use as an adsorbent in the solid phase 

extraction.  
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Abstract 

Thermoplastic vulcanizates (TPVs) based on the blends of natural rubber grafted with poly(acetoacetoxy 

ethylmethacrylate), NR-g-PAAEM, and polyamide12 (PA12) were prepared by dynamic vulcanization technique. The 

focus of this work was on studying the effects of carbon black addition on the properties of the NR-g-PAAEM/PA12 

TPVs. The results revealed that TPVs exhibited dispersed phase morphology. However, the TPVs filled with carbon black 

showed much smaller dispersed rubber particles when compared to the unfilled TPV. The size of vulcanized rubber 

particles in the range of 0.2-0.8 µm was observed for the carbon black-filled TPVs whereas the rubber particle size in the 

unfilled TPV varied in the range of 0.5-2.0 µm. The presence of carbon black generally raised melt viscosity and increased 

shear during the melt mixing. The increase in shear viscosity consequently resulted in finer dispersion of rubber particles. 

Additionally, a significant enhancement in the tensile properties of TPV is obtained by the incorporation of carbon black. 

The optimum tensile properties were attained by addition of 30 phr carbon black.  

 

Keywords: Thermoplastic vulcanizate; Natural rubber; Polyamide12; Acetoacetoxyethyl methacrylate 

 

1. Introduction 

The main objective of this work is to develop TPVs 

with good mechanical properties and high service 

temperature by blending polyamide (PA) with natural 

rubber (NR). However, the difference in polarity between 

PA and NR is relatively large. It is widely accepted that 

that poor mechanical properties can arise from blends of 

two polymers with a wide difference in polarity due to a 

lack in interfacial adhesion between the blend partners. 

One of the common methods for compatibilization of 

blends between dissimilar polymers is to reduce the 

interfacial tension between the phases. Covalent 

attachment of polar groups to NR molecule can be 

considered as the most effective and convenient way to 

increase the polarity of NR. As the mismatch between the 

polarities of NR and PA is reduced, the interfacial tension 

between the two polymers is also expected to decrease.   

Epoxidized natural rubber (ENR) is one of 

successful examples as it has been proposed that the 

epoxide groups of ENR can interact chemically with the 

polar functional groups of polyamide12, PA12, (i.e., -NH-

CO-, -NH2 and -COOH) [1]. Additionally, it has also been 

reported that the presence of diacetone acrylamide 

(DAAM) groups in NR molecule can improve the 

interfacial adhesion between NR and PA12 phases [2]. 

This leads to considerable improvement in the mechanical 

properties of the TPVs obtained from the corresponding 

pair of polymers. The probable reason for these 

improvements is because DAAM repeat units contain 

mailto:jjthongnuanchan@hotmail.com


197 

 
amide groups, which are capable of hydrogen bonding 

with amide groups present in the backbone of PA12. 
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Figure 1.  Proposed hydrogen bonding interactions 

between NR-g-PAAEM and PA12 chains. 

 

In the present work, acetoacetoxy 

ethylmethacrylate (AAEM, see Fig.1a) was chemically 

grafted onto NR molecules in order to decrease the 

difference between the surface energies of NR and PA12. 

AAEM has been selected for this purpose because its 

repeat units contain both the ester and ketone carbonyl 

groups, which can participate in hydrogen bonding with 

the amide groups of PA12 (see Fig. 1b). This is expected 

to improve the compatibility between NR and PA12 

phases. After that, TPVs based on blends of natural rubber 

grafted with poly(acetoacetoxy ethylmethacrylate) (NR-g-

PAAEM) and PA12 were prepared at a fixed blend ratio of 

60/40 (wt%) and added with carbon black. The effect of 

carbon black addition on the properties of the NR-g-

PAAEM/PA12 TPVs was investigated. 

 

2. Experimental Section 

2.1 Materials  

NR-g-PAAEM20 was prepared in-house via 

seeded emulsion polymerization, using an NR/AAEM 

ratio of 80/20 by weight. Details for the preparation and 

characterization procedures of the NR-g-PAAEM20 have 

been described elsewhere [**]. The level of AAEM grafted 

on NR molecule, as estimated from 1H-NMR spectrum of 

NR-g-PAAEM20, is about 8.69 wt%. Injection molding 

grade of PA12, Grilamid L20G with a melting temperature 

of 178°C, was employed as thermoplastic component for 

the preparation of TPVs. Grilamid L20G was 

manufactured by EMS-Grivory GmbH, Gross-Umstadt, 

Germany. All chemicals were used as received. 

 

2.2 Preparation of NR-g-PAAEM20/PA12 blends 

TPVs based on NR-g-PAAEM20/PA12 blends 

were prepared at a fixed blend ratio of 60/40. Two mixing 

steps were employed for the preparation of TPVs, using an 

internal mixer with a mixing chamber of 50 cm3 

(Brabender® GmbH & Co.KG, Germany). The first step 

was carried out by feeding the NR-g-PAAEM into the 

preheated mixing chamber at 50°C and a rotor speed of 60 

rpm. After 2 min, antioxidant (i.e., 1 phr of 6PPD) was 

added and mixing was continued for 1 min. Then, carbon 

black at different loading levels (i.e., 20, 30, and 40 phr) 

were incorporated along with the processing oil (TEAD) 

and mixed for another 3 min. After that, a curing agent 

(i.e., 14 phr of HRJ-10518) and a catalyst (i.e., 1.4 phr of 

stannous chloride) were charged into the mixing chamber 

and the mixing was continued for 1 min. 

In the second step, PA12 was first incorporated into 

the preheated mixing chamber at 160°C. It is important to 

note that PA12 was dried at 40°C for 24 h prior to 

blending. After the PA12 was completely melted, the NR-

g-PAAEM compound was fed into the mixing chamber 

and mixing was continued until the mixing temperature 

reached 200°C. The blend was then removed from the 

mixing chamber and allowed to cool naturally to room 

temperature before being pelletized for fabrication. 

 

3. Characterizations 

3.3 Morphological characterization 

The morphologies of the NR-g-PAAEM20/PA12 

TPVs were examined using Leo Scanning Electron 

Microscope (SEM model VP 1450, Leo, UK). The TPVs 

were first cryo-fractured in liquid nitrogen and the PA12 

was then selectively extracted using hot dimethyl 
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sulfoxide (~100°C). After that, the extracted TPV samples 

were dried in a hot-air oven at 40°C for 24 h before being 

subjected to prior to SEM analyses. 

 

3.2 Mechanical testing 

Tensile testing of NR-g-PAAEM20/PA12 TPVs 

were conducted at 25±2°C, using a crosshead speed of 500 

mm/min and dumbbell-shaped specimens according to 

ASTM D412. The testing machine used was Hounsfield 

Tensometer H 10 KS (the Hounsfield Test Equipment Co., 

Ltd, U.K.). The tension set test was performed by 

stretching the samples to 100% extension and holding at 

that position for 10 min. The tension set was measured 

after the samples were unloaded and allowed to relax for 

10 min, as specified by ISO 2285. 

 

3.3 Contact angle measurement 

Water contact angles on the surfaces of NR and 

NR-g-PDAAM10 were measured by the sessile drop 

method at ambient humidity, using a contact angle meter 

(DM300, Kyoma Interface Science Co., Japan). The water 

drop profile was observed using a microscope equipped 

with a CCD camera. The water contact angle was taken as 

the average value of at least 10 different measurements at 

different locations of the same sample. 

 

4. Results and Discussion 

4.1 Contact angle measurement 

The contact angle of water on a surface can be used 

as an indicator of the relative hydrophilicity of the 

corresponding surface. As the hydrophilicity increases, the 

contact angle of water droplet on the surface decreases. If 

the water contact angle on a surface is less than 30°, the 

surface can be designated as hydrophilic [3, 4]. 
 

 
 

Figure 2. Water droplets formed on the surfaces of (a) 

natural rubber (NR) and (b) NR-g-PAAEM20 films. 

The results obtained from contact angle 

measurement are shown in Figure 2. It can be clearly seen 

from Figure 2 that the contact angle of water on the NR-g-

PAAEM20 surface (78.53°±4.36) was smaller than that on 

the NR film (87.79°±7.25). This observation indicates an 

increase in the hydrophility of NR after being grafted with 

poly (acetoacetoxy ethylmethacrylate), PAAEM. Hence, 

the presence of grafted PAAEM chains in the NR molecule 

should be advantage to the compatibility between NR-g-

PAAEM and polar PA12. 

 

4.1 Morphological studies 

Investigation of the phase morphology was 

performed on the solvent-etched cryogenic fractured 

surfaces of NR-g-PAAEM/PA12 TPVs. SEM micrographs 

of the NR-g-PAAEM/PA12 TPVs with different carbon 

black loadings are presented in Figure 3.  

 

  

   
 

Figure 3. SEM micrographs of NR-g-PAAEM/PA12 

blends with different levels of carbon black (CB) loading: 

(a) without CB, (b) 20 phr CB, (c) 30 phr CB, and (4) 40 

phr CB. 

 

It is clear that all the prepared TPVs, with or 

without addition of carbon black, exhibited dispersed 

phase morphology in which the vulcanized rubber phase 
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was dispersed in the matrix phase of PA12. This type of 

morphology allows the TPVs to flow when they are 

subjected to shearing forces at temperature above the 

melting point of PA12. The result also reveals that the size 

of dispersed rubber phase decreased significantly when 

carbon black was incorporated in to the TPV. The size of 

vulcanized rubber particles in the range of 0.2-0.8µm was 

observed for the carbon black-filled TPVs whereas the 

rubber particle size in the unfilled TPV varied in the range 

of 0.5-2.0 µm. This observation could be related to an 

increase in melt viscosity of the blends in the presence of 

carbon black.  

 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160 180 200 220

20 phr Carbon black

40 phr Carbon black
30 phr Carbon black

without Carbon black

To
rq

ue
 (N

m
)

Mixing time (Sec)

M
initial

M
minimal

 
 

Figure 4. Mixing torque-time of TPVs based on 60/40 

NR-g-PAAEM/PA12 with different levels of carbon black 

loading. 

 

Curves of torque as a function of time for the NR-

g-PAAEM/PA12 blends with different levels of carbon 

black are shown in Figure 4. PA12 was first introduced 

into the preheated mixing chamber at 160°C with a rotor 

speed of 60 rpm. The rise in the mixing torque was 

observed when the plastic began to melt. A gradual 

reduction in the mixing torque was later seen when the 

plastic was completely melted. The torque began to rise 

again after the rubber compound was added to the mixing 

chamber. This is due to the resistance exerted on the rotors 

mainly by the rubber compound. As the rubber chains were 

broken down by mechanical shear during mixing, the 

mixing torque decreased progressively as mixing 

continued.  

However, different degrees of polymer breakdown 

were observed between the filled and unfilled mixtures. 

The maximum torque (Minitial) produced after the addition 

of rubber compound is primarily related to the initial 

viscosity of compound. After the compound absorbed heat 

from the mixing chamber and underwent mastication, it 

softened. This resulted in a decrease in the mixing torque 

until it reached a minimum value. The minimal torque 

(Mminimal)  at this stage can be considered as the viscosity 

of the compound prior to the onset of dynamic curing. 

Hence, the difference between Minitial and Mminimal can be 

used as an indirect indicator of the degree of polymer 

breakdown. The blend containing 40 phr of carbon black 

had the highest torque difference (16.56 Nm), followed by 

the blend with 30 phr (15.905 Nm), the blend with 20 phr 

(12.045 Nm), and then the unfilled blend (5.380 Nm), 

respectively. This is probably a result of the increase in the 

melt viscosity of the blends with addition of carbon black. 

Therefore, higher shear stress is expected to generate 

during mixing in the presence of carbon black. This leads 

to a greater degree of mixing between NR-g-PAAEM20 

and PA12 and, thus, a finer phase morphology (Figure 3).  

The co-continuous phase morphology of NR-g-

PAAEM20/PA12 should be obtained at this stage of 

dynamic vulcanization. 

The formation of crosslinks in NR-g-PAAEM 

phase could be signified by a second dramatic increase in 

the mixing torque after the addition of rubber compound. 

As vulcanization took place under high dynamic shear, the 

rubber phase became elongated and then broke up into 

small particles due to the dramatic increase in the viscosity 

of the rubber phase. Since the major rubber component 

was transformed into the rubber particles, the minor PA12 

component then became the continuous phase, 

maintaining the thermoplastic processing characteristics of 

the blend. The dynamic curing was allowed to proceed 

until the mixing temperature reached 200°C, which is 

evidenced by a gradual increase in the torque with 

increasing mixing time. 
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Analysis of these torque data suggests that the 

formation of submicron rubber particles, as observed in the 

carbon black-filled TPVs, is probably because the co-

continuous phase of these TPVs prior to the crosslinking 

formation is finer than that of the unfilled TPV. The 

hypothesis is that the finer the co-continuous morphology, 

the easier it is to obtain the TPV with smaller dispersed 

particles. Additionally, the stiffness of NR-g-PAAEM 

phase in the presence of carbon black is expected to 

significantly increase after dynamic vulcanization starts. 

Thus, this rubber phase is unlikely to break up easily into 

fine dispersed particles during dynamic curing. 

 

4.2 Tensile properties 

Influence of carbon black loading on tensile 

properties of NR-g-PAAEM/PA12 TPV is shown in 

Figure 5. It can be seen that the incorporation of carbon 

black leads to considerable improvement in tensile 

properties of NR-g-PAAEM/PA12 TPV. 
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Figure 5. Stress–strain curves of TPVs based on 60/40 

NR-g-PAAEM/PA12 with different levels of carbon black 

loading. 

 

When the carbon black (i.e., 20, 30 and 40 phr) are 

added, the tensile strength of the TPVs can be improved 

over that of the unfilled TPV, whereas the elongation at 

break may increase or decrease. By comparing with the 

unfilled TPV, the improvement in tensile strength of the 

carbon black-filled blends is in agreement with their 

observed morphologies.  The highest tensile strength (22.7 

MPa) and elongation at break (261.7%) were observed in 

the TPV containing 30 phr of carbon black.  

The TPVs in the presence of 30 phr carbon black 

also exhibited the finest dispersion of crosslinked NR-g-

PAAEM particles in the PA12 matrix. It has been well 

established that the size of rubber dispersed particles is one 

of the important factors in determining the mechanical 

properties of TPVs, as demonstrated by Coran et al [5]. As 

the size of vulcanized rubber particle decreases, the surface 

area to volume ratio of the particle increases [6] while the 

interparticle distance between vulcanized rubber particles 

decreases [7]. A large surface area of small NR-g-PAAEM 

particles provides more opportunity for interfacial 

interaction (e.g., hydrogen bonding) of the rubber particles 

with the PA12 matrix. 

In addition, a reduction in distance between rubber 

particles also increases the extent of physical contact 

between the rubber dispersed-phase, which should 

enhance the elastic properties of TPV. 

 

 
 

Figure 6. SEM photograph of cryo-fracture surfaces of 

NR-g-PAAEM/PA12 TPVs with 40 phr carbon black. 

 

The result also indicates that when the carbon black 

addition was further increased beyond 30 phr, tensile 

properties of the carbon black-filled TPVs noticeably 
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decreased (see Figure 5). This observation is probably 

attributed to an increase in the degree of carbon black 

agglomeration. Evidence for the formation of 

agglomeration in the TPV filled with 40 phr carbon black 

can be seen in Figure 6. It is well accepted that an increase 

in the carbon black loading increases the possibility of 

carbon black to agglomerate. This inversely results in poor 

rubber-filler interaction due to a reduction in the 

wettability of carbon black surfaces by the rubber chains. 

The decline in tensile properties of the TPV is likely to be 

a consequence of the presence of carbon black 

agglomeration. 

 

5. Conclusion 

Comparative studies of the phase morphology and 

tensile properties between the unfilled and carbon black-

filled NR-g-PAAEM20/PA12 TPVs were conducted. 

Two-phase morphology was observed for all the prepared 

TPVs. However, the TPVs filled with carbon black 

showed much smaller particle size of vulcanized rubber 

dispersed in the PA12 matrix, as compared to the unfilled 

TPV. Hence, higher tensile properties were observed in the 

carbon black-filled TPVs than for the unfilled TPV. The 

optimum level of carbon black loading in the TPVs was 

found at 30 phr. The thermal stability of the resulting TPV 

was also evaluated by measuring the change in MFR as a 

function of aging time at 275°C. It was observed that the 

TPV filled with 30 phr carbon black had much higher 

thermal stability in terms of MFR when compared to the 

unfilled TPV. 
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