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PCT-9 Chair
A group of Thai academic and industrial polymer scientists founded the Polymer Society of Thailand (PST) since 1999
to be the focal point for exchanging and sharing the advancement of polymer science and technology not only for Thai polymer
scientists but worldwide. To strengthen and enhance the networking among them, the International Polymer Conference of
Thailand (PCT), has been organized annually by PST, aimed at bringing people from different universities, and industrial sectors
across the country to share their knowledge and innovations for the benefit of our society. The conference is also the venue for
young generation not only to experience with the well-renown polymer scientists, but also the stage to express their ideas and
findings.
With the successful event continuously with high research quality presented each year, the Polymer Conference of
Thailand this year (PCT-9) strives not only to disseminate the most recent advancement in polymer science and technology, but
also emphasize the importance on the increasing threats of plastic waste generation to the society. To achieve these goals, the
presentations from eminent speakers covering rubber, plastic, fiber, film and coating from Universities and Industries, are
organized in addition to the panel discussion on “Circular Economy in Polymer Industries”. It is envisaged further that the
strong collaboration between university researchers and the industry’s R & D people will fulfill a greater balance between
economy, environment and community for the benefit of mankind.
Five scientific sessions are being arranged, which are Recent Development in Polymer Design, Bioplastics and
Polymers for Sustainability, Biomedical Polymers, Rubbers/Elastomers and Polymer Blends and Composites, with a special
session of Trends in Polymer Industry. Two Honorable Plenary Speakers will lead the Conference; Prof. Krisda Suchiva, from
Rubber Technology Research Centre , Mahidol University,Thailand, and Professor Hideo Nagashima, Institute for Materials
Chemistry and Engineering, Kyushu University, Japan. The PCT-9 is also pleased to have 9 Keynote speakers; Prof. Yuko Ikeda
(Kyoto Institute of Technology, Japan); Assoc.Prof.Dr. Nuanphan Chantarasiri (Chulalongkorn University); Assoc.Prof.
Dr.Voravee Hoven (Chulalongkorn University);
Assoc.Prof.Dr.Kalyanee Sirisinha (Mahidol University);
Assoc.Prof.Dr.Duangdao Aht-Ong (Chulalongkorn University); Asst.Prof.Dr.Kiattikhun
Manokruang (Chiang Mai
University); Asst.Prof.Dr.Stephan Dubas (Chulalongkorn University); Dr.Jittiporn Kruenate (PTT Global Chemical Public
Company Limited); and Mr. Chandan Kumar Singh (Aditya Birla Chemicals (Thailand) Limited). Additionally, 5 Invited
speakers; Assoc.Prof.Dr.Thammasit Vongsetskul (Mahidol University); Dr.Autchara Pangon (National Nanotechnology
Center); Asst.Prof.Dr.Kanoktip Boonkerd (Chulalongkorn University); Dr.Natthaphop Suwannamek (National Metal and
Materials Technology Center); Dr.Panya Wongpanit (SCG Chemicals), 30 oral presentations and 44 poster presentations will
make the Conference fulfilled with scientific ambience.
The “PCT-9 Rising Stars” are also nominated from PCT-9 organizing committee to recognize the efforts and
accomplishments of young polymer scientists; Asst.Prof. Patnarin Worajittiphon from Chiang Mai University and Ms. Sirirat
Changmongkol from Aditya Birla Chemicals (Thailand) Limited.
On behalf of the Polymer Society of Thailand, I would like to express my sincere thanks for the success of high quality
conference to all of the committee who have put tremendous efforts in a very limited time to organize this PCT-9 conference.
In addition, I would like to deeply state special thanks to valuable supports for the Platinum sponsor from the Aditya Birla
Chemicals (Thailand) Limited, Gold sponsors from the PPT Global Chemical Public Company Limited and the SCG Chemicals,
the Bronze sponsor from the Bara Scientific Co.Ltd., the financial assistance for students’ registration fee from the MBJ
Enterprise Co. Ltd, students’ Poster Presentation Rewards from Synchrotron Light Research Institute (Public Organization),
students’ accommodation from Union Products and Services Co., Ltd. and support from eight booth exhibitors i.e. the Thailand
Research Fund (TRF), the National Metal and Materials Technology Center (MTEC); Vana Science Co., Ltd, Technovation
International Co., Ltd; Puditec Co., Ltd, LMS Instruments Co., Ltd; S.M. Chemicals Supplies Co., Ltd.; and SCS
INSTRUMENTS (THAILAND) Co., LTD. My deepest gratitude goes to all speakers, poster presenters and audiences who
participate in this conference.
Finally, I wish the PCT conference a fruitful success, and hope that you have a happy participation, new friends and
collaborators, enjoy sharing and exchanging your ideas and see you next year. Have a safe journey back to your home town.
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Grand Challenge for Natural Rubber Research and Development
Krisda Suchiva
Rubber Technology Research Centre, Faculty of Science, Mahidol University
Salaya, Phuttamonthon, Nakhon Pathom 73170, Thailand
Phone +66 2441 0511, Fax +66 2441 9378, E-Mail : krisda.suc@mahidol.ac.th
Current Position(s):

Advisor, Rubber Technology Research Centre,
Faculty of Science, Mahidol University, Thailand

Research Interest(s):
Structure, properties, processing and applications of natural rubber

Abstract
Natural rubber (NR) is an essential material for our life. Our mobility (various kinds of transportation), health
(many kinds of medical devices), living (personal products, vibration controls, safety products etc.) and industry (flexible
hoses, belts, engine parts etc.) rely heavily on NR. Furthermore, millions of people (NR producers) around the world
depend their lives on NR. Therefore, sustainability of NR is a very important issue for our future which needs to be
addressed.
Presently, NR is encountering various threats, risks and uncertainty. There are threats from synthetic rubbers in
terms of available properties and quality. The production technologies for NR and NR products are inefficient, polluting
and often unsafe along the value chain. Climate change and availability of skilled labour are also negative issues facing
future production of NR. NR market volatility (NR prices) has proven to be a real problem for the well-being of NR
producers in NR-producing countries. How can we develop new products from NR in order to enhance its value for the
benefit, particularly, of NR producers? How can we best exploit new technologies (digital, IoT, AI, automation etc.) to
develop and modernise NR and NR products.
It is a real challenge to find ultimate solutions for the above-mentioned problems of NR. NR producing countries
should focus only on research and development which can create large impact on NR, not the trivial ones, before it
would be too late.
This is a grand challenge which will be discussed in the presentation.
Keywords: natural rubber, sustainability, grand challenge, digital technology
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Abstract
Homogeneous catalysis has contributed to the development of polymer synthesis which cannot be achieved by
conventional methods. A number of unique polymers with attractive properties have been synthesized and subjected to
studies on materials science from both academic and industrial point of views. Concerns about the growing scarcity of
some chemical elements and a desire to develop environmentally friendly chemical processes has promoted the
development of organic and polymer syntheses using homogeneous catalysis with iron and other non-precious metal
elements. Applications of homogeneous catalysis to polymer synthesis in general need to solve several problems which
are not seen in catalytic preparation of organic compounds. Easy separation of the catalyst from the polymer products is
one of the most serious problems, since metal residues in the polymers are sometimes harmful to humans and often induce
the deteriorating of polymer properties. Element strategy initiative in homogeneous catalysis is an intriguing approach to
solve this problem. High catalytic efficiency achieves polymer synthesis with minimum amounts of metals, and
appropriate design of the catalyst structures takes part in facilitating separation of the catalyst from the polymer, which
may be recyclable. Use of iron compounds as the catalyst is an ultimate goal of this approach, because iron is the most
environmentally benign and the most abundant transition metal on Earth, and is widely distributed and inexpensive.
In this presentation, the author wish to show two good examples for environmentally friendly polymer synthesis,
which were achieved by using element strategy initiative approaches. 1 The first example is atom transfer radical
polymerization by iron (II) complexes having N, N, N-trialkyl-1,4,7-triazacyclononane (R3TACN).2 Active species of
this iron-catalyzed ATRP is monomeric (R3TACN)FeX2, which is in equilibrium with its dimer and trimer (equilibrium
A). At the initial stage of the reaction, the monomeric (R3TACN)FeX2 formed from its dimer or trimer reacts with alkyl
halide to generate radical species which initiates vinyl polymerization and monomeric (R 3TACN)FeX3. During the
propagation, equilibrium between radical species at the polymer end with (R 3TACN)FeX3 and X at the polymer end with
(R3TACN)FeX2 (equilibrium B) is a key to control quasi-living nature of the polymerization. After the reaction, the
monomeric (R3TACN)FeX2 forms inactive dimer or trimer, which has ionic structure and is easy to dissolve methanol.
Thus, precipitation of the crude polymer from methanol achieves separation of the catalyst from the polymer, which is
reusable. Appropriate design of the R group contributes to equilibrium control of A and B. The second is chemical
modification of silicones by hydrosilylation of alkenes catalyzed by iron and cobalt compounds. Hydrosilylation of
alkenes is a key technology for silicone industry, and platinum complexes are a sole metal catalyst suitable for the
industrial production of silicones. Our discovery, the second example of element strategy initiative approaches, is iron
and cobalt isocyanide complexes, which behaves as active catalysts for the hydrosilylation of alkenes with silicones with
Si-H moieties. In extreme case, lower ppm order of iron or cobalt is enough for the modification of polymethylsiloxane
polymers with alkenes. Two types of catalysts are complementary useful, a mixture of iron or cobalt carboxylate with
isocyanide is inexpensive and convenient for the use in the process, whereas Fe(CNR) 5 or Co2(CNR)8 are more expensive
but more catalytically efficient.
Keywords: homogeneous catalysis, element strategy initiative, controlled radical polymerization, modification of
silicones
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Abstract
Rigid polyurethane (RPUR) and polyisocyanurate (RPIR) foams are good insulations used in constructions. The
preparation of RPIR foam is similar to that of RPUR foam, except excess isocyanate compounds is employed. RPIR
foams have lower flammability than RPUR foams. However, RPIR foams are brittle due to the presence of isocyanurate
groups. To solve this problem, we used homogeneous solution of gelling/blowing/trimerization catalysts in the
preparation of fully water-blown RPIR foam. The balance reaction of urethane formation (gelling reaction), CO2
formation (blowing reaction) and isocyanurate formation (trimerization reaction) results in RPIR foams having good
properties. Copper- and zinc-ammonia complexes were synthesized and used as catalysts for accelerating gelling and
blowing reactions of RPUR and RPIR foams. Potassium octoate solution in diethylene glycol, which was used as a
trimerization catalyst, was mixed with copper- or zinc-ammonia complexes to give homogeneous catalyst mixture which
can catalyze gelling, blowing and trimerization reactions for the preparation of RPIR foams. The catalytic activity of
copper- and zinc-ammonia complexes was compared to that of N,N-dimethylcyclohexylamine (DMCHA), which is an
industrial catalyst.
Keywords: Fully water-blown rigid polyurethane foams, Fully water-blown rigid polyisocyanurate foams, Aqueous
catalyst solutions.
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Abstract
Polymer precursor bearing active side groups has recently been introduced as a versatile and ready-to-use
toolbox that can undergo tandem post-polymerization modification with designated nucleophilic modifier, allowing for
multiple functionalities to be conveniently and proportionally incorporated. This presentation will feature the
development of stimuli-responsive nanoparticles from a single pentafluorophenyl ester-containing polymer, synthesized
from active ester-containing monomer, pentafluorophenyl (me)acrylate (PFP(M)A). PFP(M)A subjected to partial postpolymerization modification with amine-terminated hydrophilic molecules (i.e. 1-amino-2-propanol, amine-terminated
poly(ethylene oxide) yielded amphiphilic random copolymers. The inherit hydrophobicity of pentafluorophenyl groups
provided a driving force for nanoparticle formation upon water-induced micellization. Redox- and pH-responsive
nanoparticles can be obtained by subsequent post functionalization of the self-assembled nanoparticles with aminoterminated di-thiol crosslinker and 1-(3-aminopropyl) imidazole, respectively. These developed nanoparticles possess a
strong potential as carriers for therapeutic agent delivery that can be redox- or acid-triggered.

Keywords: precursor polymer, post functionalization, active ester, micelles, pH responsive, redox responsive
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Abstract
Polylactic acid (PLA) is one of the most promising biodegradable polyester available in the market. A large portion
of PLA is used as food beverage packaging, electronics appliances, because of its high strength and stiffness. However,
PLA has limited use in applications that require good flexibility and toughness. In order to improve such properties, a
number of methods are employed, such as plasticization, blending with rubbers, and copolymerization with appropriate
monomer. Copolymerization of PLA to produce graft or block copolymer is not new approach. There are many works
related to preparation of PLA-based copolymer. The widely used method is based on ring-opening polymerization of
lactide in solution state in the presence of prepolymer and catalyst.
This work presents one-step reactive melt process for preparation of ductile PLA–PEG copolymers from
commercially available PLA resin by chain scission–reformation strategy using melt transesterification of PLA by PEG
followed by chain extension reaction of the short chain polymers. The reaction occurs in a melt processing machine
(Haake mixer) without using solvent. The total process time is within 30 mins which is substantially shorter than the
reaction time used in typical synthesis routes that may take several hours. The copolymer products obtained have high
ductility with % elongation at break >500%. In this talk, key factors influencing the copolymer properties will be
discussed.
Keywords: Poly(lactic acid), Reactive melt processing, Copolymer, Transesterification, Properties
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Abstract
Recently, nanocellulose has attracted a great deal of interest from the academics and industries all over the world.
Products made from nanocellulose have been developed for a wide variety of industries and applications owing to its
specific properties such as hydrophilic property, mechanical properties, gas barrier capability, biodegradability,
biocompatibility, and so on. Ongoing researches regarding the micro- and nanocellulose which have been carried out in
the Bioplastics and Composites Research Group at Chulalongkorn University will be presented in this talk. Preparation,
modification, and properties of nanocellulose from aquatic weed water hyacinth and other agricultural resources,
including hemp stub, sugarcane bagasse, banana leaf sheath will be presented. The potential applications of the prepared
nanocellulose in some applications including reinforcing fillers in biodegradable plastics films, flame retardant materials
in engineering plastics composites, antifungal and antibacterial surface coating materials, edible film in postharvest
technology will be highlighted.
Keywords: Nanocellulose, Agricultural Resources, Mechanical Defibrillation
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Abstract
Injectable hydrogels are alternative materials for drug and protein delivery since they potentially eliminate the
need for surgical implantation in the treatment procedures. Although a number of biopolymers exhibit a reversible solgel phase transition triggered by temperature and pH of the environment and, hence, facilitate the injectability of such
macromolecules, the phase transition of these biopolymers usually occurs at extreme conditions (such as strong alkaline
pH for chitosan, strong acidic pH for pectin and high temperature for albumin), which limits the breadth of utilization of
these biopolymer gels in biorelated applications. Our sol-gel intelligence polymers were developed and used to tailor the
phase transition behavior of the aforementioned biomolecules. Therefore, the predetermined sol-gol phase transition can
be achieved while the biopolymers remained their intrinsic biocompatibility.
For instance, the injectable hydrogels derived from chitosan and a sol-gel intelligence based on methoxypoly(ethylene oxide) and -caprolactone diblock copolymer (POCSAN gel) not only underwent the controllable sol-gel
phase transition but also demonstrated good sustainability for delivery of both hydrophilic and hydrophobic drugs at the
physiological temperature and pH of acidic tumor microenvironment. The release profile showed the sustained release of
anticancer drugs, doxorubicin and curcumin, for over 2 weeks in the in vitro experiments. Also, the injectable hydrogels
derived from bovine serum albumin and sol-gel intelligence poly(amino urethane) (PABSA gel) were prepared to
demonstrate the sol-gel phase transition at physiological condition (37 oc and pH = 7.4). The release profile showed an
effective reduction of the burst effect for lysozyme. The encapsulated protein was released in a slow fashion over 2 weeks
in vivo. Fluorescence spectroscopy confirmed that van der Walls forces and hydrogen bonds played major roles in binding
between the injectable hydrogels and lysozyme in complexes. In addition to the lysozyme release, the secondary structures
of the released protein were well preserved.
Keywords: Injectable hydrogel, sol-gel phase transition, smart polymer, drug delivery.
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Abstract
Nanostructured chitosan-based materials are of interest for biomedical and tissue engineering due to their nontoxicity, biocompatibility, and biomimetic characteristics. Here, two water-based chitosan nanofibrous scaffolds, i.e. (i)
multicarboxylic acid crosslinked chitosan nanofibers and [1] (ii) hydroxyapatite (HA)/chitosan bionanocomposite fiber
hybrids, are explored for potential applications in bone tissue engineering [2]. First, we describe the use of three different
multicarboxylic acids which are diacid, triacid, and tetraacid, as environmentally friendly solvents and in situ crosslinkers,
to produce mechanically robust chitosan nanofibrous scaffolds via a simple approach of electrospinning. The
physicochemical behaviors in terms of fiber stability and mechanical properties can be tailored through ionic crosslinking
between chitosan and the multicarboxylic acids. Second, electrospun chitosan/chitin whisker (CTWK) nanocomposite
fibers are proposed as a bio-template for hydroxyapatite mineralization. Compared to the pristine chitosan, the HAhybridized chitosan nanofibrous scaffolds with CTWK for 17 wt% show the increased elastic modulus for up to 4 times.
The studies of MMT assessment reveal that osteoblast cell viability and proliferation on the chitosan nanofibrous scaffolds
are enhanced by CTWK reinforcement with HA hybridization.
Keywords: Chitosan, Chitin whisker, Nanofibrous scaffold, Multicarboxylic acid, Crosslinking, Bionanocomposite
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Abstract
Nanofibers, one-dimensional nanomaterials, are normally produced by electrospinning, which is simple,
convenient, repeatable, scalable, and providing an ability to tune their dimensions. Due to their high-surface-area
character, these fibers are used in various applications such as controlled release. In this talk, my research works on these
fibers for controlling release of bioactive compounds will be presented. Our studied results reveal that the fabricated fibers
not only control the release of bioactive substances efficiently, but also reduce their toxicities to fibroblast cells. Therefore,
these fibers are potentially to be used to administer drugs topically. Moreover, if these fibers loaded with an antiseptic
compound are coated on glove surface, they increase the surface roughness of the gloves, which benefits their uses for
medical professionals.
Keywords: controlled release, glove, nanofiber, topical drug
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Abstract
Rubber products are familiar in everyday life. In general, rubbers are subjected to cross-linking and filler filling for
preparing various rubber products. It has been well-known that there are several kinds of structural inhomogeneity such
as organic and inorganic phases, amorphous and crystalline phases, mesh network and network domain phases, and so on
[1]. They become keys to control performance of rubber products. In a case of natural rubber, non-rubber components
also play a role to influence the properties of rubber products. Therefore, it is necessary to take an advantage of each
structural inhomogeneity for materials design of rubber products. In this presentation, unique characteristics of structural
inhomogeneity are introduced as fundamental keys for producing high-performance rubber materials. Our recent topics
on the in situ silica filling in natural rubber [2-6], the strain-induced crystallization behaviors of alternative natural rubbers
[7-10], the reinforcement effect of lignin for natural rubber [11,12], and the control of two-phase network morphology in
vulcanization [13-19] are particularly focused. The new observations will be useful in achieving breakthroughs in the
traditional, yet indispensable rubber science and technology.
Keywords: Structural inhomogeneity; Filler network; Strain-induced crystallization; Network inhomogeneity; Nonrubber components in natural rubber
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Abstract
Hydrogels h a v e been potentially used in many applications such as medical applications, water treatment and
agriculture. Among various types of hydrogels, cellulose hydrogels have gained the most attention. This is because
cellulose is the most abundant natural biopolymer. As known, hydrogels have very low strength and can be torn easily.
This is attributed to the high-water retention in their structure. We here proposed an alternative way to strengthen cellulose
hydrogels by the incorporation of natural rubber (NR). The cellulose composite hydrogels with NR are a challenge for
producing a bio-composite hydrogel as a novel material.
The cellulose used here was obtained from the dried sugarcane bagasse and was purified via a chemical treatment
including alkali/acid and bleaching with sodium hypochlorite [1]. Composite hydrogels were successfully fabricated by
mixing cellulose solution with NR solution. To form the composite hydrogel, the pre-mixed solution was then poured
into a Petri dish that was subsequently placed inside a closed plastic container saturated with ethanol vapor for 24 h for
gelation by a phase inversion method [2, 3]. The results showed that the maximum amount of NR that can be loaded into
the cellulose hydrogel was about 30 wt%. Once NR was introduced into the cellulose hydrogels, the obtained composite
hydrogels became translucent and eventually opaque with increasing NR loading. The result from water absorption and
water contact angle revealed that the presence of NR decreased the water affinity of the hydrogels. Nevertheless, the
composite hydrogels had higher tensile strength and %elongation at break and better elastic properties than the pristine
cellulose hydrogel. Moreover, it was found that at the same NR loading, if NR was vulcanized with peroxide before
adding into the cellulose solution, the obtained composite hydrogel showed even much better mechanical properties than
the one composited with the unvulcanized NR. From morphology study, it indicated that rubber roughly aggregated in
cellulose matrices forming the interconnection layer between both cellulose and rubber. Thus, this led to the enhancement
of mechanical and elasticity of the bio-composite hydrogels.
Keywords: Cellulose hydrogel, natural rubber, sugarcane bagasse, phase inversion method
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Abstract
Zeolitic imidazolate framework-8 (ZIF-8), a subclass of metal-organic frameworks (MOFs) were synthesized from
Zn2+ and 2-methylimidazole. ZIF-8 have been used in numbers of applications for their high surface area, tunable pore
size and ease of preparation. In this application it is their ionic conductivity that was used to fabricate alkaline fuel cells
when incorporated into Polyelectrolyte complex membranes (PECs). The PEC membranes were built from the
electrostatic interaction between oppositely charged polyelectrolytes that were PDADMAC and PSS. Upon mixing a PEC
is obtained which can then be compressed into a film. In one approach the MOF were mixed in the PDADMAC solution
in order to obtain a composite membrane. In a second approach the PEF were directly synthesized inside the PEC
membrane by using a counter flow reactor. The synthesis of the MOF was confirmed by X-ray diffraction spectroscopy
(XRD), scanning electron microscope (SEM) and ATR Fourier-transform infrared spectroscopy (ATR-FTIR). Since these
composite membranes will be used in fuel cell applications their electrochemical behavior was studied electrochemical
impedance spectroscopy (EIS).
Keywords: Polyelectrolytes, composite membrane, Metal organic frame work, fuel cells.
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Analysis of High-stalk Bubble of Blown Film Extrusion: Processability, Crystal Structure
Development, and Mechanical Properties
Panya Wongpanit1,*, Wonchalerm Rungswang1, Boonyakeat Thitisak1, Phumpraj Manaspiti2, Jomphol Mongkhol2,
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1

Thai Polyethylene Co., Ltd., Siam Cement Group (SCG). 10 I-1 Rd. Map Ta Phut Industrial Estate, Muang Rayong
21150, Thailand
2
SCG Chemicals Co., Ltd, 1 Siam Cement Road, Bangsue, Bangkok 10800 Thailand.
Phone +66 3891 2829, Fax +66 3868 4676, E-Mail: panyawon@scg.com
Current Position(s): Processing Engineer, Application Development Center, Thai
Polyethylene Co., Ltd., Siam Cement Group (SCG), Thailand

Research Interest(s):
-

Blown Film Extrusion, Cast Film/Sheet Extrusion, Extrusion Coating
Thermoforming
Uniaxial Stretching, Biaxial Stretching
Computer Simulation for Polymer Processing
Design of Experiment (DOE)

Abstract
An analysis of high-stalk bubble of blown film extrusion was carried out based on experimental data of two
materials i.e., pure HDPE#1 (100HD) and HDPE#2 blended with 40 % LLDPE (40LL). It was observed that 100HD had
processing window wider than 40LL, particularly at very high neck height. An analysis of machine direction (MD)
extensional strain rate further revealed that 100HD minimized bubble energy by reducing the strain rate with increasing
neck height while 40LL could not maintain the strain rate reduction at very high neck height. As a result, 40LL could not
form a stable bubble. It was believed that longer relaxation time of 100HD was a key reason why 100HD had wider
processing window since an extensional strain was retarded under an extensional force. Longer relaxation time also
affected the crystal nucleation. A fibril nuclei was observed for 100HD while it was not for 40LL. Normally, very high
molecular weight (MW) portion played a very important role in prolonging relaxation time. Therefore, from the view
point of polymer design, very high MW portion might provide wider processing window. In the present study, crystal
structures of blown films of 100HD and 40LL at various blow-up ratio (BUR) and neck height were also analysed by
using small-angle x-ray scattering (SAXS) and wide-angle x-ray diffraction (WAXD) techniques. Crystal structure
development during the high-stalk blown film extrusion were described. A generalized relationship of processing-crystal
structure-mechanical properties was examined. It was found that an average crystal size of 110 plane (<L110>) had very
strong correlation with BUR and mechanical properties, including MD tear strength, dart-impact strength, MD tensile
strength at yield and at break, and transverse direction (TD) elongation at break. In general, the larger the <L110>, the
higher the film strength with brittle characteristics. Meanwhile, a smaller <L110> led to a lower the film strength, but with
greater toughness.
Keywords: High-stalk Bubble, Bubble Instability, Film Blowing, Crystal Structure
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blowing. European Polymer Journal. 74, 190-208.
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Nonwoven-Natural Rubber Composite for Sound Absorbing Materials
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Pathum Thani, 12120, Thailand
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Abstract
Sound energy is produced when the sound waves travel through the object by vibration mechanism. It can be dissipated
by the friction between air molecules and the pore walls or fiber surface from nonwoven. The nonwoven composite
sound absorbing materials are composed of fibers, tunnels, voids or cavities which allow the sound waves entering
inside the materials. The addition of natural rubber sheet can improve sound absorbing properties by distributing the
energy throughout the rubber layer. The acoustic properties of nonwoven-natural rubber composite materials have been
investigated at different fiber size, cross-sectional shape and sheet thickness. All samples were tested with microphone
technique according to ASTM E1050. Polyester fiber size of 7 and 15 denier with different cross-sectional shape, i.e.
four holes, one hole, hollow conjugated, and trilobal were investigated with thin rubber sheet inserted. The results
showed that the 7 denier, four holes fiber shape and rubber sheet composite had the highest Noise Reduction
Coefficient (NRC) at 0.39 compared with the 0.18 from 15 denier fiber nonwoven materials.
Keywords: nonwovens, cross-sectional shape, rubber sheet, sound absorption coefficient
References:
[1] Han Z., Chunsheng L., Kombe T., Thong-On N., “Crumb Rubber Blends in Noise Absorption Study”, Materials and
Structures, 41, 2008, pp.383-390
[2] Tuscan M., Vaughn E. A., “Effects of Total Surface Area Fabric Density on the Acoustical Behavior of Needle
punched Nonwoven Fabrics”, Textile Research Journal, 78(4), 2008, pp.289-296
[3] Wenbin Zhu W., Nandiikolla W., George B., “Effect of Bulk Density on the Acoustic Performance of Thermally
Bonded Nonwovens”, Journal of Engineered Fibers and Fabrics, 10, 2015, pp.39-45
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Abstract
Polymers are utilized extensively in modern days due to their price, processability, and performance. Advanced
and smart polymers can be obtained by effective polymer synthesis and functionalization. However, some specific
requirements in various applications have drawn research and development to further improvement and modification of
polymer characteristics, which is achievable by incorporation of fillers or additives into polymer matrices. Recently,
nanomaterials have gained increased interest academically and industrially because of their high surface area and unique
size effect. This sheds light on a promising significant improvement of polymer performance with low loading content of
the nanomaterials. Here, the investigation is focused on property improvement of some particular conventional and
biodegradable polymers by zero-dimensional, one-dimensional, and two-dimensional nanomaterials. The polymer
composites fabricated in the forms of films and fibrous membranes are aimed at eco-friendly packaging and water
remediation. The possibility of using such materials is also proposed for biomedical application.
Keywords: Polymer nanocomposites, Biodegradable polymers, Nanomaterials
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Next Generation-Innovative Epoxy Solutions
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Abstract
The Epoxy Division of Aditya Birla Chemicals (Thailand) is a pioneer manufacturer of epoxy resins in the entire
ASEAN region. The company envisions to be a preferred source of performance epoxy products and solution provider to
the global industry. In this endeavor it has an established modern state of the art, R&D and Application Development
Centre which is instrumental in developing novel building blocks and next generation epoxy systems.
During last 18 years of my professional career and working with the company, I have been fortunate to get an
opportunity to work in all areas of epoxy technology, starting from synthesis of epoxy monomers, polymers and allied
building blocks to the development of products & applications for coatings & construction and composites & electrical
(C&E) segments.
In my current position at Application Development Center for C&E, I and my team have been focusing on
developing next generation products which can add value to the end users by improving productivity, contribute in defect
reduction and reduce cost. Recent accomplishments include ; Ultra Slow-Fast Cure Infusion System and High StrengthHigh Stiffness Bonding Paste for Wind Turbine Blades, Toughened Self-Healing Epoxy System for Outdoor Electrical
Castings and Non Post Cure Electrical Casting System. We as a team are also working in line on our company’s focus
for products & solutions that can contribute towards development of a sustainable world. The innovative sustainable
composite solutions developed and offered by our company extend from bio-based to recyclable systems, suitable for
diverse processing and application needs, providing a unique value proposition to all stakeholders including the society
at large.
In this journey we have successfully leveraged from the fundamental research, innovative technologies being
developed by academics and research institutes. Innovation at our company is a way of life and we at Aditya Birla
Chemicals are committed to contribute our best for Thailand’s 4.0 economic model which is focused on economic
prosperity to create a value based economy driven by innovation, technology and creativity.
Keywords: Epoxy resins, Sustainable, Composite, Electrical
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Enhancement of Hydrophobicity of Paper Sheet Surface
for Use in Sticker Release Liner Application
Attachai Sriwattana and Pakorn Opaprakasit*
School of Bio-Chemical Engineering and Technology, Sirindhorn International Institute of Technology (SIIT),
Thammasat University, Pathum Thani, 12121, Thailand
Phone +66 2 986 9009 Ext 1806, *E-mail: pakorn@siit.tu.ac.th

Abstract
Release liner, a part of widely used stickers and label products, is commonly made from paper sheet coated by
silicone to offer optimum adhesion and peel off ability. This is achieved by their optimum surface’s wettability with water
contact angle (WCA) in a range of 90 – 110°. However, major disadvantages of this silicone-coating liners are their
expensive cost and difficulty to recycle using general paper-recycling technology. High consumption of this products,
therefore, leads to rapid increase in solid waste that seriously affects the environment. In this research, treatment processes
on paper’s surface have been developed by using low-cost and environmental-friendly fatty acid derivative, i.e. ketene
dimer-containing (KDC) compounds. The modification process conditions are varied, in terms of solvent choice, and
treatment temperature, to optimize the product’s performance. Property of the resulting treated paper were evaluated by
WCA and sticker peeling off measurements. Mechanisms of the treatment were examined by FTIR spectroscopy.
Keywords: Sticker liner, Paper treatment, Hydrophobic, Fatty acid derivative
1. Introduction

derivatives, wax-based compounds and silica have been

Stickers and label products are widely used in many

employed [2], [3].

applications, such as logistic, medical industries, and

Apart from suitable choice of hydrophobic

advertisement. These products commonly consist of 3

compounds, surface treatment process is also important.

important parts, which are sticker surface, adhesive, and

There are many coating methods which can be used to

release liner paper (Glassine paper) [1]. Release liner is

apply these chemicals on material’s surface, such as dip-

made from paper that is modified by a silicon coating

coating, spray-coating, and roll-coating, which are

layer, which provide the easy-peeling property. This

convenient to apply in actual industrial process. Thus,

smooth

or

these can be employed in the coating of hydrophobic

hydrophobic property, with water contact angle of about

agents on paper’s surface [3]. In addition, suitable solvent

100 – 110°, and has a good durability. However, major

and heating source are needed in case that the hydrophobic

disadvantages of this silicone-coating liners are their

agents are solid at room temperature [5], [6].

silicone

layer

shows

water

repellent

expensive cost and difficulty to recycle using general

Tetrahydrofuran (THF) and chloroform are widely

paper-recycling technology. High consumption of this

used for chemicals dissolution, as these are versatile

products, therefore, leads to rapid increase in solid waste

solvent for many types of chemicals. However, in actual

that seriously affects the environment.

process, these solvents may not evaporate completely, and

In attempts to solve this environmental issue,

their residue may remain on the material’s surface, which

various approaches have been investigated to treat the

can adversely affect to human health, especially for those

paper’s surface for this hydrophobic property. Many types

used in food-contact applications. It is recommended

of

residue THF concentrations must be less than 720 ppm and

hydrophobic

chemicals,

especially

fatty

acid
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60 ppm for chloroform. Alternatively, safer solvents

by using extraction method. THF was selected for KDC

should be considered.

extraction. Paper sheets was immersed in the THF for 5

In this research, a process for improving paper’s

hours at the room temperature and kept it in the hood.

hydrophobicity is developed by employing fatty acid
derivative hydrophobic agents, i.e. ketene dimercontaining (KDC) compounds, for use as release liners that
can be recyclable after use. The modification process
conditions are varied to optimize the product’s property.
All substrate and chemicals use are non-toxic and do not
affect to human health, and low cost.

2.4 Characterization
2.4.1 Water contact angle measurements
Wettability of the paper’s surface before and after
the treatments with KDC solution was evaluated, in terms
of water contact angle (WCA). The results were used to
confirm the efficiency of the KDC treatment on the paper’s
surface.

2. Materials and Experiments

WCA was measured with a Dinoscope, with
Dinocapture 2.0 program by using an image recorded at a

2.1 Materials
Fatty acid derivatives, ketene dimer-containing
(KDC) compounds in commercial grade, FennoWax 1865
of Kermira which has 90% of purity with melting point in
range 50 – 52 °C, were obtained in a solid form. The
compounds were used as hydrophobic agent. Ethyl acetate
(EA) was used as a solvent.
2.2 Preparation of KDC solution
KDC was dissolved in EA solvent at a 10% (w/v)
concentration, at 45°C, for 30 minutes, and the solution
was kept at room temperature for further use.

magnification of 40X. The measurements were conducted
at room temperature, using a water droplet of around 20
µL. The angle was measured after dropping at 1 minute.
The ImageJ program was employed.
2.4.2 FTIR analysis
Fourier transform infrared (FTIR) spectroscopy
was employed to examine chemical structures of the
materials and monitor chemical reaction or interaction
changes before and after the treatment. The measurement
was conducted on Thermo Scientific™ Nicolet™ iS™5
FTIR Spectrometer (ATR mode) at a 2 cm-1 resolution
with 64 scans.

2.3 Coating process

2.4.3 Stickers peeling off tests

A dipping method was used as a treatment process.

For use in release liner application, stickers peeling

A paper sheet was dipped into the KDC solution for 1

off tests is required to assess the performance of the

second. The coated paper was then dried at room

resulting products, in comparison with silicone-coated

temperature, around 24 hours, to evaporate the EA solvent

commercial release liners. The samples were tested by

from the paper’s surface. After that the samples were

using the FINAT method, in terms of peel adhesion (180°)

heated at different temperatures, starting from 50°C, 75°C,

at 300 mm per minute, according to FINAT Technical

100°C and 125°C for 1 hour.

Handbook 6th edition, 2001. This method is commonly
employed to quantify the permanence of adhesion or
peelability of self-adhesive pressure sensitive materials.
The liner samples were attached with standard pressure-

Figure 1 A standard sticker peeling off test at 180°.

sensitive pad on their surface for 24 hours. A tensile tester
was applied in the measurements using Tinius Olsen THE

In order to confirm the adhesion between KDC and

1000N with 1kN of load cell. It is capable to peel a

surface of paper sheet, the washing process are needed.

laminate through an angle of 180°, using a Jaw separation

After the coating process the treated papers were washed

rate of 300 mm per minute, with an accuracy of ± 2%, as
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Average Release Forces
Treated paper (Heat 125 °C, 1 hr)
Treated paper (Heat 100 °C, 1 hr)
Treated paper (Heat 75 °C, 1 hr)
Treated paper (Heat 50 °C, 1 hr)
Treated paper
Untreated Paper
Comercial product
0

5

10

15

20
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Release Force (N/m)
Figure 2 Average release forces of papers treated by different conditions.
depicted in Figure 1. Essentially, the backing material was

Table 1 Effect of treatment temperatures on water contact

removed from each strip and the adhesive coated was

angle of the treated papers

placed facing material on to a clean test plate. After

Samples

applying the strips to the test plate, leave for a period of 24

Neat paper

76° ± 1

hours before testing. The test plate is fixed and striped in

Treated Paper

128° ± 1

the machine. The size of samples is fixed at 25 mm x 17.5

Treated Paper / 50 °C

108° ± 1

Treated Paper / 75 °C

106° ± 1

Treated Paper / 100 °C

107° ± 1

Treated Paper / 125 °C

108° ± 1

mm. Finally, the results were reported in terms of force (N)
per 25mm width for either 20 minutes or 24 hours
application time.
3. Results and Discussion
3.1 Water contact angle
As treatment temperatures play a key role in the
treatment efficiency, effect of this parameter on water
contact angle of the papers has been investigated by
varying the heating temperatures from 75°C, 100°C,
125°C, and 150°C. The treatment time was fixed at 1 hour.
The results are shown in table 1.
When the samples were heated to 50 °C, a decrease
in the water contact angle value was observed from 128 to
108°. However, further heating up to 125 °C leaded to an
unchanged in the value. This implies that the decrease in
the value may be due to rearrangements of KDC
molecules, which have a melting point at around 60 °C.

WCA

3.2 Performance of coated papers for release liner
applications
In the release liner application, stickers peeling off
test is required to assess the performance of the resulting
products for replacement of commercial release liners
coated with silicone. The results are summarized in Figure
2. The released force of commercial release liners was 3.9
N/m, which is much lower than uncoated paper (21.5
N/m). The papers treated by KDC solution (without
heating process) gave the smallest values of released force,
and close to that of commercial products (2-3 N/m). This
is suitable for release liner application. However, the
samples possessed low durability, as some particles of
KDC were released to the adhesive’s surface which
adversely affects the performance of the adhesive. This is
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clearly observed from FTIR spectroscopy results,
discussed later.
To further improve stability of the treated layer, the
treatments are conducted at higher temperatures (50°C,
75°C, 100°C, and 125°C). The results on the released force
of all samples treated at high temperatures are significantly
similar at around 8-10 N/m (lower than the untreated paper
of around 53 - 63%).
Although

these

treated

samples

at

high

temperatures show higher release forces, compared to that
treated at room temperature, this is still in an acceptable
range for practical applications. Nevertheless, durability of

Figure 3 FTIR spectra of treated paper (room temperature),
untreated paper, washed paper and neat KDC

these samples is much better, as this can drastically reduce
the release of KDC particles on to the adhesive layer.
3.3 Relationship between surface wettability and release
force
Surface wettability is proportional to the release
force. At low water contact angle (hydrophilic surface), the
surface energy of paper is very high, leading to high
adhesive strength between the substrate and adhesive
layer. Therefore, high release force is needed for peeling

Figure 4 FTIR spectra of paper sheet before and after

off [8]. In contrast hydrophobic surfaces have low surface

treating with KDC solution at higher temperatures.

energy [9],[10], resulting in weaker adhesive force with
the sticker. Lower release force is enough for peeling off
the

sticker.

Given

that

surface’s

hydrophilicity

/hydrophobicity plays a key role in adhesion strength and
release force required for peeling off the stickers, optimum
values of water contact angle in the range of 90-110° is
observed for this release liner application.
3.4 Chemical structures and interactions
FTIR spectroscopy was used in the study of
chemical structures and interaction changes before and

Figure 5 The spectra of Treated paper, tested sticker for

after the treatments. Figure 3 shows FTIR spectra of KDC,

treated paper (unheated), tested sticker for treated paper

paper sheet, and paper sheet after treatment at room

(heated) and adhesive side of sticker.

temperature and that after washing with THF solvent.
Band characteristics of KDC at 1847 cm-1 and 1720 cm-1,
associated with the carbonyl (C=O) and carbon-carbon
(C=C) stretching vibrations, respectively [13],[14]. A
broad band located at 3327 cm-1 is assigned to hydroxyl
group (-OH) of cellulose in the paper.

Upon treating at room temperature, the bands at 1840 and
1720 cm-1 were clearly observed, while that at 3327 cm-1
disappeared. This indicates a complete coating of KDC on
the surface of the paper sheet. When KDC reacts with
hydroxyl groups of cellulose or self-hydrolysis occur,
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Figure 6 Reaction of KDC with cellulose (i), Hydrolytic decomposition of KDC (ii) and Formation of KDC oligomer(iii).
β-ketoester band (1738 cm-1) and ketone carbonyls (1716
cm-1) characteristics are expected.

In term of adhesion between paper sheet and KDC,
treated paper with heating process is better than treated

The disappearance of these bands indicates very

paper without heating process. In figure 5 is shown that the

low degree of these reactions. [15]. To further confirm this,

particles of KDC on treated papers which were heated are

the treated paper was washed by THF at room temperature

not adhered on the tested sticker after peeling off

around 5 hours to remove unreacted KDC from the

measurement. These results mean heating process can be

surface, and the spectrum was re-measured. The band

increased adhesion of the KDC and paper sheet.

characteristic of cellulose reappeared, while those of neat
KDC sharply decrease in intensity. Very weak signal of
reacted KDC bands were observed. This indicates that the
majority of KDC on the surface is in the form of unreacted
molecules that are physically coated on the paper’s
surface, which can be easily removed [16]. This agrees
with those observed earlier.
In order to increase the adhesion between KDC and
paper, chemical bonds between KDC molecules and
cellulose are needed. This reaction can be promoted by
increasing the treatment temperature. Upon heating to 50,
75, 100 and 125°C, the intensities of the bands at 1840 and
1720 cm-1 as shown in Figure 4. This reflects a decrease of
neat KDC on the paper’s surface, as a result from
conversions to reacted forms. An appearance of the βketoester band at 1738 cm-1 indicates the reaction between
cellulose and KDC. The intensity of this band increases
with the temperature, reflecting higher degree of the
reaction. In addition, the C=O stretching modes of
dialkylketone at 1705 cm-1 and β-ketoacid at 1700 cm-1
were also observed.

This indicates the occurrence of

hydrolysis side reactions. Nonetheless, improvements in
hydrophobicity of the paper sheet is obtained.

4.Conclusions
A process for improving surface hydrophobicity of
paper sheet has been successfully developed for use as
sticker release liner, by employing ketene dimercontaining (KDC) compound. The treatment by using
KDC in ethyl acetate solution at high temperatures
provides products with high performance and durability,
comparable to silicone-coated commercial products. This
low-cost process and environmental-friendly products
have high potential for use as replacement for existing
hard-to-recycle commercial products.
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Abstract
Fatty acid derivatives are common sizing agents, which have been widely used in emulsion form, to improve
hydrophobicity of paper pulps in paper-making industry, for example fatty acid anhydride (FAA) and ketene dimercontaining (KDC) compounds. Surfactants are introduced as protecting layer for the reactive functional groups from an
aqueous medium, and as emulsifier for enhancing the emulsion stability. The aim of this work is to develop suitable
encapsulation processes for preparation of stable KDC emulsions. Self-polymerization of the outer layer of KDC droplet
is utilized, generating its oligomer as a protective shell. The emulsions were prepared by varying the amount of 1methylimidazole catalyst. The reaction was conducted at temperatures higher than 60 °C for at least 1 hour. The results
revealed that the emulsions had good stability for at least 1 month, without precipitation, whose particle size was in the
range of 187-240 nanometers. The presence of KDC oligomers, as a shell layer was confirmed by Fourier-transform
infrared (FTIR) spectroscopy. The materials were then successfully used in enhancing hydrophobicity of paper products.
Keywords: Encapsulation, emulsion, hydrophobicity, fatty acid derivatives
1. Introduction

impact on the environment. Alternatively, KDC emulsions

Fatty acid derivatives are common sizing agents,

prepared with surfactants as protecting layer for the

which have been widely used to improve hydrophobicity

reactive functional groups from an aqueous medium and

of paper pulps in paper-making industry, for example fatty

as an emulsifier for enhancing the emulsion stability [4–

acid anhydride (FAA) and ketene dimer-containing (KDC)

7].

compounds. KDC molecule consists of unique four-

KDC, which consists of ketene dimer, reacts with

membered ring and branched alkyl chains [1,2]. These

compounds containing hydroxyl or water molecules by 3

chemicals have been widely used by paper industry [3].

possible mechanisms [8]. General, KDC reacts with

Recently,

many

industries

have

increasingly

hydroxyl groups in cellulose fibers, leading to a formation

interested in using encapsulating techniques to produce

of β-ketoester bonds [9], which possesses the highest

water-based emulsion of KDC, due to the need to replace

seizing efficiency [10]. When the agent reacts with water

traditional organic solvents, such as THF and chloroform

molecules, however, this produces unstable β-keto acid

by more environmentally-favorable and lower cost

which

medium. AS KDC is in solid state at room temperature,

corresponding ketone [11]. Alternatively, KDC can also

their traditional use is in solution form.

After the

react with itself lead to a formation KDC oligomers. This

application, the solvent is released as toxic volatile organic

also exhibits good sizing efficiency [12,13]. KDC

compounds (VOCs), resulting in a strong odor and toxic

oligomer can be prepared by heating KDC in a presence of

spontaneously

decarboxylated,

forming

a
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1-methylimidazole catalyst at high temperatures [14]. The
presence of KDC oligomer led to an increase in zeta
potentials and contributes to the improvement of
dispersion stability of emulsions [3,15,16,17].
In

this

work,

encapsulation

processes

for

preparation stable KDC emulsions have been developed.
Self-polymerization of the outer layer of KDC droplet is
utilized, generating its oligomers as a protective shell and
emulsifier. The preparation conditions have been
optimized. Key properties of the resulting KDC emulsions
are characterized, and their efficiency in hydrophobicity
enhancement of papers are examined.
2. Experimental
2.1 Materials
Ketene dimer-containing (KDC) compounds pallet
was supplied from RCI Labscan, Thailand. Chloroform

Figure 1 Schematic preparation of KDC encapsulation
2.3 Modification of papers
The efficiency in hydrophobicity enhancement of

and sodium dodecyl sulfate (SDS, ³99% ), used as a

papers of the emulsions was examined by treating on paper

solvent and surfactant, were purchased from Carlo Erba

sheet’s surface. The treatment was conducted at room

Reagent, France, and ACI Labscan, Thailand,

temperature by dipping a paper sheet in the emulsion for 1

respectively. 1-methylimidazole (MEI) was obtained

sec. The treated paper was then dried in a vacuum oven at

from Acros.

60 °C for 1 day.

2.2 Encapsulation process

2.4 Particle size distribution and zeta potential analysis

KDC emulsion was prepared by encapsulation

The emulsion was prepared by diluted with DI

technique. Firstly, KDC (10 g) was dissolved in

water. The particle size distribution and zeta potential of

chloroform solvent at 50 % w/v, as an oil phase. 1-

the emulsion were examined by Particle Size Analyzer

methylimidazole was used as an oligomerization

(Zetasizer nano ZS, Malvern).

promoter was added in the oil phase by varying at 2% and
8% w/w. SDS stabilizer (1% w/v) was dissolved in 200
mL of DI water. The 2 immiscible phases were then
mixed by ultrasonic sonicator probe and heated at
temperatures higher than 60 °C for at least 1 hour, and
stirred by a mechanical stirrer at a stirring 300 rpm to
form KDC oligomer phase in an emulsion. After the
reaction, the obtained emulsions were stirred overnight to
evaporate the solvent.

2.5 Fourier-Transform Infrared spectroscopic (FTIR)
observations
Chemical structures, interaction, and the presence
of KDC and KDC oligomers in the emulsions were
observed

by

Fourier

transform

infrared

(FTIR)

spectroscopy in an attenuated total reflection (ATR) mode
on a Nicolet iS5 spectrometer, equipped with a diamond
ATR accessory. The measurements were conducted at a 2
cm-1 resolution with 64 scans).
2.6 Water Contact Angle (WCA) analysis
Surface wetting property of treated papers was
examined by measuring the water contact angle (WCA) by
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using water droplets (20 μL) on the paper’s surface. The
contact angle was measured using a Dino-lite microscope
within the 30s after the water was dropped on the surface.
The ImageJ program was employed in the calculation of
WCA.
3. Results and Discussion
3.1 Fourier-Transform Infrared (FTIR) spectroscopy
Chemical structures of the emulsion samples
prepared with different amounts of 1-methylimidazole
catalyst were characterized by FTIR spectroscopy in an
ATR mode. Figure 2 shows normalized FTIR spectra of
dried particles after evaporating of the water medium from
2 emulsions prepared using different catalyst contents at
2% and 8%. Two strong absorption bands were observed
at 2914 and 2847 cm-1, due to the stretching vibration of

Figure 2 FTIR spectra of emulsions prepared with different
amounts of 1-methylimidazole catalyst

C-H of methylene and methyl groups from hydrophobic

water at this preparation conditions. Hydrolyzed product

tails of KDC and KDC oligomers. The carbonyl stretching

was generated in the encapsulation process before self-

-1

bands located in the region of 1850-1700 cm

are

reaction take place. The similar value replies that a

employed in the differentiation of KDC, KDC oligomers

formation of this side product does not depend on the

and hydrolyzed KDC Characteristics. The band at 1750

catalyst content. However, the corresponding intensity of

cm-1 is due to C=O stretching mode of KDC oligomers,

KDC oligomers increases from 0.12 to 0.32, as the 1-

which are produced from self-reaction of KDC. In

methylimidazole catalyst contents was increase from 2 to

-1

contrast, the bands located at 1700 and 1705 cm represent

8%. This indicates a successful formation of oligomer in

hydrolyzed KDC molecules, generated when KDC reacts

the emulsion’s particles, in which the degree of the

with water molecule at high temperatures. A band at 1847

reaction is dependent on the catalyst content.

-1

cm is due to the C=O stretching mode of the ketene ring
of KDC. This appears as a weak band in both spectra,

Table 1 Normalized intensity of the C=O stretching modes

indicating that the majority of the KDC react and transform

of KDC and its derivatives in emulsions prepared from

to KDC oligomers and the hydrolyzed products.

different contents of catalyst.

A quantitative analysis on the contents of the 3
KDC species is conducted by using normalized intensities
of the 3 respective C=O stretching modes. The spectra are
normalized against a C-H stretching band at 1378 cm-1.
The results on the normalized intensity are summarized in
Table 1. The normalized intensity of that of neat KDC is
much lower than its 2 derivatives, reflecting that the
majority of KDC reacts and forms the 2 respective

3.2 Particle size and zeta potential

products. The intensity of the hydrolyzed product from

Particle size and size distribution of the resulting

both emulsion are high, compared to those of KDC

emulsions prepared from different amounts of catalyst

oligomer, indicating that high amount of KDC react with

were examined, as shown in Figure 3 . The average particle
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size of the emulsions with 2% and 8% 1-methylimidazole
were

187

and

235

nm,

respectively,

with

monodisperse distribution.

Figure 4 Zeta potential of emulsions prepared with
Figure 3 Particle size and size distribution of emulsions

different amounts of 1-methylimidazole: (a) 2 and (b) 8%.

prepared with different amounts of 1-methylimidazole.
Surface charge, in terms of Zeta potential, was measured
to assess the emulsion stability.
The values of -41.1±4.09 and -45.4±4.11 mV were
observed, respectively, as shown in Figure 4. This high
negative zeta potentials reflects high stability of both
emulsions, which is likely originated from the surface
charge of SDS surfactant layer.
3.4 Water Contact Angle (WCA)
The resulting emulsions were used in hydrophobicity

Figure 5 Images of water droplets on (a) untreated paper
and (b) treated paper.
4. Conclusions

enhancement of paper sheets and their efficiency were

KDC emulsion was successfully encapsulated by

examined, in terms of the paper’s surface wetting property.

self-polymerization. The presence of KDC oligomers, as a

of treated papers was examined by measuring the water

shell layer was confirmed by FTIR spectroscopy. Stable

contact angle (WCA). Wetting property of treated paper by

emulsions are obtained as nano-sized particles, with high

emulsion with 8% 1- methylimidazole was examined by

negative surface charges, are produced. The average

measuring the water contact angles of the water droplet on

particle size tends to increase with increasing of KDC

their surface. The water contact angles on untreated paper

oligomer content by using higher amount of catalyst. The

was 75.7 °. After treatment, the paper shows an increase in

emulsion has high efficiency in improving hydrophobicity

the WCA value at 132.7°, implying that the wetting

of the papers, in which an increase in water contact angle

property of the paper changes from “hydrophilic” to

from 75.7 ° to 132.7° was observed.

“hydrophobic” after treatment. This indicates that the
emulsion has high efficiency in improving hydrophobicity
of the papers.
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Abstract
Fatty acid derivatives, for instance fatty acid anhydride (FAA) and ketene dimer-containing (KDC) compounds,
have been extensively used as hydrophobic agents in papermaking industry, as these can readily react with hydroxyl
groups from paper pulp’s cellulose structure. KDC have been conventionally used in solution form, however, its solvent
is costly and not friendly to the environment. Therefore, this study attempts to develop KDC product in a form of aqueousbased emulsion by encapsulation method for use as water resistant agent for wood products. The highly stable emulsion
was employed in improving water resistant property of woods by a dipping method. The result from FTIR measurements
revealed that KDC emulsion can penetrate into the wood structure and directly react with hydroxyl groups, generating βketoester bond which is confirmed by a band at 1735 cm-1. The modified woods can maintain high water resistance
property after extracting with common solvents, e.g., hexane extraction. A penetration depth of 0.9 mm into the wood
structure was observed. The low cost and environmentally-friendly emulsion have high potential for use in woods
modification.
Keywords: Encapsulation, emulsion, hydrophobicity, fatty acid derivatives, woods
1. Introduction
Wood has been widely used in various applications,

ketoester bonds formation [7]. Conventionally, KDC

such as construction, furniture, and indoor decoration [1].

needed to be dissolved in solvent [8] before application in

However, wood is susceptible to water absorption, causing

solution

swelling, and degradation. In order to prolong lifetime of

environmental concerns and reduction of cost of solvent,

wooden products, woods should have water resistance

the product in a water-applicable form is preferred,

property [2]. In this regard, hydrophobic surfaces with a

especially in emulsion form [9-12].

water contact angle (WCA) of greater than 90° [3], possess
good water resistance property.
Ketene

dimer-containing

form.

However,

in

the

perspective

of

Normally, KDC is hydrophobic in nature and
insoluble in water. The simplest way to make KDC stable

(KDC)

compounds,

in water is emulsification, with the use of surfactant.

reactive sizing agents [4,5], are common agents used in

However, using surfactant may reduce the hydrophobic

promoting hydrophobic property of paper pulp in

improvement efficiency of KDC [13]. Aiming to pull out

papermaking industry [6], as this can directly react with -

KDC's highest efficiency, cleavage surfactant [14,15],

OH groups of cellulose in the wood structure, leading to β-
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sodium dodecyl sulfate (SDS), plays an importance role to

dried at 110°C for 5 h, and their properties were

prepared KDC emulsion.

characterized.

This work focuses on developing processes for
preparation of stable KDC emulsion for use as

2.5 Fourier-Transform Infrared (FTIR) spectroscopy
Chemical structures and the presence of β-ketoester

hydrophobic agent in the treatment of woods products.
Property of the resulting emulsion and its treated wood
products will be examined.

bonds were identified by Fourier transform infrared
(FTIR) spectroscopy. The FTIR spectra were collected in
an attenuated total reflection (ATR) mode on a Nicolet iS5

2. Experimental

spectrometer, equipped with a diamond ATR accessory.
The measurements were conducted at a 2 cm-1 resolution

2.1 Materials

with 64 scans.

Teak wood was obtained from local woods
plantation. Ketene dimer-containing (KDC) compound

2.6 Hexane extraction

was purchased from RCI Labscan, Thailand. Chloroform

Durability of the modified woods was examined to

and n-Hexane were purchased from Carlo Erba Reagent,

ensure a formation of β-ketoester bonds, not only physical

France. Sodium dodecyl sulfate (SDS) was purchased

coating on the wood’s surface, by hexane extraction for 2

from ACI Labscan, Thailand.

h. After the extraction, the woods were dried at 100°C for

2.2 Preparation of KDC solution

3 h.

KDC was dissolved in chloroform solvent at (70%
w/v) with further stirring by a mechanical stirrer.

2.7 Water Contact Angle (WCA) analysis
Water resistant property of the modified woods was

2.3 Encapsulation method

examined by measuring their water contact angle (WCA).

KDC was first dissolved in chloroform solvent at

A water droplet was dropped on the wood’s surface, whose

(70% w/v). Sodium dodecyl sulfate (SDS) surfactant was

picture was recorded on a Dino-lite microscope. The

dissolved in distilled water at a concentration of 0.1%, and

ImageJ program was then employed to calculate its WCA

used as an aqueous phase. The KDC solution and the water

values. The value of WCA was an average value collected

phase were then mixed at a ratio of 1:10. To produce KDC

from different 5 spots.

emulsion, an ultrasonic probe sonicator was used for
dispersing the KDC droplet in water phase at a power of
70 A. The mixture was stirred overnight to evaporate the
residue solvent, a stable emulsion product was obtained.

2.8 Penetration efficiency
Penetration efficiency of the KDC emulsion into
the wood structure was examined by optical observation
by adding food coloring agent into the KDC emulsion.

2.4 Modification of woods

The emulsion was then used in the wood treatment for 5 h

Teakwood samples were cut into small pieces with

at 60°C and dried at 100°C for 3 h. An optical microscope

dimensions of 25 × 25 × 2 mm, whose surface was

nd an SEM (JEOL, JSM-7800F) microscopes were used to

polished with sandpaper. These were then washed by an

observe the cross section area of the resulting woods.

excess amount of water, followed by ultrasonicated with
acetone for 15 min. Finally, the absorbed water and solvent
were removed by drying the wood samples in air for 1 day.
The surface modification of woods was conducted by
immersion the prepared samples into different KDC
systems, i.e., KDC emulsion and KDC solution in
chloroform, for 5 h at 60°C. Finally, the specimens were

3. Results and Discussion
3.1 Chemical structures
Chemical structures of the modified woods were
studied using FTIR spectroscopy. Figure 1 shows FTIR
spectra of unmodified and modified woods by KDC
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solution and emulsion. Two sharp bands occur at 2917 and

free KDC layer was removed, leading to the clear

2844 cm-1, associated with the stretching vibration of C-

observation of the reacted KDC layer at the surface of the

H in methylene and methyl groups, indicating a presence

wood samples. This confirms that the covalently-reacted

of alkyl chains from the KDC structure. The wood samples

KDC bonds have high stability against solvent extraction.

treated by KDC solution shows a characteristic C=O

The corresponding results on the woods treated by KDC

stretching bands of free KDC at 1720 cm-1 and 1846 cm-

solution are shown in Figure 3. Much lower intensities of

1, whereas that of reacted β-ketoester band at 1735 cm-1

the reacted KDC signals indicate lower degree of the

is not observed. In contrast, the samples treated by KDC

chemical reaction on the surface.

emulsion show the band at 1735 cm-1, indicating a
presence of β-ketoester bonds. This reflects that KDC
reacted with hydroxyl groups and covalently bonded with
the cellulose structure. In addition, the intensity of the
C=O band of free KDC was reduced and became βketoester linkages. It can be concluded that the KDC
emulsion provided higher degree of better esterification,
compared to its KDC solution counterpart.

Figure 2 FTIR spectra of KDC emulsion-modified woods
(a) before and (b) after hexane extraction for 2 h.

Figure 1 FTIR spectra of (a) KDC solution-modified
woods, (b) KDC emulsion-modified woods and (c)
unmodified woods.
3.2 Durability
The durability of the treated woods was examined
by hexane extraction, as this is a very good solvent for

Figure 3 FTIR spectra of KDC solution-modified woods
(a) before and (b) after hexane extraction for 2 h.

KDC. FTIR spectra of the surface of the samples were
The spectra of KDC

The results on WCA of the samples before and after

emulsion-modified woods before and after extraction with

the solvent extraction are compared in Figure 4. The

hexane are shown in Figure 2. After the hexane extraction,

samples treated by the KDC emulsion show a decrease in

the band of free KDC at 1720 cm-1 and 1846 cm-1

the WCA value of 7°, after the extraction. This slight

disappeared, indicating a removal of free KDC those are

reduction is probably due to the removal of free KDC on

physically coated on the woods surface, reflecting by more

the wood surface. This indicates that the anchored KDC on

intense characteristic bands of virgin woods. The band at

the wood surface possessed the water resistant property

1735 cm-1 showed an increase in intensity, after the coated

with WCA of 143°, i.e., super-hydrophobic. In contrast, a

then recorded and compared.
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drastic drop in the value from 147 to 75° confirms that the

the wood structure. However, this only presents as free

hexane extraction greatly teased out the free KDC

KDC, not in the form of effective β-ketoester, compared to

molecules and returned hydrophilic property to the wood.

the emulsion.

Figure 6 The FTIR spectrum in each level of KDC
Figure 4 The water contact angles of modified woods

solution-modified wood compared with unmodified wood.

before and after hexane extraction for 2 h.
3.3 Penetration efficiency
The penetration ability of the KDC emulsion and
KDC solution into the wood structure were examined by
measuring ATR-FTIR spectra of the treated samples as a
function of depth from the sample’s surface (surface, 0.25

Figure 7 SEM images of the modified wood’s surface, at a

mm, 0.5 mm, 0.875 mm and 1 mm). The FTIR spectra are

magnification of 2000× and 10000×, from left to right.

shown in Figures 5 and 6. The band characteristics of the
reacted KDC can be observed in the emulsion-treated

SEM images of the modified woods with KDC

woods until the depth of 0.875 mm from the surface, while

emulsion were recorded at 2 levels, i.e., the surface and

the solution treated woods showed the bands of free AKD

0.875 mm depth, to observe the existence of KDC at each

at 1720 and 1846 cm-1 in every spectra until 1 mm depth.

depth of the treated wood structure. Figure 7 shows that

This reflects that AKD solution can deeper penetrate into

KDC presents at the surface of both modified woods in a
flake-shape cluster form. At a 0.875 mm depth of both
modified woods, the similar flake KDC were still observed.
This confirms that KDC, either in emulsion or solution
forms, can similarly penetrate into the wood’s structure, at
0.875 mm depth.
4. Conclusions
This study successfully developed a treatment
process for woods using ketene dimer-containing (KDC)

Figure 5 The FTIR spectrum in each level of KDC

emulsions. The wood products treated by the KDC

emulsion-modified wood compared with unmodified

emulsion are not only more environmentally-friendly, but

wood.

also exhibit improved durability of hydrophobic property.
The FTIR and WCA results revealed the existence of
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chemical bonding, β-ketoester linkages, between KDC and

[7] Y. Yoshida and A. Isogai, “Characterization of

hydroxyl groups of wood’s cellulose. The extraction with

polymer-brush-type polysaccharide β-ketoesters,” J.

hexane revealed that KDC strongly reacted with the

Appl. Polym. Sci., vol. 109, no. 3, pp. 1667–1674,

hydroxyl groups. After solvent extraction, Free KDC

Aug. 2008.

which are physically coated on the surface was removed.

[8] Z. Shi, F. Fu, S. Wang,S. He and R. Yang,

However, an excellent water resistance property is retained.

“Modification of Chinese Fir with Alkyl Ketene

From penetration investigation, β-ketoester bonds of KDC

Dimer (AKD): Processing and Characterization,”

are observed until a depth of 0.875 mm within the wood

BioResources, vol 8, no. 1, pp. 581-591, 2013.

structure. The good penetration ability is likely due to the

[9] K. C. G. Silva and A. C. K. Sato, “Sonication

small particle size of KDC particles in the emulsion, as a

technique to produce emulsions: The impact of

result from SDS surfactant (155 nm average in diameter).

ultrasonic power and gelatin concentration,” Ultrason.
Sonochem., vol. 52, no. August 2018, pp. 286–293,
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The comparison of swelling and surface absorption performance of non-porous and porous
hydrogels
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Abstract
Hydrogels are hydrophilic cross-linked polymer networks that possess many excellent properties for use in various
applications such as wound dressings, tissue engineering and contact lenses. This research focuses on a series of
developed hydrogels which contain a porous morphology produced via redox polymerization in the presence of a blowing
agent. These porous hydrogels were based on 2-acrylamido-2-methyl-1-propanesulphonic acid sodium salt 50% solution
(AMPS) and methacrylic acid (MAA) and developed to absorb large amounts of water while still maintaining good
mechanical strength. Porous hydrogels were characterized traditionally first by bulk swelling with %swelling of >1000
and >3000% for the non-porous and porous hydrogels, respectively. The morphology was confirmed by scanning electron
microscopy (SEM) to observe the pore size and structure. In order to further assess the hydrogels a novel method using
an OCA20 contact angle analyzer was utilized to observe the real time surface absorption. This entailed the samples
being placed on the sample holder then a water droplet was placed onto the surface and the time taken to be absorbed into
the hydrogels surface was measured. The results showed that the porous gels could absorb the 10 µL in less than 3
seconds. Whereas, the non-porous hydrogel failed to absorb 1 µL over the same time period.
Keywords: Porous hydrogel; Surface absorption; Bulk swelling.
1. Introduction

exhibit both fast swelling and superabsorbent properties.

In recent years, one group of material that has

SPH can quickly absorb water volumes that exceed 95%

gained a lot of interest are hydrogels, which are three-

of the total weight (or volume) [5].

These porous

dimensional networks made of either synthetic or natural

hydrogels have excellent imbibing and holding water

crosslinked hydrophilic polymers. Hydrogels are water

properties with enhanced absorption with the ability to

swellable without dissolution of matrix, this ability and

hold 10-1000 times of their original weight [6-8]. There

other excellent properties allow for their use in various

are several commonly used methods to prepare porous

application such as wound dressings, tissue engineering

hydrogels, including phase separation, foaming technique,

and contact lenses [1]. Conventional hydrogels have very

emulsion-template synthesis, and particulate leaching and

low swelling capacity and rate. They normally require

freeze-drying [9,10].

several hours to reach their equilibrium water contents [2].

In this work the foaming technique was used with

In the dried form (i.e. xerogels) hydrogels swell very

foaming agent (sodium bicarbonate) being decomposed by

slowly and may take hours or days to reach equilibrium

an acid to produce CO2 during the gelation. The hydrogel

due to slow water absorption by diffusion into a glassy

then polymerizes around the gas bubbles producing a

polymer matrix [3].

hydrogel with a porous structure.

In 1998, superporous hydrogels

The balance of all

(SPH) were introduced as different category of hydrogels

components has a large effect on the final structure and

[4] these materials are novel hydrogel materials that can

properties of the gels [11].

This paper compares the
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appearance, morphology and swelling performance of the

A. Then a mechanical stirrer at 440 rpm was used to

fabricated porous hydrogels. The paper also investigates

rapidly mix the solution for 13 seconds in order to combine

the difference in real time surface absorption between the

all the components before the foaming and gelation

non-porous and porous hydrogels.

occurred. For the non-porous hydrogels vial C is not
needed or a blowing agent but otherwise the same totals of

2. Materials and Methods

each component is added to form the hydrogel.
2.2.2 Swelling properties

2.1 Materials

Bulk swelling of the hydrogel was measured as

The following chemicals were used during this
work:

Monomers;

2-acrylamido-2-methyl-1-

propanesulphonic acid sodium salt 50% solution (AMPS)
and methacrylic acid (MAA). Cross-linker; di(ethylene
glycol) diacrylate (XL).

The redox initiator pair was

Ammonium Persulphate (APS) and N,N,N,N,-tetramethyl
ethylenediamine (TEMED). The foaming agent and foam
stabilizer were sodium bicarbonate and Pluronic F127,
respectively. All chemicals were obtained from Sigma-

follows; samples were prepared by cutting with a 10.0 mm
diameter cork-borer. These gels were then weighed and
completely immersed in DI water for the desired set period
of time. Upon removal the hydrogels were reweighed, and
the dimensions re-measured at each of the chosen time
periods (0, 5, 10, 15, 20, 25, and 30 mins). The swelling
ratio (%Swelling) was calculated using the change in
weight using equation 1.
"# $"%

Aldrich Singapore.
2.2 Methods
2.2.1 Hydrogel preparation
Both hydrogels, non-porous and porous, were
prepared via redox initiated free radical polymerisation
using Ammonium Persulphate (APS) and N,N,N,N,tetramethyl ethylenediamine (TEMED) as the redox
initiation pair. Each initiator was used at a concentration
of 1M. For the porous hydrogel, the monomers (AMPS /
MAA), water/surfactant, cross-linker, foaming agent and
redox pairs were mixed together in three separate vials (A,
B and C). For vials A and B; the amount of foaming agent
was split equally (total 0.5 g) and (pre-prepared) stock
0.5% surfactant solution was added to each vial (total 4 g).
The monomer AMPS was added to both vials A and B,
along with the cross-linker (total 5 g AMPS and 0.2 g XL).
For the redox pairs one was added to each vial, 0.65 g of
1M APS was added to vial A and 0.65 g of 1M TEMED to
vial B. Vials A and B were then placed on a shaker for 2
h until the solutions were mixed thoroughly. The last
component methacrylic acid was prepared in vial C by
mixing with the remained of the extra added water /
surfactant solution. Finally, each of the vials A, B and C
were poured into a mould in the order of C, B and finally

%Swelling ratio = !

"%

& × 100

(1)

Where Wi and Wf are initial weight and final weight at
different time, respectively. All the samples were carried
out in triplicate and the report in %swelling is the average
with the standard deviation as the error.
2.2.3 Scanning electron microscope (SEM)
The morphology of the hydrogels was examined
using scanning electron microscopy (SEM) (Leo Model
1455VP). The preparation of the samples for SEM testing
was as follows. The hydrogel was cut and placed on an
aluminum stub, which had a diameter of 1 cm. Carbon
tape was used to join the hydrogel sample and stub
together.

The hydrogels were then dehydrated in a

desiccator, in order to ensure no moisture was present in
the hydrogel before coating with gold. At this point the
cross-section of the hydrogels were analyzed.
2.2.4 Real time surface absorption using contact angle
(CAA)
Contact angle (Dataphysics brand model OCA20)
was used to characterize surface properties on real time
testing of all the samples. Samples were cut by 10.0 mm
cork-borer and placed on a glass sample holder. Then 10
µL of DI water was expressed from the syringe and then
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lowered onto the surface of the hydrogel while the OCA20

distinct features. While, the porous hydrogel presents a

was recording at 36 frames per second. The software was

white opaque appearance at the macro scale with the SEM

then used to record the drop age and drop volume (as well

cross-section showing a large number of pores. These

as the contact angle).

pores vary in size with an average of 80-100 µm.

3. Results and Discussion
In conventional hydrogel analysis, equilibrium
water content (EWC) is the primary characterization
method. However, for super absorbent hydrogels which
are fabricated with the desired water included and used
below their EWC, percent swelling is usually the most
important characterization method.

Figure 2 %Swelling of non-porous and porous hydrogel.
The next characterization method was the bulk
swelling of the gels. This is reported in figure 2 and shows
the %swelling of the gels over a 30-minute period with the
time periods of 0, 5, 10, 15, 20, 25, and 30 mins for each
gel being recorded. The swelling performance of these
give %swelling values of >3000% and >1000% for the
porous and non-porous gels respectively.

These are

similar results to as reported in our previous work [11].
The non-porous gel gives greater than 1000% increase in
weight within 30 mins, which is a large amount of water
imbibed into the hydrogel matrix. This amount is due to
the sulphonate groups present in the AMPS polymer that
allow the hydrogel to hold this large amount of water.
When a porous morphology is introduced in the hydrogel
system, the weight increases to a greater than 3000%
Figure 1 Appearance (inset pictures) and SEM images of
(A) non-porous and (B) porous hydrogels

within the 30 min test.
A noteworthy observation was the amount of water

In this work we first assessed the appearance and

imbibed in the first minute of the test (non-porous hydrogel

morphology of the hydrogels, with the latter examined by

- 400% and porous hydrogel - 2400%). The further study

SEM using the method in section 2.2.3.

of this initial swelling period is of great interest and is

Figure 1 shows images of both the non-porous and

rarely studied in these systems. In this work to analyze the

porous hydrogels along with the SEM image of the cross-

initial period an OCA20 contact angle analyzer was used.

section of each gel. As expected, there is a vast difference

During the test a droplet of water is placed on the surface

in appearance at both the macro and micro scale between

of the hydrogel and a high-speed camera records the

the two hydrogels. The non-porous gel gives a smooth

change in the droplet.

transparent appearance with the SEM image showing no

concerned with the contact angle but how the drop volume

For this work we were not

changes over time. Figures 3 and 4 show the results, figure
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3 shows selected images taken of the drops during the first

volume decreases rapidly during the first few seconds.

3 seconds of the drop being placed on the surface of the

This can also be seen in figure 3, for the porous sample at

gels. From figure 3, the appearance of the hydrogels is

3000 ms, the droplet has been almost completely absorbed

different with the non-porous gel have a translucent

in the hydrogel matrix. From these results it is clear that

appearance, whereas, the camera cannot see through the

although the hydrogels have very similar chemical

porous gels opaque structure. The OCA20 software uses

compositions, the morphology differences strongly control

the images obtained for the camera (in video format) and

the initial rate at which the hydrogels can imbibe water.

gives the drop volume. Figure 4 shows the plots of drop
volume (µL) versus drop age (ms) for non-porous and
porous hydrogel samples. The volumes of both water
droplets start at 10 µL and the drop volume change is
presented for 3 seconds.

Figure 4 Surface absorption of water for non-porous and
porous hydrogel samples.
4. Conclusions
This work was concerned with the characterization
of non-porous and porous hydrogel with similar chemical
compositions but different morphologies. The appearance
Figure 3 Appearance of the water droplets on the
hydrogel samples surface.

and morphologies were studied using SEM which
confirmed the porous structure within the porous hydrogel.
The swelling behavior of both gels were examined using

The volume of the non-porous sample does not alter

first a bulk swelling method and subsequently a novel

drastically over this time period with < 1 µL being

surface absorption method. The bulk swelling

absorbed.

Alternatively, for the porous sample, the

Figure 5 Schematic of non-porous and porous hydrogels along with the appearance of a porous hydrogel before swelling
and after being immersed in DI water for 1 minute

PDES-O5

37

gave %swelling of >1000 and >3000% for the non-porous

Superporous Hydrogels in an aqueous Medium,

and porous hydrogels, respectively. The largest difference

International journal of polymeric materials and

between the two gels was in the initial swelling and this

polymeric biomaterials 2010, 59 (9), 693-709

was the driving force in further studying this initial

8.

Yadav

M.,

Rhee

KY.,

Superabsorbent

swelling. The real time surface absorption highlighted this

nanocomposite

difference in initial behavior with the non-porous hydrogel

Synthesis, characterization and swelling behavior,

absorbing, 1 µL in the same time period as the porous

Carbohydr Polym, 2012, Sep 1 90(1), 165-73.

hydrogel had completely absorbed the 10 µL droplet.

9.

In figure 5, a schematic in the differences of the
porous and non-porous hydrogels is shown along with the

(alginate-g-PAMPS/MMT):

Omidian H., Rocca J. G., Park K.: Advances in superporous hydrogels. Journal of Controlled Release,
2005, 102, 3–12

size of the porous hydrogel before swelling and after being

10. Serizawa T., Wakita K., Akashi M., Rapid deswelling

immersed in DI water for 1 minute. In summary, it is clear

of porous poly(N-isopropylacrylamide) hydrogels

that by having a porous morphology these hydrogels can

prepared by incorporation of silica particles.

absorb more water at a faster rate when compared to the

Macromolecules, 2002, 35, 10–12.

non-porous equivalent.

11. Subkaew, P., Ross, S., Mahasaranon, S., Ross, G.M.,
Effect of Cross-linker Structure on the Physical
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Surface Treatment of Castor oil-based polyurethane grafted Congo red films
with Methylene blue for oxygen sensor application
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Abstract
Castor oil based polyurethane films with surface treatment by grafting Congo red (PU-CR) with the variable mole
ratio of isocyanate (-NCO) and hydroxyl (-OH) groups were prepared. The attachment of Congo red (CR) on the surface
of the film was proved by colorimeter and UV-Visible spectrophotometer. The hydrophilicity of film was improved with
the increase in -NCO/-OH mole ratio and the presence of CR. The treatment PU-CR film in acidic condition led to the
highest efficiency Methylene blue (MB) adsorption under basic condition. The chemical phenomenon and colour of the
MB-treated PU-CR film can reverse when lacked of and exposed to oxygen in the air. Thus, the MB-treated PU-CR film
can be applied for oxygen sensor.
Keywords: Castor oil, Polyurethane, Congo red, Methylene blue, Oxygen sensor.
1. Introduction

oxygen condition.

Leuco form of methylene blue is

Oxygen is the most important chemical for human

colorless and quickly reverse to blue form by Oxygen [3].

animals and plants. Many researchers studied on oxygen

Therefore, methylene blue can be use as oxygen sensor. In

determination in various fields such as environmental

general, many applications of methylene blue dye prefer to

fields for pollution control and food industrial fields for

use in solution. However, the use of methylene blue in

checking the freshness of food. Instrument for monitoring

solution state is inconvenient for using as sensor. Thus,

and detecting oxygen is called oxygen sensor.

methylene blue based on solid state such as polymer is

The

principles of oxygen sensor can be classified into

desirable.

electrochemical, optical and chemical. Optical sensors are
particularly attractive due to its fast response, good
precision, good accuracy and low-cost apparatus and it do
not consume oxygen [1-2]. Optical oxygen sensor relies
on indicator dye which functions as oxygen sensitivity

Figure 1 Reduction and Oxidation of Methylene blue [3]

caused to optical change such as photoluminescence or

Polymers are material that can be improved

absorption. The example of indicator dye is methylene

properties through their appropriate modification or

blue (MB).

synthesis. Polyurethanes (PUs) are suitable polymer for

Methylene blue is a common colorimetric indicator

widely use due to their superior properties such as

dye and redox dye. Color of it indicates the presence or

excellent abrasion resistance, flexibility and excellent

absence of oxygen via oxidation and reduction reaction as

chemical, mechanical and physical properties.

shown in Figure 1. Methylene blue can be reduced to
Leuco form with reducing agent under the absence of
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Polyurethanes are synthesized by the reaction

studied.

The oxygen sensitivity of the MB-treated

between di/poly isocyanate and diol or polyol to form

PU-CR films were also tested.

urethane linkage (-NHCOO-). Due to an active functional

2. Experiment

group of isocyanate, it rapidly react with other functional
groups such as hydroxyl or amino group. With outstanding
properties and reactivity to chemical reaction of PUs, they
are suitable for used as base of sensor. Traditionally, PUs
are produced based on petroleum substances. Due to the
decreasing fossil fuels reserves and the enhanced public
desire for environmentally friendly green products,
renewable bio-based materials such as vegetable oils are
used as alternatives to petroleum because they offer the
intrinsic value of reduced toxicity, low cost and
availability as a renewable agricultural resource. Among
vegetable oils, castor oil is suitable for the synthesis of PUs
due to high content in ricinoleic acid, containing a
hydroxyl group at C12, which is useful for the preparation
of polyurethanes without any further modification [4-5].
Following the structure of polyurethane, it can crosslink
with methylene blue by hydrogen bond.

For high

crosslinking of methylene blue on the surface of
polyurethane, congo red (CR) is suitable grafted on the

2.1 Materials
Hexamethylene diisocyanate was supplied by
Bayer Material Science. Castor oil was purchased from
Union Chemical 1986 Co., Ltd. Dibutyltin dilaurate was
supplied by Dow Southern Africa (PTY) Ltd. Congo red
was purchased from Acros Organics. Methylene Blue
(MB) was purchased from Loba Chemie PVT. Ltd.
Nitrogen gas was purchased from Linde (Thailand) Public
Co., Ltd.
2.2 Preparation of polyurethane films (PU films)
Polyurethane films were prepared by mixing castor
oil and hexamethylene diisocyanate at various ratios in the
present of dibutyltin dilaurate as a catalyst. Each recipe
was then stirred and allowed to dissolve at room
temperature under nitrogen atmosphere for 1 min. The
solution was later cast on a stainless steel mold and stored
at room temperature in desiccator for 24 hours where the
reaction occurred and the PU film was formed.

surface. Due to it has amino group which can interact with
isocyanate group on polyurethane via urea linkage (NHCONH-).

2.3 Preparation of PU-CR films
Congo red solution (1% W/V in distilled water) was

Congo red is a water-soluble sodium salt of

poured on the top of the PU films from 2.2 and allowed the

benzidinediazo-bis-1-naphthylamine-4-sulfonic acid. It is

reaction occurred at the surface for 1 hour. After that the

a well-known azo compound which is commonly used as

free Congo red was removed. The film was washed with

a direct dye, pH indicator and corrosion inhibitor in acid

excess distilled water and dried at 60°C overnight to obtain

media. Moreover, it is also used as a sensor for the

PU-CR films. The recipes of all formula are summarized

identification of some cationic compound because it

in Table 1.

-

+

contains a sulfonic acid salt (-SO3 Na ) which can occur
ion exchange with cationic compound [6]. It can interact
with methylene blue by ion-ion interaction and affect to

IR spectrum of PU and PU-CR films were obtained
on Fourier transform infrared spectrophotometer (IR

optical color and absorbance changing.
In this work, we presented the preparation of castor
oil based polyurethane films with surface treatment by
grafting Congo red (PU-CR) via urea linkage.

2.4 Characterization of the PU and PU-CR films

The

prepared polyurethane films with various NCO/OH mole
ratio and after surface treatment were characterized. The
methylene blue dyeability property of the films was

Tracer-100 model, Shimadzu Corporation) with an ATRdevice. The operation was carried out in transmittance
mode and an average of 30 scans was collected in the range
of 700-4000 cm-1, with 4 cm-1 resolution.
2.5 Color parameters
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The color parameter of PU and PU-CR films were

Where AAI is the absorbance of films at λmax of MB

measured by colorimeter (MiniScan XE Plus, Hunter

absorbance peak after immersed in MB.

Associates Laboratory, Inc.) with a CIE L*a*b* color

ABI is the absorbance of films at λmax of MB

scale.

absorbance peak before immersed in MB.

Table 1 The composition of the PU and PU-CR films.
Type of
film

PU film

PU-CR
film

Formula
H1C1
H2C1
H4C1
H6C1
H8C1
H4C1R
H6C1R
H8C1R

Mole ratio
HDI
CO
((-OH)
NCO)
1
2
4
1
6
8
4
6
1
8

2.9 Oxygen sensitivity
The films were immersed in acidic solution for 1 hr

CR

and wiped with tissue paper. After that, the films were
immersed in methylene blue with glucose (reducing agent)
under basic condition for 30 mins. The films were washed

-

with distilled water and wiped with tissue paper.
3. Results and discussion

ü

3.1 Characterization of the PU and PU-CR films
The formation of urethane linkage was confirmed

2.6 UV-Visible spectrophotometry

by IR spectra as shown in Figure 2a. The characteristic

Congo red attached on the surface of the PU films
was proved by UV-Visible spectrophotometer (T92+

peaks at 3300-3350 cm-1, 3100-3000 cm-1, 2850-3000
cm-1, 1743 cm-1 and 1644 cm-1 were attributed to the N-H

model, PG Instruments Ltd). The operation of UV-Visible
HDI

spectrophotometer was carried out in absorbance mode

2859
2932

and scan spectrum in the range of 400-750 nm.

1686

2261
3323

H8C1

1514

3009
1765

2857
2928

2.7 Contact angle measurement

2266

H6C1

1682
3323

Contact angle was measured with Contact Angle

3011
1765

2857
2928

2268

2857
2928

2268

1744

H4C1

1682

System OCV (Dataphysics) using the sessile drop method

3325

3009

which involves the shedding of a droplet of distilled water

1765
1742

H2C1

1684
3327

(10 µL) on the PU films. The experiment was performed

3009

2268

1742

2855
2926

H1C1

1684

by triplicate.

3333

3009
2855
2926

3417

2.8 Dyeability property (Methylene blue adsorption)
4000

CO

1686

2855
2924

Methylene blue adsorption was calculated from the
difference of MB absorbance peak between before and

1742

3007

3500

3000

1744

2500

2000

1500

1000

Wavenumber (cm-1)

a.)

after adsorption. The PU and PU-CR films were cut into
a rectangular shape (2x4 cm2). The PU-CR films were

H4C1R

3009

maintained in neutral, acidic or basic conditions prior to

3325

1765
1742

2855
2926

immersed in Methylene Blue solution (100, 500 and 1000

1684

ppm in distilled water) under acidic, neutral or basic
3325

H4C1

3009
1765

conditions for 30 mins. After getting rid of free MB, UV-

2857

1742

2268

2928

visible spectra of the films were recorded by UV-Visible
spectrophotometer and the absorbance differences were
calculated as follow:
Absorbance difference = AAI – ABI

(1)

1684

b.)

4000

3500

3000

2500

2000

Wavenumber (cm-1)

1500

1000
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Figure 2 FTIR-ATR spectra of a.) the pristine HDI, CO

The presence of Congo red on the surface of

and PU films and b.) H4C1 (PU film) and H4C1R (PU-CR

polyurethane

film).

spectrophotometry. The example of UV-Visible spectra of

stretching, =C-H stretching, saturated C-H stretching,

PU and PU-CR films were shown in Figure 5. For PU

C=O stretching and C-O stretching, respectively. The peak

films, no absorption peak appeared in the range of 400-750

-1

was

also

proved

by

UV-Visible

at 2270-2250 cm was confirmed the -NCO stretching

nm. On the other hand, absorption peak at approximately

vibration of PU films [7-8].

490 nm was detected in PU-CR films and it corresponded

proportional

to

This peak was directly

unreacted

isocyanate

group

to the characteristic absorption peak of Congo red [11].

(-NCO group) as the intensity of this peak increased with
100

was disappeared in H1C1 due to the complete reaction

80

between -NCO group of HDI and -OH group of CO [9].

60

L*

increasing of HDI mole ratio. The peak of -NCO vibration

As for PU-CR films, -NCO peak of H4C1 (PU film) was

40

disappeared after the reaction with Congo red as shown in

20

Figure 2b. It was confirmed that the reaction between the

0

a.)

excess -NCO group of H4C1 and -NH2 group of CR was

H4C1 H4C1R

H6C1 H6C1R

H8C1 H8C1R

Formula

8

occurred resulting in the attachment of CR onto the surface

7

of PU film [10].

6

a*

5

3.2 Color parameters

3

After treated with CR, the colour of the PU-CR

2
1

films was changed from colourless for PU films to pale

0

b.)

orange for PU-CR films as displayed in Figure 3. The

H4C1 H4C1R

H6C1 H6C1R

H8C1 H8C1R

Formula

colour parameter of PU and PU-CR films was measured as

0
-2

the results are shown in Figure 4. Figure 4b and 4c

-4

represented a* value (greenness to redness) and b* value

b*

-6

(blueness to yellowness) of the films, respectively. The

-8
-10

result obviously showed the increase in a* and b* values

-12

of PU-CR films comparing with their original PU films

-14

c.)

suggesting that redness and yellowness of the PU-CR films
increased with the presence of Congo red.

4

H4C1 H4C1R

H6C1 H6C1R

H8C1 H8C1R

Formula

Figure 4 The color parameter of PU and PU-CR films
a.) L* value, b.) a* value and c.) b* value.
0.20
H4C1R
H4C1

0.18

Figure 3 The appearance of H4C1 (PU film) and H4C1R
(PU-CR film).

Absorbance (A.U.)

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
400

3.3 UV-Visible spectrophotometry

450

500

550

600

Wavelength (nm)

650

700

750
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Figure 5 Examples of UV-Visible spectra of H4C1 (PU

H4C1R film treated in acidic condition showed highest

film) and H4C1R (PU-CR film).

absorbance difference when adsorbed basic methylene
blue condition.

Moreover, absorbance difference

increased with increasing methylene blue concentration.
High absorbance difference showed high efficiency MB
3.4 Contact angle

adsorption. Thus, the highest efficiency MB adsorption

The hydrophilicity of the PU and PU-CR films was
implemented by contact angle measurements. As seen in
Figure 6, the contact angles of all the PU and PU-CR films

onto the surface of H4C1R film is the treatment of H4C1R
film in acidic condition before adsorption MB under basic
condition.

were lower than 90 degrees, which indicated that the films
hydrophilic

hydrophobic

due

properties.
to

the

Although

hydrocarbon

CO

are

chains

of

Before test
After test
0.8

Absorbance (A.U.)

have

1.0

triglycerides, the hydrophilic isocyanate as HDI slightly
decreased the contact angle leading to gradually increase

0.6

0.4

in hydrophilicity of the films with increasing -NCO/-OH
0.2

mole ratio. Similarly, Congo red treatment on surface of
the films decreased contact angle due to hydrophilicity of
sulfonate group in Congo red structure.

Figure 6 Contact angle of PU and PU-CR films.
3.5 Dyeability property (Methylene blue adsorption)
UV-Visible spectra of initial and after testing of

0.0
400

450

a.)

500

550

600

650

700

750

Wavelength (um)

b.)
Figure 7 Methylene blue dyeability property of films
a.) UV-Vis spectra of H4C1R treated in acidic condition
and tested MB adsorption under basic condition and

Figure 7a was the

b.) Absorbance difference (at λ max of MB absorbance

example of UV-Visible spectra of PU-CR (H4C1R) film

peak) of H4C1 (PU film) and H4C1R (PU-CR film) in

treated in acidic condition and tested MB adsorption under

different film treatment and Methylene blue conditions.

PU-CR films were investigated.

basic condition. The after testing spectrum showed the
strong absorption peak at approximately 660 nm
corresponding to methylene blue.

The absorbance

differences were calculated following equation (1) and
shown in Figure 7b. At acidic methylene blue condition,
the strong MB absorbance peak of all film did not detect.
For basic methylene blue conditions, the H4C1R film had
absorbance difference higher than H4C1 film due to ion-

3.6 Oxygen sensitivity
The appearance in colour of MB-treated H4C1R
film was shown in Figure 8.

The MB-treated film

expressed colourless when lack of oxygen and appeared
blue colour when exposed to the oxygen (air).
The chemical phenomenon was suggested in Figure 8.
4. Conclusion

ion interaction between anionic charge of sulfonate group

Castor oil based polyurethane films with surface

in Congo red and cationic charge in methylene blue. The

treatment by Congo red were prepared and characterized.

PDES-P1
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Abstract
CO2 and CH4 permeation were studied in the module system using polymer based polyethylene membranes. The
polymers were molded as long membranes using a blown film extrusion machine. The functional group, thermal
properties and mechanical properties of the membranes were characterized by ATR-FTIR, DSC, and Universal testing
machine (UTM), respectively. Gas permeation testing was performed using mixed feed gas (CO2/CH4) at the ambient
pressure. The results showed that the vinyl acetate group of EVA membrane plays an important factor for decreasing
crystallinity of the copolymer. Therefore, EVA had the lowest crystallinity among the tested polymers. As a result, EVA
membrane gave the highest flux for both CO2 and CH4 as compared to LDPE and HDPE membranes at flow rate of 1000
ml/min. Moreover, EVA was chosen for the gas selectivity and it was found that the EVA membrane provided the gas
selectivity (CO2/CH4) up to 14.77 when using mixed gas of CO2/CH4 (50:50) and the flow rate of 200 ml/min. Moreover,
the designed module does not require a high operating cost so it is applicable to utilize in household biogas.
Keywords: carbon dioxide, biogas, gas permeation, polymer membrane
1. Introduction

level because it has several advantages such as low-energy

At present, the lack of energy is still the main

consumption, ease of operation, and low environmental

drawback in many countries. To solve this problem, the

impacts [2]. For the dense polymer membrane, the gas

development of renewable energy is a reasonable choice.

molecules permeate through the membrane by the

Among this energy, biogas is an interesting fuel because it

solution-diffusion mechanism. Firstly, the gas molecules

can be easily produced in the community and provide clean

will be absorbed on the membrane surface. Then these

fuel. In general, biogas product consists of 50-75% CH4

molecules could diffuse through the membrane by two

and 25-50% CO2 along with other trace components such

types of driving force, namely pressure gradient and

as water vapor and H2S [1]. Mostly, the biogas is used as a

concentration gradient [3].

fuel for cooking in the household. It is well known that the

Poly

(ethylene-co-vinyl

acetate)

(EVA),

a

heating value depends on the purity of CH4 in biogas. The

polyethylene (PE) based copolymer, was studied as a

presence of CO2 in biogas could reduce this value. Thus,

membrane for gas separation. Many researchers proposed

separation of CO2 is necessary for improving the quality of

that the vinyl acetate groups in EVA copolymer had an

biogas. Membrane separation is one method which is

important role to induce CO2 gases. Mousavi et al. studied

effective for purifying gases. Especially, polymer type

the effects of membrane preparation and found that EVA

membrane is suitable to the application in the community

membrane obtained from thermal/wet phase inversion
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method can improve CO2 permeability. In addition, they

Then the membranes were constituted together with the

also found that using tetrahydrofuran (THF) as a casting

module.

solvent showed a higher gas permeability than using
chloroform (CHCl3) [4] Zamiri et al. prepared a blended
membrane between ethylene vinyl acetate and poly
(ethylene glycol) (PEG) and concluded that CO2
permeability and CO2/N2 selectivity increases by
increasing the PEG content up to 10 wt% [5]
Previous researchers found that all experiments
were performed only in the lab scales. There were only few
researches studied on the CO2/CH4 separation in the
hollow fiber membrane module. However, this system
required a high pressure to proceed (pressure gradient
process). Therefore, it is unsuitable for utilization in
household biogas when considering the operating cost.
Moreover, it has not been reported about studying gas
separation in a module system using EVA copolymer.
In this work, we are interested in investigating the
separation of CO2 from biogas using a designed module.
The gas permeability was tested at ambient pressure with
the

commercial

copolymers

based

polyethylene

membranes so that saving the operation cost and suitable
for purification of biogas in the household.

Figure 1 Images of membrane module
Table 1 Condition of blowing machine
Condition

HDPE

LDPE

EVA

Feed zone

190ºC

160ºC

140ºC

Compression

200ºC

160ºC

140ºC

zone

200ºC

160ºC

140ºC

Metering zone

10 rpm

60 rpm

50 rpm

Blowing zone

200ºC

150ºC

120ºC

Upper zone

200ºC

150ºC

120ºC

Lower zone

200ºC

150ºC

120ºC

Pump

5 bar

5 bar

5 bar

Roller 1 speed

1.6 rpm

0.35 rpm

0.25 rpm

Roller 2 speed

1.6 rpm

0.35 rpm

0.25 rpm

Screw speed

2.3 Gas permeability

2. Experimental methods

The designed module consists of small fin plastics
placing together on the plastic base. Then the membrane

2.1 Materials
HDPE (HD7000F grade, density = 0.952 g/cm ,

(size 0.15x3.85 m2) was placed in the slits of the fin along

MFI (190ºC/2.16 kg) = 0.04) and LDPE (LD2426K grade,

the module length. After that, the membrane was covered

density = 0.924 g/cm3, MFI (190ºC/2.16 kg) = 4.0) are

with another sheet (Fig.1). Then connected membrane to

products of PTT Global Chemical Public (Thailand) Co.,

the scheme gas separation system (Fig.2). Mixed gas of

Ltd. EVA copolymer containing 27.5 wt% of vinyl acetate

CO2/CH4 (50:50) was fed into the membrane with the

(Escorene™ Ultra UL00728 grade, density = 0.951 g/cm3,

desired flow rates (200, 500, and 1000 ml/min). The non-

MFI (190ºC/2.16 kg) = 7.0) is a product of ExxonMobil

permeated gases were measured the gas composition and

Chemical. CO2 with 99.8% and CH4 with 99.99% purity

flow rate by Biogas 500 detector and bubble flow meter,

were supplied by United Industrial Gases, Thailand.

respectively. The flux of permeated gas and gas selectivity

2.2 Membrane preparation

was calculated by the following equations.

3

The polymer membranes (HDPE, LDPE, and EVA)
were prepared using a blown film extrusion machine. To
control the thickness of membranes to 30-40 µm,
conditions of the machine were set as shown in Table 1.

Flux of gas = ( Flowin - Flowout ) x PM (1440)

(1)

Gas selectivity = FluxCO 2
FluxCH 4

(2)

A

RT
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Where the flux unit is g/m2.day, Flowin and Flowout are

membrane presents the peaks at 1234, 1018 and 1734 cm-

flow rates of sample in/out the membrane, respectively, P

1

is pressure (atm), M is molecular weight of feed gas

bending of the ester group and C=O stretching of carbonyl

(g/mol), R is gas constant (L.atm/K.mol), T is temperature

groups, respectively [7].

, which are the C-O-C stretching, O-C=O out of plane

2

(K) and A is membrane area (m ), respectively.

Figure 2 Scheme of gas separation system
2.4 Membrane characterization
The functional groups of membranes were analyzed
using Fourier transform infrared spectra (FTIR) with
attenuated total reflection (ATR) technique (IRTracer-100,
Shimadzu). The samples were measured directly in

Figure 3 IR spectra of membranes: (a) HDPE, (b) LDPE
and (c) EVA

membrane form. All spectra were the average of 40 scans
taken in the wave number range of 650-4000 cm-1.

3.2 Thermal properties

Thermal behavior of the membranes was performed using

The DSC curves of the samples are shown in Fig.

differential scanning calorimetry (DSC, model DSC 204

4. HDPE, LDPE and EVA membranes show the maximum

F1 Phoenix, Netzsch). About 10 mg of a sample was sealed

melting point as 128, 110, and 70ºC, respectively. The

in an aluminum pan and heated from -50 to 150ºC at

crystallinity percentage (Xc) is calculated using the

10ºC/min under nitrogen atmosphere. The tensile

following equation 3 and the data are listed in Table 2.

properties of the membrane samples with dimensions of
1.5x8x0.01 cm3 were investigated using Universal testing
machine (UTM, model LR-5K, LLOYD) at room
temperature according to ASTM D882-10. The testing
speed, load cell and gauge length were 100 mm/min, 100
N, and 25 mm, respectively. Each sample was measured 5
times and reported the average value.
3. Results and Discussion

Xc=

DH f
DH f *

x100

(3)

Where ∆Hf and ∆Hf* are the fusion enthalpy of sample and
the fusion enthalpy of polyethylene (PE) with 100%
crystallinity, respectively. Normally, the fusion enthalpy
of perfect crystallinity of PE has widely been reported as
293 J/g, and assuming that the poly(vinyl acetate)
segments in the EVA copolymer are non-crystalline [8].
EVA membrane gives the lowest crystallinity because the

3.1 ATR-FTIR
FTIR spectra of three membranes are displayed in
Fig.3. HDPE and LDPE give the results in the same
pattern. The absorption peaks at 720, 1460, 2846 and 2915
cm-1 refer to the rocking of methylene (CH2), methylene
(CH2) bending, symmetric stretching and asymmetric
stretching of methylene, respectively [6]. The EVA

presence of vinyl acetate groups interrupts the alignment
of molecular chains causing a decreasing crystallinity [9].
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Membrane

Tensile

Elongation

Young’s

sample

strength

at break

modulus

(MPa)

(%)

(MPa)

HDPE

25.2

149

874

LDPE

8.9

772

167

EVA

8.3

992

9

3.4 Gas permeation
3.4.1 Effect of polymer type
Three types of polymers (HDPE, LDPE, and EVA)
were tested as a membrane for CO2 and CH4 permeations.
The results are illustrated in Fig.5, CO2 flux of EVA,
Figure 4 DSC curve of membranes (a) HDPE, (b) LDPE
and (c) EVA

LDPE and HDPE are 133.71, 38.38 and 24.54 g/day.m2,
respectively. The EVA membrane give the highest flux
both CO2 and CH4. This is because the EVA membrane
has a low percentage of crystallinity when compared to

Table 2 Thermal characteristics of membranes
Membrane

Melting

Melting point

Xc

HDPE and LDPE (confirmed from DSC). Generally, gas

sample

enthalpy (J/g)

(ºC)

(%)

transport occurs through the amorphous phase. Thus, both

HDPE

101

128

34

CO2 and CH4 molecules are easy to diffuse through the

LDPE

67

110

23

EVA

38

74

13

EVA membrane. Furthermore, EVA composes of the vinyl
acetate group which has a polar property. As a result, this
EVA membrane prefers to adsorbed CO2 (slight polar)
molecules more than CH4 (nonpolar).

3.3 Tensile properties
The tensile data of the membranes were
summarized in Table 3. The tensile strength of HDPE,
LDPE and EVA are 25.2, 8.9, and 8.3 MPa, respectively.

3.4.2 Effect of flow rate
In this section, the EVA membrane was chosen as
a membrane for gas separation. The results are shown in
Fig.6, the fluxes of CO2 and CH4 have the highest value as

It is noticed that polymers with branched chains have a

133.71 and 21.53 g/day.m2 at flow rate 1000 ml/min. It

tendency to decrease this value. The branched chains can

may be because the pressure in the system increased when

interrupt the packing of molecules and reduce the

increasing flow rate (Fig.7). This pressure forced the gas

crystallization of copolymer. On the other hand, the

molecules to permeate in the membrane rapidly. However,

presence of the vinyl acetate groups results in increasing

the gas selectivity of the EVA membrane becomes low at

percentage of elongation which EVA membrane has a

higher flow rate (Fig.8), its value at the flow rate of 200

maximum value as 992%. It may be due to the chain
entanglement between molecules [10].

ml/min is the highest as 14.77. Because, at low pressure,
gas permeability mainly depends on the solubility of gas
on the membrane surface following with the concentration
gradient process. Therefore, the polar EVA membrane
results a high gas selectivity.

Table 3 Tensile properties of membranes
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4. Conclusion
The designed module had an efficiency for CO2
separation. From DSC results, the EVA membrane give
the lowest crystallinity so it presents the highest flux both
CO2 and CH4 as 133.71 and 21.53 g/day.m2, respectively.
In addition, this membrane composes of carbonyl groups
which prefer to absorb CO2 due to the strong interaction of
polar carbonyl group in vinyl acetate segments and CO2
Figure 5 Effect of polymer type on flux of gas

gas molecules [5]. Thus, it results in the gas selectivity
(CO2/CH4) of EVA was 14.77 at a flow rate of 200 ml/min.

Flux (g/day.m2)

The designed module can perform at ambient pressure and
150

so saving operating cost. Thus, it is suitable to utilize in

100

household biogas.
CO2

50

CH4

0
200

500

1000

Flow rate (ml/min)
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Figure 6 Effect of flow rate on flux of gas
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Abstract
Metal-ammine complex aqueous solutions, [Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2, were used as
catalysts for water-blown rigid polyurethane (RPUR) foams. Aqueous solutions of [Cu(NH3)4(H2O)2](OAc)2 and
[Zn(NH3)4(H2O)2](OAc)2 were prepared from the complex formation of metal acetates with ammine ligands in water and
used in RPUR foam preperation without purification. Water in catalyst aqueous solutions could improve solubility of
catalysts in starting materials of RPUR foam and act as a blowing agent for foaming process. As compared to N,Ndimethylcyclohexylamine (DMCHA; a commercial catalyst), metal-ammine complex aqueous solutions had weaker odor.
[Cu(NH3)4(H2O)2](OAc)2

showed

higher

catalytic

activity

in

gelling

reaction

than

DMCHA

and

[Zn(NH3)4(H2O)2](OAc)2. However, the catalytic activity in blowing reaction of [Cu(NH3)4(H2O)2](OAc)2 and
[Zn(NH3)4(H2O)2](OAc)2 was lower than that of DMCHA. The foam catalyzed by [Cu(NH3)4(H2O)2](OAc)2 had
comparable compressive strength (220.0 kPa) and average cell size (498.5 μm) in parallel to foam rising direction to
those prepared from DMCHA (207.7 kPa and 502.0 μm).
Keywords: copper-ammine complex; zinc-ammine complex; water-blown rigid polyurethane foam; catalyst
1. Introduction
Polyurethanes constitute the important types of
polymers, which can be manufactured for several
applications (thermoplastics, elastomers, flexible foams,

Scheme 1 Gelling reaction (polymerization) of RPUR foam.

rigid foams and etc.). The versatility of polyurethanes can
be attributed to the large number of their starting materials
and formulations. In rigid polyurethane (RPUR) foam
formulation, catalysts are important component since they
control the gelling (Scheme 1) and blowing reactions
(Scheme 2) during the foam formation. The gelling
reaction is the polymerization reaction between isocyanate
(NCO)

groups

of

polymeric

methane

diphenyl

diisocyanate (PMDI) and hydroxyl (OH) groups of polyol
to give urethane linkages. The blowing reaction is the
reaction between NCO groups and blowing agent (water)
to release carbon dioxide, which can serve as the blowing
gas.

Scheme 2 Blowing reaction of RPUR foam.
Two main types of catalysts used in the production
of RPUR foams are amines and organotin compounds.
Examples are N,N-dimethylcyclohexylamine (DMCHA),
which shows moderate activity toward the gelling and
blowing reactions, while dibutyltin dilaurate is a strong
gelling catalyst [1-4]. The use of organotin and tertiary
amine catalysts is concerned about their toxicity and strong
odor, respectively. Therefore, the developments of
alternative catalyst for RPUR foams have been reported.
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For examples, M(acac)n-TEDA catalysts, [where M = Cu,

methane diphenyl diisocyanate (PMDI, B9001®, % NCO

Mn, Fe, Co or Ni and TEDA = triethylenediamine] were

= 31.0 wt%, average functionality = 2.7, average

synthesized and used to catalyze the reaction between

molecular weight = 340), polysiloxane surfactant

diethylene glycol and hexamethylene diisocyanate [5].

(Tegostab® B8460) and N,N-dimethylcyclohexylamine

Bismuth carboxylate and metal acetylacetonates (where

(DMCHA), the reference commercial catalyst, were

metal = Zr, Ni, Co, Ti and Zn) were reported as the

supplied by IRPC Public Company Ltd. Distilled water in

catalysts for preparation of waterborne polyurethanes [6-

catalyst aqueous solutions was used as a chemical blowing

7]. Iron acetylacetonate was employed in the preparation

agent.

of polyurethane foam/nano hydroxyapatite composite

2.2 Experimental design

scaffold for the application of bone tissue regeneration [8].
In

this

work,

copper-

and

[Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2

zinc-ammine

aqueous solutions were synthesized and served as the

complexes are of interest as the catalysts for RPUR foams.

catalysts for RPUR foam preparation. Two steps of mixing

Copper- and zinc-ammine complexes are well-known

called “two-step method” was applied to prepare RPUR

metal complexes. Addition of ammonia solution to an

foams in cup test or plastic mold at the constant isocyanate

aqueous solution of the copper(II) and zinc(II) ions results

(NCO) index of 100. The catalytic activity of these

in successive replacement of coordinated water in

catalysts accompanying with obtained foam properties

Cu(H2O)62+ and Zn(H2O)62+ by NH3

to give copper-

were investigated and compared to those obtained from

[9] and zinc-

commercial reference catalyst (DMCHA). The effect of

ammine complex [Zn(NH3)n(H2O)6-n] [10], respectively,

metal-ammine complex on reactions times and RPUR

according to the equation shown in Scheme 3.

foam properties was studied.

2+

ammine complex [Cu(NH3)n(H2O)6-n]
2+

2.3 Measurements
The time of foaming reactions prepared using cup
test method was recorded using a digital stopwatch. The

Scheme 3 Formation of metal-ammine complexes.

reaction times studied were cream time, (the time when the
Aqueous solutions of copper- and zinc-ammine
complexes,

namely

foam height was 5% height as compared to the total height),

[Cu(NH3 )4 (H2 O)2 ](OAc)2 and

gel time (the time when the foam mixture changed from

[Zn(NH3)4(H2O)2](OAc)2, have been prepared and used as

viscous liquid to gel), rise time (the time when the foam

catalysts for RPUR foam preparation. These catalysts can

stopped rising) and tack-free time (the time when the

be used in foam formulation without purification. Water in

dryness of foam surface could be observed which indicated

aqueous solution will serve as a blowing agent for RPUR

that polymerization reaction was completed). The height

foam formation.

of foams prepared by cup test method at different reaction
times was measured to obtain rise profiles. Isocyanate

2. Experimental methods

(NCO) conversion was calculated from the residual
isocyanate absorbance at 2277 cm-1 recorded on a Nicolet

2.1 Materials
Copper(II) acetate monohydrate [Cu(OAc)2.H2O],
Zinc(II) acetate dihydrate [Zn(OAc)2.2H2O] and ammonia
(NH3) solution were obtained from Sigma-Aldrich (St.
Louis, MO, USA), Nacalai Tesque (Kyoto, Japan) and
Carlo Erba (Val de Reuil, France), respectively. Polyol
(PolimaxxÒ

4221, sucrose-based

polyether

polyol,

hydroxyl value = 440 mg of KOH/g) and polymeric 4,4¢-

6700 FTIR spectrometer in a range of 4000-500 cm-1, a
resolution of 4 cm-1 and 16 scans by the following equation
[11]:
NCO conversion (%) = [1-(NCOt / NCOi]Î100

(1)

Where NCOt is an area of isocyanate peak at time t. NCOi
is an area of isocyanate peak at the initial time. The
isocyanate peak area was normalized by the peak area of
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aromatic ring at 1595 cm-1. Density of cubic RPUR foams

ASTM D7487-13, and molded method following the

with the dimensions of 3.0 × 3.0 × 3.0 cm (width × length

procedure reported in the literature [13]. The foams

× thickness) was measured according to ASTM D 1622-

prepared from both methods had the same density. The

08. The foam specimens were weighed and calculated the

formulation of RPUR foam is shown in Table 1. Reaction

density using the mass to volume ratio. The average values

time, density, rise profiles and NCO conversion were

of ten specimens were reported. The compressive

investigated from the foams prepared in cup test, while

properties of RPUR foams in both parallel and

morphology and compressive strength were investigated

perpendicular to foam rising direction were investigated

from those prepared in a plastic mold.

using a Hounsfield H 10 KM universal testing machine
according to ASTM D 1621-16. Preload cell (0.100 N)
moved to deform the foam specimens at a constant speed
of 2.54 mm/min. Compressive strength was collected at

3. Results and Discussion
3.1 Preparation of RPUR foams catalyzed by metalammine complexes

10% deformation of the specimens. Morphology of RPUR
foams in perpendicular (top view) and parallel (side view)
to foam rising direction was observed with JEOL JSM6480 LV scanning electron microscope (SEM). The foam
specimens were sliced to obtain the thickness of 1.0 mm
and coated with gold before scanning to have an
electrically conductive surface. All characterizations and
measurements were carried out after the foams were kept
for 48 h at room temperature.
2.4 Synthesis of metal-ammine complex aqueous solution
[Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2
aqueous solutions were synthesized according to the method

The synthesized metal-ammine complexes were
characterized according to the previous work [12]. The
complex structures of copper- and zinc-ammine complexes
were [Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2,
respectively. Cu or Zn interacted with four ammonia
molecules in planar and two water molecules in axial. The
coordinated covalent bonds of water were longer than
those of ammonia molecules and could be detached to
obtain the square-planar metal-ammine complexes. These
structures were supported by the other works [14-15] for
the structures of metal-ammine complex in aqueous
solution.

reported in literature [12]. The complex formation is showed
in Scheme 4.

Table 1 RPUR foam formulation.
Formulation
Polyol (PolimaxxÒ 4221)

100

Catalysts

2.5
®

Scheme 4 Complex formation of metal-ammine complexes.

Surfactant (Tegostab B8460)

2.5

Blowing agent (H2O)

3.0

®

PMDI (B9001 )
a

2.5 Preparation of RPUR foam

pbwa

166.0

Parts by weight or 1 g in 100 g of polyol
The reaction times and properties of RPUR foam

RPUR foams with NCO index of 100 were

catalyzed by metal-ammine complexes were investigated

prepared by cup test method, which was modified from

and compared to those of DMCHA (reference commercial

Table 2 Reaction time, density, foam height and NCO conversion of RPUR foam catalyzed by various catalysts.
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Cream
time (s)

Gel time
(s)

Tack free
time (s)

Rise
time (s)

Density
(kg/m3)

Foam
height
(%)

NCO
conversion
(%)

DMCHA

21±0

34±1

165±3

112±4

39.4±0.5

95.8

99.1

[Cu(NH3)4(H2O)2](OAc)2

27±1

69±2

142±3

156±2

41.8±0.4

87.4

99.2

[Zn(NH3)4(H2O)2](OAc)2

25±1

95±1

192±2

215±2

38.5±0.8

100

98.5

Catalysts

catalyst) as shown in Table 2. The data reported are

The metal-ammine complexes had longer initial time than

average values with standard deviation less than 5% from

DMCHA and gave a faster rise curve in the latter stage.

the average values. The catalytic activity in acceleration of
completely gelling and blowing reactions was determined
by tack free time and rise time, respectively. Considering
the gelling reaction, the order of tack free time is
[Zn(NH3)4(H2O)](OAc)2

>

[Cu(NH3)4(H2O)2](OAc)2This

result

DMCHA
indicated

>
that

[Cu(NH3)4(H2O)2](OAc)2 had better catalytic activity, while
[Zn(NH3)4(H2O)2](OAc)2 had lower catalytic activity in
gelling reaction than DMCHA. In the case of rise time,
both

[Cu(NH3 )4 (H2 O)2 ](OAc)2

and

[Zn(NH3)4(H2O)2](OAc)2 had longer rise time than
DMCHA. Therefore, both metal-ammine complexes had
lower catalytic activity in blowing reaction than DMCHA.

Figure 1 ATR-IR spectra of RPUR foams catalyzed by
various catalysts.

The isocyanate (NCO) conversion of RPUR foams
catalyzed by different types of catalysts was investigated
from the change of absorption band of NCO group at 2277
cm-1 in the ATR-IR spectra as shown in Figure 1. The NCO
conversion of RPUR foam catalyzed by DMCHA,
[Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2 at the
NCO index of 100 were quantitative with more than 98%
of NCO conversion (Table 2).
3.2 Rise profiles of RPUR foam
Rise profiles of RPUR foam catalyzed by
[Cu(NH3)4(H2O)2](OAc)2, [Zn(NH3)4(H2O)2](OAc)2 and
DMCHA are shown in Figure 2. It was found that rise

Figure 2 Rise profiles of RPUR foam.

profiles of RPUR foam agreed with their rise times reported in
Table 2. The time to reach their full height followed the order
[Zn(NH3)4(H2O)2](OAc)2 > [Cu(NH3)4(H2O)2](OAc)2 >
DMCHA. RPUR foams catalyzed by metal-ammine

3.3 Morphology of RPUR foam
SEM micrographs of RPUR foam catalyzed by

complexes exhibited smooth rise profiles during rising

DMCHA,

[Cu(NH3 )4 (H2 O)2 ](OAc)2

and

process and had similar rise profiles to that of DMCHA.

[Zn(NH3 )4 (H2 O)2 ](OAc)2 are shown in Figure 3. It was
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found that RPUR foams consisted of defined closed cells.
The cell morphology of all foams showed anisotropic
structures, which were spherical and elongated in
perpendicular (top view) and parallel (side view) to foam
rising direction, respectively. The average cell size of the
foam in parallel to foam rising direction catalyzed by
DMCHA (502.0 μm) was close to that obtained from
[Cu(NH3 )4 (H2 O)2 ](OAc)2 (498.5 μm).

Figure 4 Compressive stress-strain curves of RPUR foams
catalyzed by different catalysts in (a) parallel and (b)
perpendicular to foam rising direction.
4. Conclusions
We have developed the alternative catalysts for
RPUR foam preparation, namely copper- and zincammine complex aqueous solutions, which have very
Figure 3 SEM micrographs of RPUR foam in different

weak odor and can be used as the homogeneous catalysts

foam rising direction (40X).

for RPUR foam preparation without purification. For the

3.4 Compressive properties of RPUR foam
Compressive stress-strain curves of RPUR foam
catalyzed by metal-ammine complexes and DMCHA are
illustrated in Figures 4.The compressive strength of the foam in
parallel to foam rising direction was higher than that in
perpendicular to foam rising direction. This result revealed
anisotropic character of the foams. Compressive strength of
RPUR foam catalyzed by [Cu(NH3)4(H2O)2](OAc)2 in parallel
to foam rising direction (220.0 kPa) was comparable to that
prepared from DMCHA (207.7 kPa).

catalytic

activity,

[Cu(NH3 )4 (H2 O)2 ](OAc)2

and

[Zn(NH3)4(H2O)2](OAc)2 showed good catalytic activity in
both gelling and blowing reactions resulting in the suitable
reaction time and quantitative isocyanate conversion.
[Cu(NH3)4(H2O)2](OAc)2 had the higher catalytic activity
than [Zn(NH3)4(H2O)2](OAc)2. Density, morphology and
compressive properties of RPUR foams catalyzed by
[Cu(NH3)4(H2O)2](OAc)2 were comparable to those
catalyzed by DMCHA.
References
1.

Szycher, M., Szycher's handbook of polyurethanes.
2nd ed.; CRC press: Florida, 2012.

2.

Strachota, A.; Strachotova, B.; Špírková, M.,
Comparison of environmentally friendly, selective
polyurethane catalysts. Mater Manuf Process 2008,
23 (6), 566-570.

55

PDES-P7
3.

Randall, D.; Lee, S.; editors, Huntsman polyurethanes

metal acetates and ethanolamine. e-Polymers 2016, 16

– the polyurethanes book. John Wiley & Sons: United

(4), 265-275.

Kingdom, 2002.
4.

14. Vazquez-Arenas,

Pirkl, H. G.; Six, C.; Steinlein, C.; Weisbeck, M.,

Electrochim Acta 2007, 52 (20), 6106-6117.

in

ammonia-chloride

medium.

15. Pavelka, M.; Burda, J. V., Theoretical description of

industry. Appl Catal A 2001, 221 (1), 303-335.

copper Cu (I)/Cu (II) complexes in mixed ammine-

Inoue, S.; Nagai, Y.; Okamoto, H., Amine-manganese

aqua environment. DFT and ab initio quantum

complex as an efficient catalyst for polyurethane

chemical study. Chem Phys 2005, 312 (1-3), 193-204.

Blank, W. J.; He, Z. A.; Hessell, E. T., Catalysis of the

Cakic, S. M.; Stamenkovic, J. V.; Djordjevic, D. M.;
Ristic, I. S., Synthesis and degradation profile of cast
films of PPG-DMPA-IPDI aqueous polyurethane
dispersions based on selective catalysts. Polym
Degrad Stab 2009, 94 (11), 2015-2022.
Meskinfam, M.; Bertoldi, S.; Albanese, N.; Cerri, A.;
Tanzi, M.; Imani, R.; Baheiraei, N.; Farokhi, M.; Fare,
S.,

Polyurethane

foam/nano

hydroxyapatite

composite as a suitable scaffold for bone tissue
regeneration. Mater Sci Eng C 2018, 82, 130-140.
9.

R.,

complexes

Prog Org Coat 1999, 35 (1), 19-29.

8.

Cruz,

Klesczewski, B.; Koch, D.; Kumpf, R. J.; Orzesek, H.;

isocyanate-hydroxyl reaction by non-tin catalysts.
7.

I.;

Electrochemical study of binary and ternary copper

syntheses. Polym J 2002, 34 (4), 298-301.
6.

Lazaro,

Wegener, G.; Brandt, M.; Duda, L.; Hofmann, J.;

Trends in industrial catalysis in the polyurethane
5.

J.;

Hathaway, B. J.; Tomlinson, A. A. G., Copper(II)
ammonia complexes. Coord Chem Rev 1970, 5 (1), 143.

10. Bjerrum, J., On the tendency of the metal ions toward
complex formation. Chem Rev 1950, 46 (2), 381-401.
11. Modesti, M.; Lorenzetti, A., Flame retardancy of
polyisocyanurate–polyurethane

foams:

use

of

different charring agents. Polym Degrad Stab 2002,
78 (2), 341-347.
12. Sukkaneewat, B.; Sridaeng, D.; Chantarasiri, N., Fully
water-blown polyisocyanurate-polyurethane foams
with improved mechanical properties prepared from
aqueous solution of gelling/blowing and trimerization
e-Polymers, (In press).
13. Sridaeng,

D.;

Jitaree,

W.;

Thiampanya,

P.;

Chantarasiri, N., Preparation of rigid polyurethane
foams using low-emission catalysts derived from

BPLA-O1

56

Effects of Glycerol Content on Ion Conductivity and Adhesive Property of Plasticized Gelatin
Used as an Electrolyte in Electrochromic Glass
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Phone +66 24284143, Fax +66 24708643, *E-Mail: palayanuey@gmail.com

Abstract
This work has concerned the development of transparent adhesive electrolyte for fabrication of electrochromic
glasses. In this study, the bio-based polymeric electrolyte system comprising of gelatin, formaldehyde, LiClO4 and
glycerol were prepared. The aim of this work was to investigate the effect of glycerol content on optical, thermal, adhesion
and ion conducting properties of the gelatin based electrolyte. The ion conductivity of the gelatin film was determined by
using an impedance spectroscopy technique, whereas the optical and adhesion properties of the polymer films were tested
by UV/visible spectroscopy and cross-cut test, respectively. From the results, it was found that the concentration of
glycerol strongly affect ion conductivity of gelatin films. By applying 60 wt% of glycerol to the system, the maximum
ion conductivity value of 1.4x 10-4 S/cm was achieved without scarifying its optical transparency. The results were
ascribed to the greater free volume and a better adhesion to ITO electrodes.
Keywords: Gelatin, solid polymer electrolytes, Ion conductivity, electrochromic glass
1. Introduction

Depending on temperature, type and concentration of salts

Chromism is a process in which colors of

and a plasticizer content, ion conductivities values of the

compounds change under stimulations. The process can be

EC containing polymeric electrolytes in the range between

induced by different sources of stimuli such as electron,

10-9 -10-4 S/cm have been reported [1-4]. Electrochromic

heat

the

behaviors of the devices have also been demonstrated. To

electrochromic (EC) materials were applied to ion

further upgrading technology readiness level (TRL) of the

conducting glass substrate, a kind of electrochromic glass

polymer based EC devices, however, it would be desirable

for smart buildings and smart vehicles can be obtained.

of a kind of transparent adhesive polymeric electrolyte can

Conventionally, liquid such as KOH or H2SO4 have been

be developed. With this approach, it was expected that an

used as an electrolyte for preparing the EC glasses.

enlarged size of the EC windows can be simply fabricated

However, the liquid based devices are usually suffered

by pressing the adhesive electrolyte against two separated

from leakage and low durability problems. Therefore,

electrodes. In this study, a feasibility of using a bio-based

attempts have been made to develop solid electrolytes for

polymer, namely gelatin, as an adhesive electrolyte of EC

use as a replacement of the liquid. Rakkwamsuk and

glasses was studied. The aim of this work was to

Yosthisud developed a kind of all-Solid Ta2O5/WO3/ITO

investigate the effects of concentration of glycerol on

Electrochromic Device [1]. However, it seems that the

adhesive, optical, thermal, and ion conductivity of the

fabricated EC device is still suffer from a poor contact

polymer electrolyte.

and

light

illumination.

Specifically,

if

between the electrolyte later and the electrodes.
Alternatively, the use of polymers such as poly(ethylene
oxide) (PEO), poly(methyl methacrylate) (PMMA) in
combination with salts such as LiClO4, have been explored.
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Ion conductivity of the gelatin films were
determined by an impedance spectroscopy technique,

2.1 Chemicals
Gelatin (from porcine skin, gel strength 300g
bloom, Bioreagent for electrophoresis) was supplied from
Sigma-Aldrich. Glycerol (AR grade, Ajax Finechem),
formaldehyde (AR grade, Merck), and lithium perchlorate
(LiClO4) (99.99%) were purchased from Sigma-Aldrich,
respectively. Indium tin oxide coated glasses (ITO, 7 Ω/sq),
used as electrodes, was purchased from Shenzhen Huanan
Xiangcheng science and technology Co., Ltd All of the
chemicals were used as received.
2.2 Preparation of the gelatin based electrolyte
Typical formulations for preparing the gelatin
based electrolytes are summarized in Table 1. In brief, 2 g
of gelation was dissolved in 15 ml of deionized water and
then heated at 50 °C until completed dissolution [5]. After
that, a given amount of LiClO4. glycerol, and

using a Potentiostat, Versa STAT4 machine. The gelatin
film was cut and pressed against two ITO electrodes and
then the test was carried out over the frequency range
between 0.1– 1x106 Hz, under a relative humidity of 75%.
Optical properties of the gelatin films were determined by
using a UV/Visible spectrophotometer, in accordance with
the ASTM E903-96 and ASTM E891087 standard
methods. Adhesive properties of the gelatin films were
evaluated by using a cross-cutting test (ASTM D3359).
Thermal behaviors of the gelatin films were examined by
using Differential Scanning Calorimeter (DSC, 204 F1
Phoenix) and Thermogravimetric analysis (TGA, PerkinElmer/Pyris,

RI

Technologies/Diamond

TA

/Q50)

techniques, over the scanning temperature range between
25-200 °C and 25-800 °C, respectively. Both experiments
were carried out under nitrogen gas atmosphere.

formaldehyde were added. The solution was kept stirring
until a homogeneous viscous solution was obtained. The

3. Results and discussion

solution was then cooled down to room temperature and

Figure 2 shows DSC thermograms of the various

poured on Petri plates to form transparent films (Figure 1).

gelatin films, containing different amount of glycerol. An
endothermic baseline change at a temperature around 55

Table 1 Compounding formulation for preparing gelatin
based electrolyte.

°C, corresponding to the glass transition temperature (Tg)
of the neat gelatin can be observed. It was also noted that
the Tg values decreased with increasing glycerol content.
This indicates that glycerol can act as an effective
plasticizer for gelatin. This brought about a greater free
volume in the gelatin which could facilitate Li-ion
mobility. Besides, a better adhesion of the gelatin films to
ITO electrodes can be expected.

From the TGA

thermograms (Figure 3) it is also of noteworthy that gelatin
films are thermally stable for up to 213 °C, regardless of
the plasticizer content. The decomposition temperature
value of gelatin films are sufficiently high for use as solid
electrolytes in energy related devices [6] In terms of
Figure 1 Typical appearance of a free standing film the
solution casted gelatin and the corresponding
ITO/gelatin/ITO device

optical properties, it can be seen from Table 2 that the
gelatin films remain highly transparent, with the
percentage visible light transmittance in the range of 8992. Figure 4 shows a typical Nyquist plot of a gelatin film,
containing 15 wt% of LiClO4. The similar profiles were

2.3 Characterizations and testing
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also obtained from the plasticized gelatin films containing

device with a configuration of ITO/NiO/gelatin/ITO can

different amount of glycerol. From the above plot, ion

exhibit electrochromic behaviors. Further work have yet to

conductivity values of the gelatin films were calculated

be carried out, however, in order to enhance ion

and the results are summarized in Table 2. It can be seen

conductivity of the gelatin based electrolyte. Possible

that ion conductivity values of the gelatin films tended to

approaches include an optimization of the LiClO4 content

increase with the concentration of glycerol. In our opinion,

and the blending of gelatin with a secondary transparent

the above change can be ascribed to 2 main factors. The

adhesive polymer. These are the aspects of our ongoing

first one is an increase of free volum in the gelatin phase,

work.

which facilitates the movenent of Li ion. Secondly, it
seems that the higher the glycerol content, the better the
5). This facilitates the transfer of Li ions from electrolyte
to ITO, which contributed to the greater value of measured

ZIm (W)

adhesion between gelatin films and ITO electrode (Figure

conductivity.

100,000
90,000
80,000
70,000
60,000
50,000
40,000
30,000
20,000
10,000
0
0

50,000

100,000

150,000

200,000

ZRe (W)

Figure 4 A typical Nyquist plot of a gelatin film
Table 2 Optical property and ion conductivity of various
gelatin films
Glycerol

Ion conductivity

Transmittance

content (g)

(S/cm)

(%)

0

4.18 x 10-7

89.23 (± 0.23)

0.1

-6

1.86 x 10

88.69 (± 0.16)

0.2

1.47 x 10-6

90.10 (± 0.35)

0.4

5.52 x 10-5

90.82 (± 0.11)

0.8

-4

1.21 x 10

91.27 (± 0.36)

1.2

1.41 x 10-4

91.96 (± 0.19)

Figure 2 DSC plot of Gelatin-based electrolyte containing
very the concentration of glycerol

Figures 3 TGA thermograms of gelatin-based electrolyte
containing different amount of glycerol
In this study, the maximum conductivity value of
-4

the gelatin based electrolyte achieved was 1.41 x 10 S/cm.
Although the value is low as comparable to that of liquid
electrolyte [7], however, we found that the fabricated EC

Adhesiveness (%)

120
100
80

Without formaldehyde
With formaldehyde

60
40
20
0
0

60

Glycerol content (wt%)

BPLA-O1

59

Figure 5 Strength of adhesion between ITO and gelatin
films as determined from a cross-cut test.
4. Conclusion
This work demonstrated that ion conductivity
values of gelatin/LiClO4 electrolyte can be improved by
applying glycerol as a plasticizer to the system. The higher
the glycerol content, the greater the ion conductivity value.
The results were discussed in light of a greater free volume
of gelatin and a stronger adhesion between ITO electrodes
and the polymer electrolyte.
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Abstract
The objective of this study was to improve the physical and chemical properties of native starch (NS) films.
Oxidized starch (OS) films prepared with various percentages of hydrogen peroxide - 5, 10 and 20 wt% (based on dry
starch weight) - were investigated. All OS films were prepared by solution casting technique using glycerol as a
plasticizer. It was found that the carboxyl and carbonyl contents increased as the level of H2O2 increased, and the
highest carbonyl and carboxyl contents of 0.81 and 0.17% were obtained, respectively. Moreover, the swelling powers
of all OS films were significantly less than that of the NS film. Additionally, as the level of H2O2 increased, the stress at
maximum load and Young’s modulus of the OS films increased. Furthermore, thermal degradation temperatures of all
OS films were lower than that of the NS film, indicating chain scission by oxidation.
Keywords: biodegradable film, hydrogen peroxide, modified starch, oxidized starch
1. Introduction

other hand, hydrogen peroxide (H2O2) is an attractive

Native starch (NS) is an attractive raw material for

oxidizing agent for preparing oxidized starch because it

biodegradable packaging films because it is inexpensive.

decomposes inevitably to oxygen and water with no other

However, application of NS films is limited by their poor

harmful by products5, and the color of OS oxidized by

mechanical properties, high hydrophilicity and high water

H2O2 will be whiter than the original6. There have already

absorption capability1. NS needs to be modified to

been some papers reporting properties of starch film

improve these drawbacks. Chemical modification, such

oxidized by H2O2. For instance, S.D. Zhang et al. have

as oxidation, cross-linking and acetylation, is a classical

reported the decreases of crystallinity, tensile strength

way to effectively improve the properties of starch films.

and thermal stability of corn starch film oxidized by

Oxidized starch (OS) has already been widely

H2O27. Y. Tanetrungroj and J. Prachayawarakorn also

used in both food and industrial applications because of

mentioned the decreases of crystallinity, swelling and

its low viscosity, high transparency, excellent film-

thermal stability of cassava starch films8.

forming capacity and binding property2. Oxidation of

The aim of this study was to prepare and

starch produces new functional groups such as carbonyl

characterize oxidized starch films by using H2O2 as the

and carboxyl groups that replace hydroxyl groups in

oxidizing agent at various concentrations (5, 10, 20 wt%

starch. Several previous studies proposed the uses of

based on dry weight of starch). The properties of the

sodium

(NaOCI)3

hypochlorite

and

potassium

oxidized starch films were determined, i.e. carboxyl and

permanganate (KMnO4) to oxidize starch. However,

carbonyl contents, swelling power, stress and strain at

oxidation by NaOCI may lead to formation of toxic

maximum

chlorinated by-products5, while oxidation by KMnO4 will

degradation temperature.

4

4

make the starch sample to have a dark blue color . On the

load,

Young’s

modulus

and

thermal
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with 0.118 M HCl, and then 60 mL of hydroxylamine
hydrochloride

2.1 Materials
Cassava starch was obtained from Tong Chan
Registered Ordinary Partnership (Bangkok, Thailand). It
contained 17 wt% amylose and 83 wt% amylopectin.
Hydrogen peroxide (H2O2, 30% (w/v)), laboratory grade
(20-60%), was purchased from Italmar Co., Ltd.
(Bangkok, Thailand). Glycerol was supplied from Lab
System Co., Ltd. (Bangkok, Thailand).
2.2 Preparation of OS
50 g of cassava starch were suspended in 250 mL
of distilled water in a 1000 mL three-necked roundbottomed flask and heated at 80 ˚C for 1 h with
continuous stirring. After the suspension was cooled to
room temperature, 200 mL of distilled water containing 5,
10 and 20 wt% (based on dry weight of starch) of H2O2
were added dropwise to the suspension with continuous
stirring while the temperature and pH were kept at 25 ˚C

solution

was

added

(hydroxylamine

hydrochloride, 25 g; 100 ml 0.5 M NaOH diluted to 500
ml). Then, the solution was heated at 40 ˚C for 4 h, and
titrated with 0.118 M HCl using methyl orange as an
indicator. Distilled water was used as a control. Carbonyl
content was calculated by the following equation (1), 9
% (C=O) = 0.118 × 0.028 × (Vcontrol – Vsample) × 100, (1)
where Vcontrol and Vsample were the volumes of HCl used
for titrating the control and sample to the end point,
respectively.
2.4.2 Carboxyl content
2 g of dry starch sample was mixed with 2.5 mL
of 0.1 M HCl, and the slurry was stirred for 30 min. The
slurry was then vacuum-filtered and washed with 40 mL
of distilled water. After that, the starch on the filter paper
was transferred into a beaker and added with 30 ml of
distilled water. The starch slurry was heated in a boiling
water bath with continuous stirring for 15 min. The hot

and 10.0, respectively. After 2 h, pH of the slurry was

starch dispersion was then adjusted to 45 mL with

adjusted to 7.0 with 0.1 M HCl. Then, it was precipitated

distilled water and titrated to pH 8.3 with standardized

in ethanol for 24 h, and the solid precipitate was washed

0.01 M NaOH using phenolphthalein as an indicator. A

thoroughly with distilled water. The solid precipitate was

blank test was also performed on a sample of NS. The

then dried at 60 ˚C for 24 h, and an OS sample was

carboxyl content of the OS was calculated by following

obtained.

equations (2) and (3), 10

2.3 Preparation of OS films
OS films were produced by solution casting
technique using glycerol as a plasticizer. 10 g of OS and
100 mL of distilled water were mixed together, followed
by an addition of 30 wt% (based on dry weight of starch)
glycerol. Then, the mixture was heated at 70 ˚C for 3 h
which completely dissolved the OS powder. After that,
the mixture was poured into a polypropylene tray and
dried in a hot air-oven at 60 ˚C for 6 h. The NS film was
also prepared under the same conditions, but the mixture
was heated for 1 h.
2.4 Determination of carbonyl and carboxyl contents
2.4.1 Carbonyl content
1 g of dry starch sample was stirred in 300 mL of
distilled water and heated to solubilize the starch
completely. The cooled solution was adjusted to pH 3.2

Milliequivalents of acidity/100 g starch
=

[(Vs -Vb ) × CNaOH × 100]
Sample weight (dry basis)

,

(2)

Carboxyl content (%)
= [milliequivalents of acidity/100 g.starch] × 0.045,

(3)

where Vs and Vb were the volumes of NaOH used for
titrating sample and blank to the end point, respectively,
and CNaOH was the concentration of NaOH in molar unit.
2.5 Swelling power
The OS and NS films were tested for their
swelling power in water. A film (25×25 mm2) was dried
at 105 ˚C for 2 h and kept between a fold of a sieve sheet.
After that, the film was immersed in distilled water at
room temperature for 72 h. The film was taken out to be
weighed every hour for 72 h. The excess water on the
surface of the film was removed by using a blotting paper.
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Percentage of swelling was calculated by the following

10%OS

0.72 ± 0.18

0.09 ± 0.03

equation (4),

20%OS

0.85 ± 0.09

0.17 ± 0.09

Swelling (%) =

W2 -W1
W1

×100,

(4)

3.2 Swelling power

where W2 and W1 were the wet and dry weights of the

It is shown in Figure 1 that the swelling powers of

film, respectively.

all OS films were clearly lower than that of the NS film.

2.6 Mechanical properties

This could be attributed to the carbonyl groups formed by

The mechanical properties of the OS and NS films

oxidation that caused the higher hydrophobicity of the OS

were investigated with a Universal testing machine (QC-

films12. These results indicated that the replacement of

536 MI, Cometech Co., Ltd.) with 100 N load cell and

hydroxyl groups with carbonyl groups was more effective

crosshead speed of 50 mm/min in accordance with

than chain scission. In addition, the swelling power

2

ASTM D 882-02. A film was cut into a 15 × 100 mm

decreased when the level of H2O2 increased because the

piece and left standing at 23 ˚C and a relative humidity

OS films prepared with a higher H2O2 level showed

of 60 ± 5% before testing.

higher carbonyl content (Table 1). As expected, the

2.7 Thermal properties

lowest swelling power was from the OS film prepared

Thermogravimetric analyses of samples (10-12

with 20% H2O2; the highest level of H2O2.

mg) were carried out with a Pyris 1 thermal analyzer
(Perkin Elmer, USA) under nitrogen atmosphere at a
heating rate of 10 ˚C/min. The range of scanning
temperature was from 50 to 600 ˚C.
3. Results and Discussion
3.1 Carbonyl and carboxyl contents
The carbonyl and carboxyl contents of a modified
starch represent its degree of oxidation. Table 1 shows
the carbonyl and carboxyl contents of the OS films
prepared with various percentages of H2O2. Both

Figure 1 Swelling powers of the NS film and the OS

carbonyl and carboxyl contents increased with the

films prepared with various percentages of H2O2

increasing content of H2O2. In the oxidation process,
hydroxyl groups in the starch firstly transformed into
carbonyl groups and then into carboxyl groups11.
Simultaneously, chain scission can occur in the oxidation
process, which produces lower molecular weight of
starch chains. However, the chain scission might not be
dominant due to the high carbonyl content (Table 1).

3.3 Mechanical properties
The mechanical properties of the NS and OS films
are shown in Figure 2. It was found that the stress at
maximum load (Figure 2 (a)) of the NS film was 2.47
MPa; while, the stress at maximum load of the OS films
significantly increased from 4.92 to 6.37 MPa when the
content of H2O2 increased from 5 to 20%. Likewise,

Table 1 Carbonyl and carboxyl contents of OS prepared

Young’s modulus (Figure 2 (b)) of the OS films also

with various percentages of H2O2.

increased from 32.35 to 43.71 MPa, and the highest

Films
5%OS

Carbonyl

Carboxyl

Young’s modulus was from the OS film prepared with

content (%)

content (%)

20% H2O2 (43.71 MPa). On the other hand, the strain at

0.65 ± 0.08

0.05 ± 0.03

maximum load (Figure 2 (c)) of all OS films was lower
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than that of NS film, and no significant differences were

load of the NS film and the OS films prepared with

found when the level of H2O2 increased. The stress at

various percentages of H2O2

maximum load and Young’s modulus of the OS films
increased with the degree of starch oxidation, i.e., the
higher level of H2O2. The results can be attributed to the
fact that the presence of carbonyl and carboxyl groups in
OS structure could form hydrogen bridges with OH
groups in starch molecules3. Those linkages provided
more structural integrity of the starch that resulted in the

3.4 Thermal properties
Figure 3 and Table 2 show the results of
thermogravimetric

(TGA)

and

derivative

thermogravimetric (DTG) analyses of various NS and OS
films. The results showed two main steps of weight loss.
The main weight loss in the first step, at a temperature of

increasing of both stress at maximum load and Young’s

about 150-200 ˚C, was due to the decomposition of

modulus but the decrease of strain at maximum load

glycerol. The main weight loss in the second step, at a

compared to that of NS film3.

temperature of about 280-350 ˚C, was due to the
decomposition of starch. The results show that the main
thermal degradation temperature of starch of all OS films
was lower than that of NS film. Additionally, the
degradation temperature decreased with an increasing
(a)

level of H2O2. This may be attributed to the chain scission
by oxidation and created low molecular weight starch
chains7. The OS film prepared with 20% H2O2 exhibited
the lowest thermal degradation temperature. Nevertheless,
the decrease in thermal degradation temperature caused
the ease of starch film formation because the chain
scission by the oxidation process can produce a low
molecular weight of starch chains. This resulted in the
decrease in viscosity of the OS5.

(b)

(a)

(c)

Figure 2 Mechanical properties: (a) stress at maximum
load, (b) Young’s modulus, and (c) strain at maximum
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2. Hu, G.; Chen, J.; Gao, J. Carbohyd. Polym. 2009, 76,
291-298.
3.

Zamudio-Flores, P. B.; Vargas-Torres, A.; PérezGonzález, J.; Bosquez-Molina, E.; Bello-Pérez, L. A.
Starch – Stärke. 2006, 58, 274-282.

(b)
4

Takizawa, F. F.; Silva, G. de O. da.; Konkel, F. E.;
Demiate, I. M. Braz. Arch. Biol. Technol. 2004, 47,
921-931.

5

Carbohyd. Polym. 2010, 82, 446–453.

Figure 3 (a) TGA and (b) DTG thermograms of the NS
film and the OS films prepared with various percentages

6.
7.

films prepared with various percentages of H2O2

8.

Step 2

NS

169.1

317.6

5%OS

159.5

307.5

10%OS

164.0

305.2

20%OS

172.5

303.2

4. Conclusions
OS films with various percentages of H2O2 were
successfully prepared. The H2O2 level markedly affected
the carbonyl and carboxyl contents of the OS films; the
contents increased with the level H2O2. In addition, the
swelling power decreased but the stress at maximum load
and Young’s modulus increased when the H2O2 level
increased. Moreover, all OS films exhibited lower
thermal degradation temperatures than that of the NS film,
confirming the chain scission by oxidation.
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Abstract
To improve low mechanical properties and high water uptake of thermoplastic starch (TPS), we prepared
thermoplastic cassava starch (TPCS), thermoplastic cassava starch crosslinked by glutaraldehyde (TPCS5G), and
thermoplastic cassava starch crosslinked by glutaraldehyde and reinforced by kapok fibers (TPCS5G5K) samples,
prepared by compression molding. The FTIR spectrum of TPCS5G5K showed an additional peak at 1735 cm-1
attributed to C=O stretching of ester groups and carboxylic groups of hemicellulose in the kapok fibers. TPCS5G and
TPCS5G5K showed significant decrease in swelling and improvement of mechanical properties, which were consistent
with increased crystallinity found from XRD.
Keywords: Composite, Crosslinked starch, Glutaraldehyde, Kapok fibers, Thermoplastic starch
1. Introduction

epichlorohydrin (EPI), sodium metaphosphate (STMP)

Bioplastics are plastics which can be derived from

and glutaraldehyde.

renewable biomass sources and are also degradable. The

Natural fibers, e.g. cotton, jute, silk and kapok are

major sources of bioplastics are cellulose, collagen,

lightweight, degradable and show strong interfacial

casein and starch. A common material is starch which can

bonding with starch, because of similarity of the chemical

be obtained from corn, rice, potato and cassava. Starch, as

structures between starch and fibers.3-4

thermoplastic starch (TPS), is limited in low modulus of
1

elasticity (strength) and is highly hydrophilic.

We prepared thermoplastic cassava starch (TPCS)

TPS

using glutaraldehyde, as a crosslinking agent at 5 phr

properties can be improved by modifying the chemical

(TPCS5G), and reinforced with kapok fibers at 5 phr

structure (with crosslinking) and reinforcing with natural

(TPCS5G5K), characterized using Fourier transform

fibers.

infrared spectroscopy (FTIR), X-ray diffraction (XRD),
A-type and B-type crystal structure of starch are

as well as testings for swelling and mechanical properties.

present in cereal (e.g. rice and wheat) and tuber (e.g.
potato and cassava) starches, respectively. C-type crystal
structure is represents a mixture of A-type and B-type,
commonly found in root starch. Vh-type crystal structure
is obtained during thermal process. 2
Crosslinking agents have been used to crosslink
starch molecules; therefore, higher viscosity, higher
strength and lower water uptake can be obtained.
Common crosslinking agents are borax, citric acid,

2. Experimental Methods
2.1 Materials
Cassava starch was purchased from Tong Chan
(Bangkok, Thailand). Glutaraldehyde solution (50% in
water) and glycerol were purchased from Sigma-Aldrich
and Lab system (Bangkok, Thailand), respectively.
Kapok fibers (Ceiba pentandra) were obtained from the
local market.
2.2 Sample preparation
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Modified starch was prepared by mixing 50 g

The sample was then weighed at 6 h and 72 h. The

cassava starch, 20 g glycerol, in 50 ml distilled water and

percentage of swelling was calculated from the following

stirring at 300 rpm at room temperature (~30ºC) for 1 h.

equation.

After that, glutaraldehyde solution was added at 5 phr.
The prepared mixture was gelatinized at 70°C while

% Swelling = (We-Wo)/Wo × 100

(2)

continuously stirred for 10 min, the pH of the mixtures
was adjusted to 4±0.2 by citric acid at 0.2 mol/l during
the gelatinization. The mixture was then dried in an oven

where We and Wo were the wet and dried weights,
respectively.

at 80°C for 24 h. Different samples were prepared by
compounding in an internal mixer with a 40 rpm rotor

3. Results and Discussion

speed at 150°C for 8 min. Finally, the samples were
shaped in a compression molding machine at 150°C for 8

3.1 FTIR
The FTIR spectra of the TPCS, TPCS5G and

min, then cooled down for 5 min and a pressure of 150

TPCS5G5K samples are shown in Figure 1. The three

kg/cm2.
2.3 Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of a sample was measured on a 2000
GX spectrometer (Perkin Elmer, USA), using KBr disks
method, from 4000 to 400 cm-1 at a resolution of 4 cm-1
with 6 scans per sample at ambient temperature (~25ºC).

band at 3200-3600 cm-1 was from O-H stretching and the
band at 2850-3000 cm-1 represented the C-H stretching.
The peaks at 1050-1150 cm-1 arisen from C-O stretching.
The 1640 cm-1 peak was due to the retained water in the
starch structure. TPCS5G did not show significant

2.4 X-ray diffraction (XRD) spectroscopy
A 40 × 40 mm2 and 2 mm thick sample was
prepared. The wide angle X-ray diffractogram was
determined using a D8 Advance X-ray diffractrometer
(Bruker, USA), with CuKα radiation, in a scattering angle
(2q) range from 10 to 60° with a 0.04° step size and
sampling interval of 1 s. The crystallinity was calculated

spectral changes compared to TPCS.5 However, the peak
at 1735 cm-1 for TPCS5G5K was attributed to C=O
stretching of ester groups and carboxylic groups of
hemicellulose in the kapok fibers.3
100

TPCS5G5K

Transmittance (a.u)

80

(1)

where Ac and Aa were the area of crystalline and
amorphous, respectively.
2.5 Mechanical properties

TPCS5G

70

1022 856
926

1020

3392

60

1646

1243
1416

860
930

2931

50

1156

3390

4000

1244
1412

1155

2924

A sample was conditioned at 23±1°C and 60±2%
relative humidity. Mechanical properties were measured

1155

3356
1646

TPCS

852
925

1735
1645 1416
1243

90

2920

from the following equation.
% Crystallinity = Ac/(Ac+Aa) × 100

spectra presented similar characteristic peaks. The broad

3600

3200

2800

2400

2000

1600

1200

1020

800

400

-1

Wave number (cm )

according to ASTM D-638 type IV with a Universal

Figure 1 FTIR spectra of TPCS, TPCS5G and

Testing Machine (LLOYD Instrument, LR 5K, UK) with

TPCS5G5K.

1 kN load cell, a crosshead speed of 40 mm/min and
gauge length of 25 mm.
2.6 Swelling

3.2 XRD
Figure 2. shows the XRD patterns of the TPCS,

A 2 mm thick, 25 × 25 mm2 sample was prepared

TPCS5G and TPCS5G5K samples. TPCS, without

and dried at 105°C for 2 h. The sample was placed in 200

glutaraldehyde and kapok fibers, showed the main peaks

mesh wire bag and immersed in distilled water at ~30ºC.

at 2q of 13.1º, 17.6º and 20.1º corresponded to Vh-type
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160

at 17.6º, 20.1º and 23º. The diffraction peak at 23º may be

140

due to the crystal structure of the unmolten starch. The

120

main peaks of TPCS5G5K were at 17.6º, 20.8º and 22.4º,

100

corresponding to the XRD patterns of TPCS. However,
the peak at 22.4º in TPCS5G5K was also derived from

Swelling (%)

crystal structure of starch.2 TPCS5G represented 2q peaks

the unmolten starch and kapok fibers.6 The addition of

80
60
40

kapok fibers into the crosslinked starch tended to cause

TPCS
TPCS5G
TPCS5G5K

20

the increase in crystallinity as shown in Table 1.

0
0
550

1

2

20.8

o

17.6

500

3

4

5

6

72

Time (h)

o

Figure 3 Swelling of TPCS, TPCS5G and TPCS5G5K.

o

22.4

450
o

20.1

400
o

17.6

Intensity (a.u)

350
300

TPCS5G5K

o

23

The influences of glutaraldeyde and kapok fibers

o

20.1

on TPCS mechanical properties are shown in Figure 4.

250

TPCS5G

o

17.6

200

The stress at maximum load and strain at maximum load

o

150

3.4 Mechanical properties

13.1

100

of

TPCS

50

TPCS

decreased

after

crosslinking

with

glutaraldehyde. However, Young’s modulus increased

10

20

30

40

50

60

2q

considerably,

indicating

of

the

sample

stiffness.

Figure 2 X-ray diffraction patterns of TPCS, TPCS5G

Moreover, reinforcing with kapok fibers improved the

and TPCS5G5K.

stress at maximum load; nevertheless, the strain at
maximum load decreased with the incorporation of kapok

Table 1 Crystallinity of TPCS, TPCS5G and TPCS5G5K.
Crystallinity (%)
50.93

300

TPCS5G

51.41

250

TPCS5G5K

52.62

3.3 Swelling
The effect of swelling at room temperature
(~30ºC) is shown in Figure 3. In all cases, swelling

Stress at maximum load (MPa)
Young's modulus (MPa)

TPCS

200

300

Stress at maximum load (MPa)
Young's modulus (MPa)
Strain at maximum load (%)

250
200

150

150

100

100

8

8

6

6

4

4

increased with time. TPCS showed the highest swelling,

2

2

because of its abundant hydroxyl groups. The swelling of

0

Strain at maximum load (%)

Samples

fibers because of the lower extendibility of kapok fibers.7

0
TPCS

TPCS5G

TPCS5G5K

Samples

the crosslinked starch with glutaraldehyde and kapok
fibers were clearly lower than TPCS. This results

Figure 4 Mechanical properties of TPCS, TPCS5G and

confirmed

TPCS5G5K.

the

crosslinking

reaction

between

glutaraldehyde and starch molecules, as well as the good
adhesion between the glutaraldehyde crosslinked starch
and kapok fibers. Therefore, the crosslinking and fiber
reinforcement hindered the penetration of water and,
therefore, reduced the hydrophilicity of starch.

4. Conclusion
Three samples: TPCS, TPCS5G and TPCS5G5K
were successfully prepared. FTIR study of TPCS5G5K
showed the peak at 1735 cm-1, attributed to C=O
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stretching of ester groups and carboxylic groups of
hemicellulose in kapok fibers. TPCS5G and TPCS5G5K
showed a significant decrease in swelling. In addition,
Young’s

modulus

of

TPCS

was

also

improved

significantly by the incorporation of glutaraldehyde and
kapok fibers, as a result of the increased crystallinity
measured from XRD.
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Abstract
Carboxymethylcellulose (CMC) is a biodegradable polymer used in various applications, for example, cosmetic,
food, pharmaceutical etc. CMC has been used as thickener, stabilizer film former and water retainer. Unlike cellulose,
CMC dissolves well in water at 25°C and pH 5-7. Most of commercialized CMC is produced from cotton fibers. Kapok
fibers are wildly used and grown in Thailand. The chemical composition similar to that of cotton fibers. The
Thermogravimetric Analysis of the kapok fiber from Ratchaburi, Thailand showed the composition of 72.35% of
polysaccharides, 16.51% of lignin, 2.17% of ash, and 4.73% of wax and moisture. Synthesis of cellulose started with
extracting wax using 95% (w/v) ethanol. After that, the hemicellulose was removed using 10% (w/v) sodium hydroxide
solution. Finally, lignin was eliminated using 0.7% (w/v) acidic sodium chlorite solution. It was found that the obtained
cellulose yield was 86.32% with 86.32% of alpha cellulose. Then, obtained cellulose was used to synthesize CMC using
monochloroacetic acid 6 g and 20% (w/v) sodium hydroxide in isopropanol. The degree of substitution (DS) (ASTM D
1439-03) was at 0.92 ± 0.03. The percentage of CMC yields was 146.29. The DS and viscosities of the kapok CMC were
comparable to those of the medium viscosity CMC. However, the solubility of kapok CMC was 86.20 ± 0.02 (%dry wt.)
due to incomplete synthesis reaction.
Keywords: kapok fiber, carboxymethylcellulose, cellulose
1. Introduction

because it is composed of

longer chains of

Kapok tree or Ceiba pentandra (L.) is widely

polysaccharides2. Alpha celluloses is not dissolved in

cultivated in tropical countries including Thailand. The

alkaline solution (17.5% (w/v) of sodium hydroxide).

kapok fiber is light, soft, and fluffy. There are generally

Therefore, removal of other impurities such as wax,

used for pillow stuffing, mattress making, and life jacket

hemicellulose and lignin is required for pure cellulose

filling. The fiber are short (not more than 65 mm), so it is

extraction.

1

not suitable for weaving. The composition of kapok in this

CMC is a natural biodegradable polymer derived

research was found that it was contained 53.40% of

from cellulose. Cellulose extraction from kapok fibers was

cellulose, 20.73% of lignin, 29.63% of hemicellulose,

reported by eliminating wax, hemicellulose, and lignin.3

5.31% of wax, and 0.54% of ash using thermogravimetric

Wax extraction from the kapok fibers is achieved through

analysis (TGA).

a chloroform or ethanol. Finally, the sodium chlorite

Polysaccharide in plant is consisted of alpha-, betaand gamma-cellulose. The beta- and gamma- cellulose can

solution is used for extracting lignin; while the sodium
hydroxide solution is used for removing hemicellulose.4

be called hemicellulose. The alpha-cellulose is an

In a CMC synthesis reaction, an alkalization

important part for synthesis of carboxymethylcellulose

reaction or mercerization reaction of cellulose uses sodium
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hydroxide to change an alkaline cellulose into an active

The kapok fibers were a kind gift from Jarupan

cellulose (equation (1)). Next, the alkaline cellulose go

Mattress Co.,Ltd (Ratchaburi, Thailand). All of the

through an etherification reaction using monochloroacetic

chemicals used in the preparation and the analysis of the

acid (MCA) or sodium monochloroacetate (MCA) as an

cellulose and CMC were purchased from CT Chemical

5

etherifying agent (equations (2) and (3)) .

Co.,Ltd.
2.2 Extraction of cellulose from kapok fiber

Cell-OH + NaOH

Cell-ONa + H2O

(Cellulose)

(Alkaline Cellulose)

Cell-ONa +Cl-CH2-COOH

Cell-O-CH2COOH + NaCl

(Alkaline Cellulose) (MCA)

(CMC)

Cl-CH2-COOH +2NaOH

HO-CH2-COONa +NaCl +H2O

(MCA)

(Sodium Glycolate)

(1)

The kapok fibers were washed with tap water to
eliminate the dust and dried at 60°C. 4 g of kapok fibers

(2)

(Sodium Chloride)

(3)

was soaked in 400 ml of 95% (v/v) ethanol at room
temperature for 2 hours using orbital shaker to extract the
surface wax10. After soaking, the fibers were washed with
distilled water and were dried at 60°C. The fibers were

In CMC, the carboxymethyl groups can replace

scoured with 4-14% (w/v) of sodium hydroxide at 85°C

hydroxyl groups on the D-gluclose or anhydroglucose unit

for 2 hours, and then bleached with 0.7% (w/v) of sodium

at 3 positions C (2), C (3) and C (6) (Figure 1); the

chlorite in an acetic acid solution (pH4) at 70°C for 3 hours.

reactivity order of these 3 hydroxyl groups C (6) > C (2)

This procedure was repeated once 4. Finally, they were

> C (3) 6. The by-products of the etherification reaction

dried at 45°C until reaching a constant weight.

were sodium chloride and sodium glycolate which needed

2.3 Synthesis of CMC

to be washed out or minimized. The degree of substitution

5 g of cellulose from kapok fibers was mixed with

(DS) was a value showing the amount of the

30 ml of 20% (w/v) sodium hydroxide and 300 ml of

carboxymethyl group that replace the hydroxyl group,

isopropanol at room temperature. The mixture was stirred

7

which ranges from 0-3 . The DS of CMC used for

for 1 hour to convert cellulose into alkaline cellulose. After

commercial purpose usually ranges from 0.4 to 1.5. The

the alkalization process, 6 g of monochloroacetic acid

grade of CMC could be classified by its purity, DS and

(MCA) was added and the mixture was stirred for 1.5

8

apparent viscosity.

hours. The mixture was heated to 55 °C for 3 hours in an

This work investigated the optimal conditions of

oven for carboxymethylation reaction. Then the mixture

cellulose extraction and synthesized CMC from kapok

was separated into liquid phase and solid phase by

fiber. Characterization of kapok CMC was compared to the

separation. The liquid phase was discarded. The solid

commercial cotton CMC.

phase was purified by 70% (v/v) methanol to remove the
by-products (sodium chloride and sodium glycerate). The
solution was adjusted to pH 7 using acetic acid. Finally,
the sample was washed with absolute methanol. Then it
was dried at 45°C 11. The precipitated were hand grounded
with liquid nitrogen.
2.4 Characterization

Figure 1 The positions (1-6) of hydroxyl groups on Dglucose or anhydroglucose unit in Cellulose structure 9
2. Experimental methods
2.1 Materials

2.4.1 Alpha Cellulose Content
The alpha-cellulose is not dissolved in 17.5% (w/v).
It was determined using the Technical Association of Pulp
and Paper Industry Standards (TAPPI 203 cm-99).12 The
obtained kapok cellulose (holocellulose) 1.5 g was added
to 100 ml of 17.5% (w/v) sodium hydroxide to separate of
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alpha-, beta- and gamma-cellulose. The beta- and gamma-

in various sodium hydroxide concentrations. 95% (v/v) of

cellulose was cleaved into monosaccharide molecules

ethanol could remove surface wax from kapok fiber

using sulfuric acid. Then, excess potassium dichromate

effectively. The weight loss (%dry wt.) of moisture and

was added to oxidize the monosaccharides. The solution

wax (Table 1) was comparable to those of the raw kapok

was titrated with 0.1 N ferrous ammonium sulfate solution

fibers in Table2.

to determine the residue amount of potassium dichromate

The evidence showed that alkaline solution can

using ferroin as an indicator. Finally, alpha, beta and

degrade ester and glyosidic bond which is why

gamma cellulose were calculated using equations (4) and

hemicellulose could be dissolved in alkaline solution. It

(5).

was found that sodium hydroxide concentration had an

Beta-cellulose and gramma-cellulose =
Alpha-cellulose = 100 −

!.#$ ('( )'* )×-×./
0×1
!.#$×('( )'* )×-×./
0×1

(4)
(5)

2.4.2 Thermal Gravitational Analysis (TGA)
Raw kapok fiber and obtain cellulose was
determined the compositions using TGA. The TGA was
heated from 30-800 °C at 5 °C min-1, under a dynamic flow
of nitrogen 50 mL min-1.
2.4.3 Degree of Substitution (DS)
The DS was determined based on the ASTM
D 1439-03 standard (American Society for Testing and
Materials).13 CMC was dissolved in nitric acid to convert
to acidic CMC. The hydroxyl groups were replaced by
nitrate groups. Eighty percent (v/v) of ethanol was used to
wash away the excess nitric acid in the solution. The acidic
CMC was dissolved in sodium hydroxide solution. The
mixture was titrated with hydrochloric acid using
phenolphthalein as an indicator. The amount sodium
hydroxide used to convert acid CMC to CMC to find the
degree of substitution.
2.4.4 Viscosity
The viscosity of CMC (at 1% w/v in DI water 25°C)
was determined using SV-10 Vibro Viscometer (A&D
Company, Limited, Japan).
3. Result and Discussion

effect on alpha cellulose. Following Table 1 using 4-14%
(w/v) of sodium hydroxide concentration the alpha
cellulose increased from 82.19% to 86.32% (dry weight).
If, however, when the sodium hydroxide concentration
was increased to 12% and 14% (w/v), the alpha cellulose
content decreased to 77.66% to 75.41% (dry weight). The
higher concentration of sodium hydroxide may lead to
higher hydrolysis reaction of hemicellulose.14
Lignin was determined using TGA. Table 2 showed
that 4% of NaOH of alkaline treatment and 0.7% of
NaClO2 could remove all of lignins from the fiber. Lignins
were not detected on cellulose from kapok fiber sample.
The mechanism of lignin extraction using sodium chlorite
in acidity occurred by sodium chlorite and acid. They were
produced chlorine gas. The chlorine gas had oxidation
reaction with lignin. It was led to change in phenol
compound of lignin to formalic acid, oxalic acid and
monochloroacetic acid. 15
3.2 CMC synthesis from kapok cellulose
Table 3 showed the percentage of kapok CMC yield,
DS apparent viscosities and percentage of solubility of
synthesis CMC compared with commercial grade CMC.
The commercial grade CMC and kapok CMC may
have different properties due to the original of materials
and the processes used. The differences of apparent
viscosities depends on the degree of polymerization (DP)

3.1 Extraction of Cellulose from Kapok Fiber
Table 1 shows percentage of dry weight of cellulose

of the materials and chemical process that were used to
synthesize the CMC. 16

from kapok fiber after dewaxing, bleaching and scouring
Table 1 Percentage of dry weight of cellulose from kapok fiber after dewaxing, bleaching and scouring in various
sodium hydroxide concentrations.
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Steps in cellulose

Weight loss (% dry wt.)

Yield (% dry wt.)

extraction
1.

Moisture

1.14 ± 0.08

98.88 ± 0.21

2.

Wax removal

3.55 ± 0.04

96.31 ± 0.32

(% ethanol)
3.

Alkaline

NaOH

treatment

%

% Weight loss

Alpha-

Beta- and

(% dry wt.)

Gamma-

(w/v)

(% dry wt.)

0

4.

-

46.06 ± 0.06

53.94 ± 0.08

-

4

29.49 ± 0.09

82.09 ± 0.15

17.96 ± 0.21

70.51 ± 0.09

8

33.97 ± 0.13

84.63 ± 0.43

15.10 ± 0.32

66.03 ± 0.13

10

42.73 ± 0.20

85.91 ± 0.58

14.09 ± 0.58

57.34 ± 0.10

12

43.63 ± 1.26

77.17 ± 0.69

22.83 ± 0.69

56.37 ± 1.26

14

47.69 ± 0.61

75.96 ±0.78

24.04 ± 0.78

47.69 ± 0.61

Lignin removal

26.3 ± 0.04

73.71 ± 0.52

Table 2 Compositions of raw kapok fiber and cellulose of after 4% NaOH of alkaline treatment, by TGA
Sample

Yield

Wax and

Polysaccharides

Lignin

Ash

(% dry wt.)

moisture

(% dry wt.)

(% dry wt.)

(% dry wt.)

(% dry wt)
Raw kapok fiber
Cellulose from

n/c

4.73

72.35

16.61

2.17

43.79 ± 0.09

1.72

37.12

0

4.95

kapok fiber

Table 3 Characterizations of apparent viscosities and DS of kapok fiber CMC and commercial grade CMC.
Experiment

Yield (% dry wt.)

DS

Apparent

Solubility (%)

viscosities*
Kapok fiber CMC
Commercial grade CMC

146.48

0.92 ± 0.03

20.43 ± 0.42

86.20 ± 0.02

n/a

0.73 ± 0.03

57.2 ± 0.20

99.02 ± 0.08

(medium viscosity) **
* 1% w/v of CMC in water at 25 °C
** Sigma-Aldrich (2016) made from cotton

4. Conclusion

removing hemicellulose and 0.7% (w/v) of sodium chlorite

The optimum concentration to extract cellulose

for removing lignin. The maximum purity of alpha

from kapok fiber was 10% (w/v) of sodium hydroxide for

cellulose synthesis is 86.32% (dry wt). The CMC using
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carboxymethylation with 30 ml of 20% (w/v) sodium

10. Lim, T.-T.; Huang, X. J. I. C.; Products, Evaluation

hydroxide in 300 ml of isopropanol. The DS was 0.92 ±

of hydrophobicity/oleophilicity of kapok and its

0.03 and apparent viscosities was 0.92 ± 0.03. The results

performance in oily water filtration: comparison of

showed that cellulose was effectively extracted from

raw and solvent-treated fibers. Industrial Crops and

kapok fibers. However, the reaction of CMC synthesis was

Products 2007, 26 (2), 125-134.

not at high conversion. This might due to the low rate of

11. Haleem, N.; Arshad, M.; Shahid, M.; Tahir, M. A. J.

MCA-cellulose interaction. Further study on the effect of

C. p., Synthesis of carboxymethyl cellulose from

MCA concentration and optimal conditions of CMC

waste of cotton ginning industry. Carbohydrate

synthesis are under investigation.

polymers 2014, 113, 249-255.
12. Technical Association of the Pulp and Paper Industry
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Fabrication and characterization of semi-interpenetrating network hydrogel scaffold of
poly(2-hydroxyethyl methacrylate)/sericin for skin tissue regeneration: The effect of sericin
loading
Sukhonthamat Sonjan1, Gareth M. Ross1, Sararat Mahasaranon1, and Sukunya Ross1*
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Abstract
A semi-interpenetrating network (semi-IPN) hydrogel scaffold of silk sericin (SS) and poly(2-hydroxyethyl
methacrylate (PHEMA) was fabricated with different SS concentrations (0, 1.25, 2.5 and 5 %w/v). 2-Hydroxyethyl
methacrylate (HEMA, a monomer) was first mixed with SS at 60 oC in a close system. Then, N,N’-methylenebis
acrylamide (a cross linker) and N,N,N’,N’-tetramethylethylene diamine (a catalyst) were added. Finally, ammonium
persulfate (an initiator) was added at room temperature. The semi-IPN hydrogel was then lyophilized to promote porous
structures. Scanning electron microscope images show that the phase morphologies of crosslinked PHEMA/SS at
different SS loadings are similar. The C-PHEMA/SS hydrogel scaffolds show higher swelling ratio than C-PHEMA
ones. Higher SS contents enhance the swelling property of these hydrogel scaffolds due to greater hydrophilicity from
SS. This semi-IPN hydrogel of PHEMA/SS has the potential to be used for skin tissue regeneration due to its
biocompatibility and possessing structures similar to the extracellular matrix (ECM), which is suitable for cell
attachment and proliferation.
Keywords: biocompatible polymer, hydrogel scaffold, semi-IPN, silk sericin
1. Introduction
Nowadays, there is an increase in the number of
elderly people. This causes a significant effect on their
quality of life, economic growth and health care system.

able a mimic the function of the ECM, but also should
have good mechanical properties [1-2].
Hydrogels

are

three-dimensional

polymer

Chronic wounds are wounds that do not heal completely

network, consisting of hydrophilic polymers.

within six weeks, that mostly occur in diabetics, which

interpenetrating networks (semi-IPNs) hydrogel is one

are a common problem for elderly people. The treatment

type of a linear polymer that penetrates in a fully cross-

systems normally use special surgery doctors who are

linked network, which have no chemical bonds between

experts in skin tissue regeneration. This is a complicated

the penetrating polymer and polymer network. The semi-

treatment system and can cause the suffering from

IPN hydrogel in the form of porous structure has been

surgery.

used as scaffolds for human skin fibroblasts with the

Recently, tissue engineering is, therefore, a

Semi-

good choice for wound healing without surgery. In tissue

diameter of <160 µm [3].

engineering, scaffolds are designed to possess structures

methacrylate) (PHEMA) is a hydrophilic polymer that

that are similar to the extracellular matrix (ECM),

has been used to fabricate hydrogels as it can absorb high

which

and

amounts of water, has good mechanical properties and

proliferation. Ideally, the scaffolds should not only be

good degradation, also it is able to support the adhesion

is

suitable

for

cell

attachment

Poly(2-hydroxyethyl

and proliferation of fibroblast cells [4–9]. Silk sericin
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(SS) is a glue like protein defined as a natural polymer,

The scaffold of PHEMA/SS was fabricated via

having hydrophilic, antibacterial, biodegradable and

conventional free radical polymerization with different

biocompatible properties due to containing 16-18 types of

loading of SS. 2-Hydroxyethyl methacrylate (HEMA, a

amino acids such as serine, glycine and aspartic acid [10–

monomer) and SS solution were first mixed at 60 oC in a

15].

close system and then cross-linker (N,N’-methylenebis
In this work, we fabricated a new semi-IPN

acrylamide) and a catalyst (N,N,N’,N’-tetramethyl-

hydrogel scaffold of PHEMA and SS via free radical

ethylenediamine) were added.

This mixture was then

polymerization to form the semi-IPN before converting to

cooled to room temperature before finishing the reaction

a porous scaffold via lyophilization or freeze drying. The

by adding an initiator (APS). The semi-IPN hydrogel

effect of SS concentrations onto the properties of

was then purified by washing with ethanol and deionized

scaffolds (morphology, porous structure, functional

water to remove any unreacted substances, and finally

groups and swelling ratios) were studied.

This novel

lyophilized to promote the porous structures.

scaffold is expected to use for treatment of chronic

compositions of the samples are shown in Table 1.

wounds that can help the elderly patients who are

2.2.3 Characterizations of semi-IPN hydrogel scaffold of

suffering from diabetic wounds and thus preventing the

PHEMA/SS

pain from surgery.

Morphology

The

The morphology of hydrogel scaffolds was studied
2. Materials and methods
2.1 Materials
2-Hydroxyethyl methacrylate (HEMA), N,N’methylene bisacrylamide (N,N’-MBAAm), N,N,N’,N’tetramethylethylenediamine (TEMED) and ammonium
persulfate (APS) were supplied by Sigma-Aldrich Co.
Inc, Singapore. Silk cocoons (Bombyx mori) were
provided from Tak province in the lower northern region
of Thailand.

using scanning electron microscope (SEM, model Leo
1455VP, CARL ZEISS CO., LTD.)

The porous

structures were observed at the surface and crossedsection of the scaffolds, which are important for the
adhesion and proliferation of cells on the scaffold. The
samples were fixed on a metal stub with carbon tape,
sputter coated by 40-60 nm of gold before testing.
Functional group
Functional groups of the scaffolds were observed
by Fourier transform infrared spectrometer (FT-IR,

2.2 Methods

Perkin Elmer, model Spectrum GX) in the attenuated

2.2.1 Preparation of silk sericin powder

total reflection (ATR) mode. The samples were dried

Silk sericin powder was degummed from silk

before testing.

cocoons by boiling in a hot water process, the same

Swelling ratio

method used in our previous work [14]. Briefly, the silk

Swelling ratio was studied by measuring the ratio of the

cocoons were cut into small pieces and boiled with

wet weight divided by dry weight of hydrogels at time

purified water at a ratio of 20 g of silk cocoon pieces: 500

intervals. The samples were dried in the oven and weight

mL of water at 100 °C for 4 hours. After the degumming

(Wd) and then immersed in de-ionized water at 37 oC and

process, the SS solution was dried for 15 hours to achieve

observed hydrogel at different times. The solutions were

the silk sericin powders. The silk sericin powders were

taken out from samples and then weighed (Ws). The

stored in a desiccator to protect from the moisture before

swelling ratio is calculated as followed equation (1):

further use.
2.2.2 Fabrication of semi-IPN hydrogel scaffold of
PHEMA/SS.

"# $"%

%Swelling ratio = !

"%

& × 100

(1)
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Table 1 Sample compositions of semi-IPN hydrogel scaffold of PHEMA/SS
Sample code

HEMA
[g]

Sericin
[g]

Cross-linker

TEMED

APS

Total

[wt%]

[wt%]

[wt%]

volume

[wt%/v]

(mL)
PHEMA
C-PHEMA
C-PHEMA/1.25%SS (6.5)
C-PHEMA/2.5%SS
C-PHEMA/5%SS
C-PHEMA/1.25%SS (9.0)

2.154
2.154
2.154
2.154
2.154
2.154

0.0269
0.0539
0.1077
0.0269

1.25
2.50
5.00
1.25

0.50
0.50
0.50
0.50
0.50
0.50

0.50
0.50
0.50
0.50
0.50
0.50

0.25
0.25
0.25
0.25
0.25
0.25

6.50
6.50
6.50
6.50
6.50
9.00

Thermal property
The thermal properties of hydrogel scaffolds were
observed by differential scanning calorimetry (DSC,
Mettler, model DAC1).

10 mg of each sample was

heated from 25 oC to 250 oC, cool down from 250 oC to 25 oC and then heated from -25 oC to 25 oC at the rate of
10 oC/min.
3. Results and Discussions
Hydrogels synthesized based on 2-hydroxyethyl
methacrylate (HEMA) are a very important type of
biomaterial that are frequently used in tissue engineering
and other applications such as contact lenses. In this

Figure 1 SEM images of PHEMA and crosslinkedPHEMA.

work, therefore, PHEMA hydrogel was of interest to

All samples were analyzed for their functional

synthesize hydrogel scaffolds. The PHEMA/SS hydrogel

groups by FT-IR and the result are shown in Figure 3. As

was produced in the form semi-IPN, in which SS

silk sericin made from amino acids, it shows peaks of

penetrates in the PHEMA network.

Amide I (C=O stretching) at 1630-1680 cm-1, Amide II

This hydrogel

possesses a porous structure by lyophilization to make it

(N-H bending) at 1570-1515 cm-1.

suitable for using as scaffold for skin tissue regeneration.

cross-linker shows mainly -OH stretching at 3500-3200

The effect of the different concentrations of SS on the

cm-1 and C=O stretching at 1750-1735 cm-1, however,

properties of scaffolds was the main focus of study.

peak of -OH stretching shifts to lower frequency when

Figure 1 shows the morphology of PHEMA and

PHEMA was crosslinked. Peaks of Amide I and II of SS

crosslinked-PHEMA (C-PHEMA). It can be seen that

in C-PHEMA at different loadings of SS show at similar

the C-PHEMA had a greater quantity of pores with a

wavenumbers. Whereas, peak of N-H stretching (3800-

smaller diameter than PHEMA.

Figure 2 shows the

3200 cm-1) of C-PHEMA/SS scaffolds appear at a lower

morphology of C-PHEMA/SS at different loadings of SS

frequency and are broader when higher SS loading were

(1.25, 2.5 and 5.0 %w/v). These showed similar phase

added to the scaffolds.

morphologies with not many porous structures generated
after freeze drying.

PHEMA without
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swelling ratio. The hydrogel scaffolds of all CPHEMA/SS show higher swelling ratios than that of the
sample without added SS. Higher SS contents seem to
enhance the swelling property of these hydrogel scaffolds
due to higher hydrophilicity from SS.

Figure 2 SEM images of crosslinked-PHEMA/SS
different loading of SS.
This might be due to the high degree of hydrogen
bonding in the sample at higher loading SS that causes a

Figure 3 FT-IR spectra of SS, PHEMA, C-HEMA and CPHEMA/SS with different loading of SS.

change in the electron cloud that alters the resonant
frequency of that particular bond. This causes different
molecules to have slightly different hydrogen bonding
states leading to different frequencies and a broad band
[14].
Thermal properties of the hydrogel scaffolds were
also studied and the results are shown in Figure 4. The
glass transition temperature (Tg) of PHEMA shows at
79.28

o

C, while it is changed when PHEMA was

crosslinked and no peaks observed when SS were added.
o

Peaks at approximately 80-100 C of C-PHEMA at

Figure 4 DSC thermogram of PHEMA, C-HEMA and CPHEMA/SS with different loadings of SS.

different loading of SS are possible the moisture in the
samples as SS is hydrophilic polymer.
Swelling is one of the most important properties for
hydrogel scaffolds, as it helps the hydrogel scaffold to
control the migration of cells through the crosslinkednetwork as well as the diffusion of any bioactive
molecules added into the hydrogel scaffold. Figure 5

In this work, we also studied further the effect of
volume of the polymerization solutions. The sample with
the composition of C-PHEMA/SS at 1.25%w/v SS was
chosen to fabricate into the hydrogel scaffold by adding
more water into the system, changing the total volume
from 6.5 mL to 9.0 mL.

The morphologies of the

shows the swelling ratios of all hydrogel scaffolds of

hydrogel scaffolds are analyzed and compared in Figure

PHEMA/SS. It can be seen that the PHEMA without

6. The morphologies of these two samples were radically

crosslinker had the lowest swelling ratio when compared

changed by adding more water into the polymerization

to the other samples due to containing no crosslinked
network. Adding crosslinker to PHEMA promotes higher

system. As the total water content and volume of
polymerized solution was increased (Fig.6c and 6d), the
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mixture can no longer maintain a sheet hydrogel structure

mixture can no longer maintain a sheet hydrogel

(Fig.6a and 6b). Instead, the material formed consists of

structure. Instead, the material formed consisted of a

a series of interconnecting droplets. This occurs due to

series of interconnecting droplets.

two main reasons, first the dilution of the HEMA and

hydrogel of PHEMA/SS has potential for use in skin

crosslinker and second the inability of HEMA to imbibe

tissue regeneration due to its biocompatibility and

the total amount of water incorporated.

possessing a structure similar to the ECM.

This semi-IPN
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Crosslinked-PVA/SS electrospun nanofibers potential use for skin tissue regeneration: Effect
of crosslinker loading on morphology
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Abstract
Skin tissue regeneration scaffold has become one of the most interesting medical devices that can help for wound
healing, especially for diabetic chronic wounds. Therefore, this work aims to find a new electrospun nonofiber scaffold
fabricated using biocompatible and biodegradable materials. Poly(vinyl alcohol) (PVA) and silk sericin (SS) were
found to be a good choice for this aim. PVA was chosen to enhance the physical properties when fabricating the
nanofiber. While, SS helps for cell adhesion and proliferation during the healing process. PVA/SS electrospun
nanofibers were fabricated in the presence of dimethylol urea (DMU) to form a crosslinked-network structure in the
fibers and to enhance the water stability and physical properties of the fibers. The effect of crosslinker loading on the
morphology and functional groups of fibers were studied. PVA/SS/DMU was dissolved in distilled water as the solvent
maintain an environmentally friendly process. During the electrospinning, the mixing solution was controlled at 70 °C
to prevent sol-gel transition of SS. The results show that PVA/SS nanofibers at higher loading of DMU show better
formation of fibers than that of low DMU loading, in which the beads and microdrops occur. Interconnecting fibers
were also observed in all compositions with added DMU and the fiber diameters were in the range of 200-400 nm.
However, adding more DMU into the system enhances the fiber diameters to 400-500 nm. The PVA/SS/DMU
nanofibers scaffold has the potential to be used for skin tissue regeneration.
Keywords: poly(vinyl alcohol), silk sericin, dimethyl urea, electrospinning, scaffold.
1. Introduction

synthetic polymers or a blend between natural and

Scaffolds for skin issue engineering has become

synthetic polymer with other materials like antibiotic (to

one of the most important medical devices that can help

prevent infection in wound) or growth factor (to help cell

improve medical treatment without surgery. This is due to

growth) [3,4]. Generally, scaffolds should have positive

the increasing in a number of elder people in the word,

cell growth; provide good oxygen permeability, high

which will be up to 21 percent in global population in

porosity, mechanical durability and hydrophilicity [3].

2050 and especially in Thailand [1,2]. Skin problems,

Electrospinning is a popular technique that can be

such as chronic wounds, diabetic wounds and pressure

used to produce a small fiber diameter in range of

sores appear more commonly in elderly people,

nanometers which has high porosity and possessing a

presenting more damage to skin tissue structure and

similar structure to the extracellular matrix (ECM) to help

function than normal wounds. In addition, the healing

cell growth. Poly (vinyl alcohol) (PVA) is a synthetic

skin tissue process of elder patients is slower than young

polymer, non-toxic, hydrophilic polymer, water soluble,

people. Therefore, the development of skin tissue

biocompatible, biodegradable polymer, gas permeability,

engineering scaffolds has been of interest among

thermal stability and has good fiber forming capability in

researchers. The scaffold can be fabricated by natural or

electrospinning process [5,6]. It is widely used in many
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applications such as paper industrial, textile and medical

Sericin powders were prepared by degumming

application [7]. Silk sericin (SS) is a natural material

process from our previous work [12], briefly silk cocoons

among silk fibroin and collagen that has been widely used

were cut into small pieces (20 g) and then boiled in 500

to fabricate the skin scaffolds because it is non-toxic to

mL of DI water at 90 °C for 4 hours. After degumming

human body and is biodegradable.

SS is a glue-like

process, silk sericin solution was taken out and dried in

protein that coats the silk fiber derived from Bombyx mori

an oven at 75 °C for 15 hours. Finally, silk sericin

silkworm and has strong polar groups from amino acids,

powders were achieved and stored in desiccator to

such as hydroxyl, carboxyl, and amino groups. It can

prevent the moisture.

promote the cell adhesion, proliferation of human skin
keratinocytes and fibroblasts and acceleration of the
wound [8-11].
In this work, therefore, we interested to fabricate a
new crosslinked-electrospun nanofibers of PVA and SS
using dimethylol urea (DMU) as a crosslinker. The
different loadings of DMU onto the morphology
(analyzed by scanning electron microscope, SEM) and
functional groups (analyzed by Fourier transfer infrared
spectroscopy, FT-IR) of PVA/SS electrospun nanofibers
were studied. All parameters for electrospinning have
been studied previously and the parameters are; the
feeding rate of 0.02 mL/min, the distance between the
needle tip and collector of 15 cm and the voltage of 25
kV. The polymer solution was controlled at 70 ºC to
prevent the gelation of SS. This crosslinked-electrospun
nanofiber of PVA/SS will be potentially used as skin
tissue regeneration scaffold due to its biocompatible
property and the ability for enhancement of cell adhesion
and proliferation of SS.
2. Material and Method
2.1 Materials
Silk cocoons (Bombyx mori) were provided from
Tak province in the lower northern region of Thailand.

2.3. Preparation of PVA/SS/DMU solutions
PVA and SS solutions were prepared separately
before mixing at the chosen compositions, as shown in
Table 1. PVA solution was prepared at 10 wt%
concentration by boiled PVA pellets in DI water at
110 °C for 2 hours. SS solution was prepared at 1.5 wt%
concentration by dissolved sericin powder in DI water 5
mL at 70 °C for 4 hours. PVA and SS solutions were
mixed and adjusted the total solution to 100 mL at 70 °C
for 4 hours. The different loading of crosslinkers
(dimethylol-urea, DMU), 10, 15, 20 and 30 wt%) were
added into the mixed PVA/SS solutions and allowed the
reaction to occur in a closed system.
Table 1 Compositions of PVA/SS/DMU in distilled water
for electrospinning.
Sample code
PVA
PVA/SS
PVA/SS/10%DMU
PVA/SS/15%DMU
PVA/SS/20%DMU
PVA/SS/30%DMU

Wt.% in 100 mL solution
PVA (g)
SS (g)
DMU (g)
10
10
1.5
10
1.5
1.15
10
1.5
1.73
10
1.5
2.30
10
1.5
3.45

2.4. Fabrication and Characterization of PVA/SS/DMU
nanofibers
Fabrication

Poly(vinyl alcohol) (PVA) (MW ~80,000 Da) was

The mixing solutions were loaded into the 10 mL

supplied by Sigma-Aldrich Co. Inc, Singapore. N,N’-

syringe with 22G x 1½ inch needle (0.7 x 40 mm thin

Dimethylurea was supplied by Sigma-Aldrich Co. Inc,

wall hypodermic needle). The syringe was cover with

Singapore and distilled water was provided from

silicone heating mat of heater for maintaining the

Department of Chemistry, Faculty of Science, Naresuan

temperature at 70 °C during the electrospinning process

University

to prevent the gelation of SS. The parameters for
electrospinning process were studied to identify the

2.2. Preparation of silk sericin powders

optimum parameters and the appropriate conditions are
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the feeding rate of 0.02 mL/min, the distance between the

very small number of beads and had a diameter in range

needle tip and collector of 15 cm and the voltage of 25

of 313-625 nm. Electrospun fibers at the position A

kV.

(travelling from needle to collector) shows the alignment

Morphology

of fibers with the connecting between them as well as a

Morphology

of

the

PVA/SS

electrospun

number of beads. This fiber has the diameter in range of

nanofibers was observed using scanning electron

110-273 nm, which is smaller than the PVA/SS fiber

microscopy (SEM) (Leo model 1455VP). Samples were

without DMU. The fiber of PVA/SS/DMU at position B

cut into small pieces to mounted onto metal stubs by

(at

carbon tape after that dried them overnight before coating

interconnecting lines with beads and the diameter in

by gold to enhance the electrical conductivity.

range of 184-201 nm. The differences in morphologies

Functional groups

and formation of these PVA/SS electrospun fibers is

The functional groups of PVA, SS, DMU and the

the

collector)

shows

random

fibers

with

caused by the addition of DMU into the system.

electrospun nanofibers of PVA/SS/DMU with different
loadings of DMU were analyzed using Attenuated Total
Reflection-Fourier
PerkinElmer

Transform

Spectrum

GX,

Infrared

(ATR-FTIR,

4000–400

cm−1)

spectroscopy. The intermolecular bonding of PVA, SS
and DMU in the electrospun nanofibers was also
observed.
3. Results and Discussion
Electrospun nanofibers of PVA and SS, which are
hydrophilic polymers, were fabricated with and without
dimethylolurea (a crosslinker). Figure 1 shows the
electrospinning setup and optical image of nanofibers.
Due to the ability to form gel stage of SS, a change in
conformation structure from random coil to beta-sheet
structure at temperature lower than approximately 70 ºC,
the electrospun mixed solutions were wrapped by silicone
heating mat and heated at 70 ºC during spinning (see
Figure 1). In this work, we have seen the electrospun
fibers of PVA/SS/DMU that formed from the needle to
the collector, as seen in the optical image (Figure 1,
position A) and the fibers at the collector (Figure 1,
position B).

The morphology of these electrospun

nanofibers were observed and shown in Figure 2.
From Figure 2, the SEM images of PVA/SS
electrospun nanofibers with DMU at position A
(travelling from needle to collector), with DMU at
position B (collector) and without DMU were compared
their morphologies. It can be seen that PVA/SS without
DMU (Figure 2a,2b) shows smooth surface fibers with

Figure 1 Electrospinning setup and optical image of
nanofibers at position A (travelling from needle to
collector) and B (collector).
Different loadings of DMU (10, 15, 20 and
30 %wt) in PVA/SS nanofibers were fabricated and their
morphologies were observed. Figure 3 shows the SEM
images of these electrospun nanofibers at the collector
with the same magnification. The result shows that
PVA/SS nanofibers at higher loading of DMU show
better formation of fibers than that of low DMU loading,
in which the beads and microdrops were produced. The
interconnecting fibers were also observed in all
compositions with adding DMU and the fiber diameter is
in range of 200-400 nm. However, adding more DMU
into the system enhances the fiber diameters to 400-500
nm. From visual observations, the crosslinked-PVA/SS
electrospun fiber mats show more mechanical strength
and greater stability in the presence of water than the
non-crosslinked mats even though the exact degree of
crosslinking cannot be observed.
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amide I and amide II. This is might be due to the
difference in molecular interaction of hydrogen bonds
when different amount of DMU is added.

Figure 3 SEM images of PVA/SS electrospun fibers at
Figure 2 SEM images of PVA/SS electrospun fibers;
(a,b) No-DMU, (c,d) 10%DMU at position A (travelling
from needle to collector) and (e,f) 10%DMU at position

different loading of crosslinker (DMU); (a) 10%DMU,
(b) 15%DMU, (c) 20%DMU and (d) 30%DMU at
magnification of 5000x.

B (collector) at magnification of 5000x (a,c,e) and 1000x
(b,d,f)
The

functional

groups

and

intermolecular

interaction of the PVA/SS/DMU nanofibers were also
observed by FT-IR and the results are shown in Figure 4,
together with FT-IR spectra of PVA, SS and DMU. PVA
shows two main peaks of a broad peak of hydrogen
bonded -OH at 3600-3200 cm-1 and a peak of -OH
bending at 1410-1260 cm-1. SS, which is amino acids,
contains the -C=O stretching vibration of amide group
(Amide I) at 1680-1630 cm-1 and the N-H bending
(Amide II) at 1570-1515 cm-1. Dimethylol urea (DMU, a
crosslinker) shows a peak of -OH stretching and
hydrogen bond at 3360 cm-1, -C=O stretching at
approximately 1600 cm-1 and -OH bending around 14101190 cm-1. FT-IR spectra of PVA/SS/DMU shows simply
the spectrum of PVA, SS and DMU and a shift of -H
bonded OH of PVA, -NH stretching of SS and OH
stretching of DMU (a broad peak around 3800-3200 cm1

). Amide of SS shifts to lower wavenumbers when DMU

is added into the PVA/SS due to the formation of
hydrogen bonding. The different loadings of DMU in the
PVA/SS give a small difference in the FT-IR spectra at
the broad peaks around 3800-3200 cm-1 but not at the

Figure 4 FT-IR spectra of PVA, SS, DMU and PVA/SS
electrospun nanofibers at different loadings of DMU.
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Figure 5 Cartoon structure of PVA/SS/DMU interaction

2.

and chemical structures.
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Porous Alginate/Carrageenan and Calcium Silicate Composite Scaffolds for Bone Tissue
Engineering
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Abstract
Porous alginate/carrageenan and calcium silicate composite scaffolds for bone tissue engineering were fabricated
by mixing calcium silicate (CS), alginate and carrageenan in distilled water at 90 °C. The weight ratio of
alginate:carrageenan:calcium silicate was 1:1:1. Subsequently, the composite scaffolds were fabricated by freeze-drying
and crosslinked by calcium ions at concentration of 1.5 M for 30, 60 and 120 min. In vitro bioactivity of the composite
scaffold was studied by soaking in simulated body fluid (SBF) at 37 °C for 7 days. After prolonged soaking, the
hydroxyapatite (HAp) layer precipitated from the SBF solution was formed on the surface of the composite scaffolds
within 7-days of soaking, indicating its bioactivity. The compressive strength and compressive modulus of the
composite scaffolds were significantly increased with the presence of CS. Cell viability of the composite scaffold was
also measured using MTT assay. The results showed that the composite scaffold was not cytotoxic for Vero cells. The
composite scaffold in this study may be a promising approach for bone tissue engineering applications.
Keywords: Alginate, Bone tissue engineering, Carrageenan, Calcium silicate, Scaffolds.
1. Introduction
The occurrence of disease, infection, trauma,

composite material because it can induce the formation of

accident and abnormal skeletal development cause bone

hydroxyapatite crystals like-bone and integrate with bone

defects which are often treated with grafting procedures.

in the living body. Moreover, the advantages of ceramics

However, these surgical treatments have restrictions that

are high compressive strength and high resistance to

are the limited amount of tissue, lack of biocompatibility,

deformation. Therefore, composites of polymers and

risks of immune rejection and disease transmission.

ceramics can decreased the disadvantages of both

These problems and limitations lead to the development

materials [1-2]. There are many researches that prepare

of replacement materials and growth-stimulating by using

composite scaffolds, such as polyvinyl alcohol/gelatin/

tissue engineering principles through the preparation of

bioactive glass [3], hydroxyapatite/collagen/chitosan/

scaffolds.

carbon nanotubes [4] and chitosan/nano-hydroxyapatite

Natural polymers are interesting materials because

[5] etc.

of biocompatibility, biodegradability, non-toxicity, easy

Alginate, an unbranched anionic polysaccharide

form, cell adhesion and proliferation. However, the

composed of different amounts of (1→4)-linked β-d-

scaffolds made from natural polymer have limitations due

mannuronic acid and α-l-guluronic acid residues, is

to insufficient mechanical properties [1]. Therefore,

typically obtained from brown seaweed. Mainly in the

polymer is often mixed with ceramic containing element

form of sodium salt of alginic acid which can be easily

calcium such as calcium phosphate, calcium sulfate,

dissolved and formed gel. Alginate can form hydrogels

hydroxyapatite and bioactive ceramics to prepare as a

under mild conditions with multivalent metal cations (e.g.,
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Ca2+, Ba2+, Sr2+, Zn2+, etc.). Calcium chloride is widely

Calcium silicate (CS) powders were prepared by

used to form calcium alginate gels. In addition, alginate

co-precipitation of 0.1 M of Ca (NO3)2•4H2O and 0.1 M

also has advantages that are; easy to find, cheap, non-

of TEOS using NaOH as a precipitant. The starting

toxic, biocompatibility and easy to mold [6].

substances were dissolved in 500 ml of ethanol with

Carrageenan is a linear polysaccharide extracted

stirring for 2 h. Calcium silicate was precipitated by using

from red sea weeds containing sulfate groups, which is a

300 ml of 0.3 M NaOH then stirred for 30 min and left

strongly anionic polymer. Kappa (𝜅), iota (𝜄) and lambda

standing for 30 min. The precipitate was filtered and

(𝜆) are the most common types of carrageenan, which

washed with distilled water. The precipitate was dried

have a different number of sulfate groups per

overnight at 100 °C and later crushed and grinded

disaccharide unit. The advantages of carrageenan are its

through a sieve no. 375 mesh [9].

ability to be dissolved in water, form gel at room
temperature and is biocompatible [7].
Calcium silicate (CS) has good biocompatibility,
biodegra-dability and bioactivity, including silanol
groups and calcium ions that can induce the formation of
hydroxyapatite crystals and integrate with bone in the
living body [8]. From our previous research, CS can
induce the fast formation of a hydroxyapatite layer after
soaking in simulated body fluid (SBF) [9-10], indicating
the high ability to bond with living bone. Therefore, in
this research, the composites of carrageenan/alginate and
calcium silicate prepared by freeze-drying using calcium
chloride as a crosslinker for bone tissue engineering were
studied. The surface of the composite scaffolds and the

2.3 Preparation of simulated body fluid (SBF)
A

simulated

body

fluid

(SBF)

with

ion

concentrations approximately equal to those of human
blood plasma was prepared by dissolving reagent-grade
NaCl, NaHCO3, KCl, K2HPO4•3H2O, MgCl2•6H2O,
CaCl2, and Na2SO4 in distilled water. The pH of the SBF
solution was buffered at 7.4 with 1 mol/L of HCl and tris(hydroxymethyl)-aminomethane ((CH2OH)3CNH2) [9].
2.4 Preparation of porous alginate/carrageenan and
calcium silicate composite scaffolds
Calcium silicate powders (2 g) were dispersed in
distilled water (100 ml) under mechanical stirring at
90 °C. After that, the carrageenan (2 g) was added into

crystal structure of hydroxyapatite were analyzed by

the calcium silicate dispersion. When the mixture was

SEM and XRD. Their mechanical properties were also

homogenous, alginate (2 g) was added to the mixture and

investigated.

dissolved. The mixture was poured into the mold, frozen
at -40 °C and then freeze-dried. (Chamber CC5300,

2. Materials and methods

CoolSafeTM) at -110 °C. Subsequently, the composite
scaffolds were cut into a cube shape (1 cm3) and

2.1 Materials
Tetraethyl orthosilicate (TEOS, Si(OC2H5)4) was

crosslinked by immersing in 1.5 M CaCl2 for 30, 60 and

purchased from Sigma-Aldrich. Sodium hydroxide

120 min followed by freezing at -40 °C and then freeze-

(NaOH) and Calcium nitrate tetrahydrate (Ca(NO3)2

drying at -110 °C.

•4H2O)

was

purchased

from

CARLO

ERBA

REAGENTS. Kappa carrageenan powder (E407) was

2.5 Solid remain and volume change behavior

purchased from Chailucksiri Group. Sodium alginate was

Each of the composite scaffolds was weighed, and

purchased from Acros Organics. Other reagents used

then immersed in 30 ml of SBF at 37 °C for 7 and 28

were all analytical grade.

days. After that, the soaked composite scaffolds at 7 days
dimensions were measured for calculating the percentage

2.2 Synthesis of calcium silicate

of volume change. The percentage of volume change was
calculated as follows (Eq.1)

BMED-P2
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where VO and VS are the initial volume and the volume of

and immersed in SBF for 1 day before testing for samples
under wet condition.

composite scaffolds after soaking, respectively.
Only the soaked composite scaffold at 28 days was frozen
at -40 °C. and then freeze-dried at -110 °C. After that the
weight was measured. The percentage of solid remain

Cytotoxicity of the composite scaffolds was
evaluated by African green monkey kidney fibroblast
(Vero) using MTT assay. The composite scaffolds were

(SR) was calculated as follows (Eq.2)
%SR = (Wd/WO) x 100

2.9 In vitro cytotoxicity study

(2)

where WO and Wd are the weights of the initial weight
and the dry weight, respectively.

soaked into PBS (pH 7.4) at 37 °C for 24 h. Each liquor
stock was obtained by filtering and then exposed to
DMEM (Dulbecco’s Modified Eagle Medium). Vero
culture was cultured in a medium containing DMEM

2.6 In vitro bioactivity testing of alginate/carrageenan and

supplemented with 10% FBS (Fetal Bovine Serum) and

calcium silicate composite scaffold

seeded in a 96-well plate at 100 μL/well and incubated at

The in vitro bioactivity was evaluated by

37 °C for 24 h. Diluted liquor stock in DMEM (100 μL)

examining the bone-like hydroxyapatite formation ability

was added to each plate and incubated at 37 °C for 24 h.

on the composite scaffold after soaking in 30 ml of the

10 μL of MTT solution (5 mg/ml) was then added in each

static SBF solution at 37 °C for 7 days. The soaked

well and further incubated at 37 °C for 4 h. After that, the

sample was removed from the soaking systems at 7 days

upper solvent was removed and 1 ml of 10% sodium

then gently rinsed with distilled water to remove any

dodecyl sulfate was added to each well plate at a rate of

excess SBF. Lastly, the soaked composite scaffold was

150 μL/well to dissolve the formazan crystals. Optical

frozen at -40 °C and then freeze-dried at -110 °C.

density was read at 570 nm using a microplate reader.
The percentage of cytotoxicity was calculated as follows

2.7 Material characterization
Chemical compositions of the synthesized calcium
silicate powders were analyzed by X-ray fluorescence
spectrometer (XRF, SRS 3400; Bruker Technology Co.,

[11] (Eq.3)
%Cytotoxicity = ((A-B)/A) x 100

(3)

where A and B are the absorbance of the control and the
absorbance of the samples, respectively.

Ltd.). The surface and morphologies of the soaked
composite scaffolds were investigated by scanning

3. Results and discussion

electron microscopy with energy dispersive spectroscopy
(SEM-EDS, JSM-5410LV; JEOL Co., Ltd.), operated at
20 kV. The crystal structure of hydroxyapatite was
studied using X-ray diffractometer (XRD, D8 Advance,
Bruker BioSpin AG, USA), the samples were scanned in
the 2Ɵ range of 20° to 60°.
2.8 Compressive strength and compressive modulus
Compressive strength and compressive modulus
of the composite scaffolds were measured by a universal
testing machine (UTM, Lloyd Instrument, LR-5K), using
a 1 kN load cell with a test speed of 1 mm/min. The
composite scaffolds for compressive test were prepared in
a cylinder shape with a 3.5 cm dimeter and 1.9 cm height

3.1 Calcium silicate (CS) powders
Chemical composition of the synthesized CS
measured by XRF was Ca 31 wt%, Si 26.3 wt% and O
42.5 wt%.
3.2 Volume change and solid remain behavior
The percentage of volume change of the polymer
scaffold at 120 min of crosslinking time (no CS) and the
composite scaffolds at 30, 60 and 120 min of crosslinking
time after immersed in SBF are shown in Fig.1. The
percentage of volume change of the scaffold decreased
when CS ceramic is present in the composition because it
hinders the dimension expansion. Moreover, it was
obvious that the percentage of volume change decreased
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when the crosslinking time was increased. This was

(a)

0 days

because longer crosslinking time brought about high
crosslinking density of the scaffolds.
The percentage of solid remain of the scaffolds at
28 days after being immersed in SBF are shown in Fig.1.

50 µm
(b)

7 days

HAp
30 µm

Figure 1 %Volume change and %solid remain of the
polymer scaffold at 120 min of crosslinking time and the

(c)

composite scaffolds at 30, 60 and 120 min of crosslinking
time.
The percentage of solid remain of scaffolds
increased when crosslinking time was increased due to
high crosslinking density. Thus, in the next section the
composite scaffold crosslinked with CaCl2 for 120 min
was selected to study in comparison with the polymer
scaffold.

Figure 2 SEM micrographs (5000X) of the composite
scaffolds (a) before, (b) after soaking in SBF solution for
7 days and (c) EDS mapping of P element of the soaked
composite scaffold

3.3 In vitro bioactivity testing
Figures 2 and 3 show SEM micrographs and XRD
patterns of the surfaces of the composite scaffolds after
soaking in the SBF solution, respectively. It was found
that the hydroxyapatite (HAp) layer precipitated from the
SBF solution as spherical particles that were formed on
the surface of the composite scaffold after soaking for 7
days. This unique microstructure of the newly formed
layer exhibited the precipitation of HAp by accumulation
of Ca2+ and PO43- from the SBF solution. Moreover, the
element

phosphorus

(compounds

containing

3−

the

phosphate ion, PO4 ) mapping on SEM-EDS was
distributed over the surface of composite scaffold.

Figure 3 XRD patterns of the scaffolds
The composite scaffold showed crystalline peaks
at 2θ = 31.68 and 45.52 after soaking in SBF solution for
7 days corresponding to those characteristics of the HAp.
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The mechanism of HAp formation on the surface of
composite scaffolds involved the silicon (Si) of CS. The
silanols (Si-OH) were formed from Si of CS while Ca2+
dissolved into SBF solution, and subsequently, formed
silica (SiO2). The Ca2+, PO43- and OH- ions from the SBF
solution then migrated onto the composite surfaces
through the SiO2- rich layer to form an amorphous
calcium phosphate layer, resembling the HAp. After the
prolonged soaking period, it crystallizes to be the HAp
Figure 5 The compressive strength and compressive

[9].

modulus of the scaffolds in wet condition.
3.4 Compressive strength and compressive modulus
compressive

the presence of CS particles as a reinforcement agent

modulus of the composite scaffolds in dry and wet

affected increasing compressive properties of the

condition are exhibited in Fig. 4 and 5 respectively. It can

composite scaffolds due to its high modulus and strength.

be seen that the compressive strength and compressive

This composite scaffold has mechanical properties that

modulus of the polymer scaffolds were 189 KPa and 872

are comparable to cancellous bone [12].

The

compressive

strength

and

KPa, respectively, in dry condition. With wet condition,
the values were 32 KPa and 122 KPa, respectively. After
adding 2% CS, they increased to 474 KPa and 2513 KPa,
respectively, in the dry and 79 KPa and 326 KPa,
respectively, in the wet. These results demonstrated that

3.5 In Vitro cytotoxicity Study
Due to the amount of residual chloride from
crosslinking process, the composite scaffold may cause
toxic effects. Cell viability of the composite scaffolds was
tested using an MTT assay. It was found that the
cytotoxicity of the composite scaffold is 4% (lower than
50%) meaning that the composite scaffold was not toxic
to our living cells.
4. Conclusion
The

composite

alginate/carrageenan

and

scaffolds
calcium

silicate

from
were

successfully prepared by a freeze -drying process. The
composite scaffolds crosslinked by CaCl2 for 120 min
Figure 4 The compressive strength and compressive

achieved the best percentage of volume change and solid

modulus of the scaffolds in dry condition.

remain. After soaking in simulated body fluid (SBF) at
37 °C for 7 days, the composite scaffold could induce the
formation of the HAp crystals from the SBF solution on
their surfaces detected by SEM and XRD, indicating its
bioactivity. Moreover, the compressive strength and
compressive modulus were increased by introducing CS
both in dry and wet conditions and the composite scaffold
has mechanical properties comparable to cancellous bone.
This suggests the possibility for use of these composite
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scaffolds as an implant material for various human body
parts. The composite scaffold has been proven to be nontoxic to our living cells. Thus, the comprehensive results
of this study suggested the composite scaffolds may be
promising for bone tissue engineering.
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Abstract
Neem has been well known as bio-pesticide against several types of insects. There are a large number of
insecticidal substances belonging to organic compounds. Thus, it was our interest to extract active phytochemicals
which have the insecticidal activity in neem leaves from various organic solvents. However, Azadirachtin (AZ), the
most active phytochemical, and other limonoids or tetranortriterpenoids are extremely susceptible to light and heat.
Therefore, encapsulation of neem leaves extracts (NLE) in polymeric matrix was another purpose of this study. The
natural polymer mostly extracted from the exoskeleton of arthopod such as insects namely chitin was selected as the
polymeric matrix to prevent the degradation of AZ and others. The %yields of NLE when extracted with methanol,
acetone, dichloromethane and hexane were 17.17%±0.71, 9.27%±0.40, 9.14%±2.25 and 1.74%±0.39, respectively. The
active phytochemicals of NLE was found to be slowly degraded by heat and ultraviolet light. Therefore, NLE was
encapsulated in chitin beads, which was around 92-95% detected by UV-Vis spectrophotometer.
Keywords: Neem, Encapsulation, Chitin
1. Introduction
Neem, commonly known in scientific name as

seed, leaves and bark have been studied as crucial
phytochemical substances. Unfortunately, some of the

Azadirachta indica A. Juss, is a native plant in the Indian

active

phytochemical

substances

which

exhibited

sub-continent and is presently grown in Southeast Asia

insecticidal activities were extremely degraded mainly by

countries, such as Laos, Myanmar, Cambodia and also in

ultraviolet light, temperature and pH [5, 9].

Thailand [1, 2]. Azadirachta indica is utilized in several

Recently, some research reported that the neem

medical treatments including against human ailments,

extracts compounds were low stability to be existed in

rheumatic, used for ayurveda and anti-microorganism

aqueous phase [10]. To this end, there has been many

activities. Some parts of neem have been widely used for

attempts to avoid the disruption of phytochemical

agriculture mainly as bioinsecticide for controlling or

substances by encapsulation into polymeric matrices [11].

killing pests [3-5]. The main insecticidal activities of

Natural polymers have been considered to be applied as

neem were depending on phytochemical substances

polymeric matrices due to their well control release rate

especially in type of limonoids and tetranortriterpenoids.

and biodegradability properties [10]. Chitin, β-(1, 4)

Azadirachtin A and B, the most active substances, are

linked N-acetyl-D-glucosamine, is the second huge

one kind of limonoids which were studied in many kinds

biopolymer resource next to cellulose with the greatly

of insect (Macrosteles quadripunctulatus, Spodoptera

presented in exoskeleton of insects, shells of crustacean

littoralis and Bemisia tabaci [5], Nilaparvata lugen [6],

and cell wall of fungi. The advantages of chitin have

Bactrocera cucurbitae and Bactrocera doprsalis [7],

known as biodegradable, biocompatible, non-toxic and

Helicoverpa armigera [8]) and evaluated through

antimicrobial activity [12, 13]. Due to its properties,

bioassay. Nimbin, nimbinin and salanin were others

chitin is widely used for biomedical applications such as

important insecticidal substances represented in the

wound dressing, tissue engineering and drug delivery

neem. Crude extracts from many parts of neem such as

[14].
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Therefore, two main purposes of this study were

Chitin solution was prepared by dissolving the 1%

to extract the essential phytochemicals from neem leaves

(w/v) of chitin powder in DMAc solution containing 5%

by various solvents and to encapsulate the neem leaves

(w/v) LiCl. The solution was stirred overnight or until it

extract in chitin beads.

became homogenous.
Then, 10 mL of 1% (w/v) chitin solution was

2. Experimental

taken into disposable plastic pipette and slowly dropped
in 10 mL ethanol (non-solvent) which contained 0.1%

2.1 Materials
Neem leaves were collected from Kanchanaburi
province, Thailand. Methanol, acetone, dichloromethane,
hexane, dimethylacetamide (DMAc) and ethanol were

(w/v) of NLE. The subnatant was collected to determine
the absorbance by UV-vis spectrophotometer and
calculate %encapsulation by the following equation;

purchased from RCI labscan, Thailand. Lithium chloride

% Encapsulation =

(LiCl) was purchased from Kemaus, Australia. Chitin

A -A
f

A

r

x 100

f

(1)

where Af is the absorbance of the feeding NLE

(95 % of degree of acetylation) was purchased from A.N.

solution and Ar is the absorbance of remaining NLE

lab, Thailand.

solution present in the subnatant. While, the encapsulated
2.2 Preparation of Neem leaves extracts

chitin beads were filtered and dried under vacuum.

Neem leaves were dried under the sunlight for 2-3
days. The dried neem leaves were grinded by blending

3. Results and discussion

machine to become powder. After that, the essential
substances was extracted from neem leaves powder (50g)

3.1 % Yield of NLE extracted in various solvents

in many organic solvents (400 mL), methanol, acetone,

The percent yields of NLE extracted from various

dichloromethane, hexane, using soxhlet extraction. The

solvents are exhibited in Table 1. The % yield was

extraction was extracted at 70, 60, 40 and 70 ºC

highest when extracted in methanol (17.17%), following

respectively and stayed for 24 hours. Then, the solvent

by in acetone (9.27%), dichloromethane (9.14%) and

was evaporated using rotary evaporator and dried until

hexane (1.74%), respectively. The high polar solvent and

become paste under vacuum. This procedure was

high solubility parameter gave rise to high %yield of

repeated triplicate.

crude extracts [15]. On the other hand, different polarity
of solvents contributed the different phytochemicals of

2.3 Effect of temperature and ultraviolet (UV) on the
stability of the neem leaves extracts

the NLE. The high polar solvent has been extracted the
high polar phytochemicals, the low polar solvent also

The NLE was dissolved in ethanol to prepare 1%

extracted the lower polar substances.

(w/v) NLE solution. The samples were placed in an oven
at 40 ºC for thermal degradation (storage temperature that

3.2 Degradation of phytochemicals of NLE with heat and

could be raised to 40 ºC) and placed under UV light for

UV

UV degradation. The samples were stored for 0, 1, 3, 7,

The degradation of phytochemicals of NLE was

10 and 14 days, each NLE solution was analyzed to

triggered by temperature and UV [15] which were

determine

NLE

represented in Fig. 1 and Fig. 2. The % NLE remaining

concentration by UV-vis spectrophotometer (Specord S

when extracted with methanol was rapidly decreased by

100, Analytikjena, Germany). All of the samples were

up to 20% at the 1st day and then stayed stable. For NLE

run in triplicate.

extracted with acetone and dichloromethane were a little

the

active

phytochemicals

of

diminished by both heat and UV. Otherwise, %NLE
2.4 Preparation of NLE encapsulated in chitin beads

remaining which was extracted with hexane was silently
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until

day

14.

The

degradation

of

phytochemicals of NLE was driven in the same way as
sunlight light for 14 days (16.6% degradation) and in the
hot place (stored at 72 ºC for 3 days stand with 26.6%
degradation) [5].

% NLE Remaining

the degradation of azadirachtin when it was stored under

100
80

40

Hexane

20
0
1

Table 1 % yield of NLE from various solvents
Solubility
Parameter

%yield

Methanol

14.5

17.17% ± 0.71

Acetone

9.8

9.27% ± 0.40

Dichloromethane

9.7

9.14% ± 2.25

Hexane

7.3

1.74 ± 0.39

Table 2 % encapsulation of NLE in chitin beads
Solvent

% Encapsulation

Methanol

95.41 ± 0.89

3

7

10

14

Day

Figure 1 Degradation of NLE extracted by various
solvents at 40 ºC.

100

% NLE Remaining

Solvents

Methanol
Acetone
Dichloromethane

60

80
Methanol
Acetone

60
40

Dichloromethane
Hexane

20
0
1

3

7

10

14

Day

Acetone

93.99 ± 6.11

Dichloromethane

95.33 ± 3.34

Figure 2 Degradation of NLE extracted by various

Hexane

92.63 ± 3.02

solvents under UV.

3.3 Encapsulation of NLE in chitin beads
The beads obtained from chitin solution dissolved
with DMAc/LiCl in ethanol were shown in Fig. 3. The

(a)

(b)

(c)

(d)

chitin beads showed in spherical rigid shape with smooth
surface which is similar to the previous work [16].
Meanwhile, the gelation of chitin, the complex
interaction between DMAc-Li+ and chitin was broken
down when the chitin solution was dropped in the ethanol

Figure 3 Encapsulated NLE which was extracted with (a)

solution. The solvent power (DMAc-Li) was reduced and

methanol, (b) acetone, (c) dichloromethane and (d)

chitin molecules were moved closely to be form an

hexane in chitin beads.

associative network with the intra- and inter-molecular
hydrogen bonding. During the gel formation, the solvent
and non-solvent (ethanol) were exchanged, the nonsolvent and NLE molecules intrude among the hydrogen
bond of chitin chains [16]. Therefore, the NLE has been
encapsulated within chitin molecules to form bead.
The %encapsulation of NLE exhibited in the Table 2
found that the NLE extracted with different solvents
have %encapsulation approximately 92-95%.

4. Conclusion
The NLE could be extracted by using various
solvents. In this research, the crude NLE was obtained in
highest %yield with methanol as an extracting solvent.
The active phytochemicals of NLE were degraded by
heat and UV with slowly degradation. Besides, the chitin
beads have ability to collect and encapsulate high amount
of NLE. It would be a great point to consider these beads
for the agriculture applications with the biodegradability
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and biocompatibility properties of chitin along with the

Extracts against American Bollworm, Helicoverpa

insecticidal activities of NLE.

armigera (Hubner). J. Agric. Food Chem., 1997, 45,
3262-3268.
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Abstract
Biodegradable polymers have been used in a wide range of applications such as agriculture, packaging,
pharmaceutics and biomedical device as artificial tendons, medical tubing and absorbable surgical sutures. Typically,
the organometallic catalysts such as tin(II) octoate (Sn(Oct)2), titanium(IV) butoxide (Ti(OnBu)4) and aluminum isopropoxide (Al(OiPr)3) are used in the synthesis of polyester via ring–opening polymerization (ROP) which then contain
the residual metals in the polymer products. Residual metal catalysts are a concerned for biomedical applications which
should be less than 150 ppm according to ASTM F1925-17. Organic catalysts are popular for ROP because they are
cheap, metal-free and do not waste time for metal-removal. Therefore, we are interested in ionic liquid (IL) as metalfree catalyst in the synthesis of medical grade polyesters. In this work, we successfully synthesized a novel catalyst, 1,4bis[N-(N'-butylimidazolium)]butane bis(hexafluorophosphate) from imidazole which can be applied as a ionic liquid
catalyst with 1-butanol as initiator (I) for ROP of ε-caprolactone (ε-CL) in the ratio of ε-CL/I/IL from 200/1.0/0.25-4.0
to 500/1.0/0.25-4.0.
Keywords: Ring–Opening Polymerization, ε-Caprolactone, Ionic Liquid, Metal-free Catalyst, Biomedical Polymers
1. Introduction

alone.[4] Recently, some investigators combined PCL

In recent years, biodegradable polymers derived

with other biomaterials such as chitosan, polyethylene

from renewable resources have drawn increasing

glycol, or hyaluronic acid, to produce an antiadhesive

attention due to being environmentally friendly and their

barrier for clinical applications.[5] For PCL, a great

efficiency to replace petroleum-based polymers. One of

number of clinical applications are orientated towards

the most promising biodegradable polymers is poly(ε-

suture, tendon, cartilage, and bone engineered constructs.

caprolactone) (PCL).[1] The properties of PCL is a

This is due primarily to its mechanical properties, in

ductile biodegradable thermoplastic with low tensile

particular high strength and elasticity.[6]

strength and high elongation at break. It has ability to

According to the aforementioned text, the

resist, oil, water and chlorine.[2] PCL is classified as a

organometallic catalysts are used in synthesis of

semi-crystalline polymer with a melting point of 55–65

polyesters via condensation polymerization or ring–

°C and a glass transition temperature of -60 °C.[3] PCL is

opening polymerization (ROP) which will result in metal

a biomedical polymer approved by the US Food and

residue in the polymer products. The residue metals and

Drug Administration (FDA), with a slow degradation

catalyst are a concerned for biomedical applications

time of ~24 months when degraded by hydrolysis

which should contain less than 10 ppm for heavy metals
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and 150 ppm for residue catalyst according to ASTM

imidazolium/pyridinium and halide/halogenoaluminate

F1925-17 (Standard Specification for Semi-Crystalline

ratios.[14] Two major drawbacks for some applications

Poly(lactide) Polymer and Copolymer Resins for Surgical

were moisture sensitivity and acidity or basicity. In 1992,

Implants).[7]

Wilkes and Zawarotko obtained ionic liquids with neutral

One of the problems of typical polymerization

weakly coordinating anions such as hexafluorophosphate

with an organometallic catalyst is the removal of residual

(PF6−) and tetrafluoroborate (BF4−), allowing a much

metal from the synthesized polyesters which is very

wider range of applications.[15] Although many classical

expensive

ionic

and

complicated.

Therefore,

using

an

liquids

are

hexafluorophosphate

and
−

alternative catalyst which is green or metal-free is another

tetrafluoroborate salts, bistriflimide [(CF3SO2)2N] are

choice for polyesters polymerization. At present, ionic

also popular. The cations and anions commonly found in

liquids (ILs) are popular group for catalyst section.

ionic liquids (Fig. 2).

The discovery date of the first ionic liquid is
disputed, along with the identity of its discoverer.
Ethanolammonium nitrate (1) (Fig. 1) was reported in
1888 by Gabriel and Weiner.[8] One of the earliest truly
room temperature ionic liquids was ethyl ammonium
nitrate

((C2H5)NH3+•NO3‒),

reported

in

1914

by

Walden.[9] In the 1970s and 1980s, ionic liquids based
on alkyl-substituted imidazolium (2) and pyridinium
cations (3) with halide or tetrahalogenoaluminate anions,
were

developed

as

potential

electrolytes

in

batteries.[10,11]
Figure 2 Cations and anions commonly found in ionic
liquids [16]

Figure 1 Chemical structures of ethanolammonium
nitrate, alkyl-substituted imidazolium and pyridinium
cation

The use of ionic liquids as green catalysts is very
interesting because they can be in the liquid state at
ambient temperature, reducing the quantity of used
solvents, their catalytic properties and easy removal for

The properties of ionic liquids are a salt in the

reuse.

liquid state. In some contexts, the term has been restricted

The aim of this work is to synthesize ionic liquid

to salts whose melting point is below some arbitrary

based on bis(imidazolium) as metal-free catalyst for the

temperature, such as 100 °C. While ordinary liquids such

ROP of ɛ-Caprolactone (ɛ-CL), which was prepared from

as water and gasoline are predominantly made of

imidazole,

electrically neutral molecules, ionic liquids are largely

through nucleophilic substitution. Moreover, we also

made of ions and short-lived ion pairs. These substances

studied the effect of bis(imidazolium) salt catalyst

are variously called liquid electrolytes, ionic melts, ionic

concentrations in the ROP of ɛ-CL.

fluids, fused salts, liquid salts, or ionic glasses.[12,13]
Furthermore, the imidazolium halogenoaluminate
salts are interesting due to, their physical properties such
as viscosity, melting point, and acidity, which can be
adjusted by varying the alkyl substituents and the

1,4-dibromobutane

2. Experimental
2.1 Materials

and

1-bromobutane
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ɛ-Caprolactone, imidazole, 1-butanol and 1bromobutane were purchased from Sigma Aldrich. 1,4-

2.2.3 Synthesis of 1,4-bis[N-(N'-butylimidazolium)]butane bishexafluorophosphate (1,4-bis[Bmim][PF6‒])

Dibromobutane (C4H8Br2, 99%) was purchased from

1,4-Bis[N-(N'-butylimidazolium)]butane

bis(bro-

Acros Organic. Tetrahydrofuran ((CH2)4O, 99.5%) was

mide) (1.0 g, 2.7 mmol) was dissolved in water and KPF6

purchased from Carlo Erba reagents. ɛ-CL, 1,4-

(0.8 g, 6.0 mmol) was then added and the reaction

dibromobutane, 1-bromobutane were vacuum distilled

mixture was stirred at room temperature for 1 hour. Then,

before used. Acetonitrile were dried over CaH2 and

the reaction mixture was extracted by CH2Cl2 several

distilled before use. In addition, 1-butanol and THF were

times and then bromide ion residue was determined in the

dried over Na metal and distilled prior used.

organic phase using AgNO3 solution (0.1 M). Finally, the
organic layer was dried over Na2SO4, filtered and

2.2 Synthesis of ionic liquid

evaporated to obtain 1,4-bis[Bmim][PF6‒] (55% yield) as

2.2.1 Synthesis of 1,4-di(1H-imidazol-1-yl)butane

yellow viscous liquid. 1H-NMR (400 MHz, chloroform-

bis(imidazole) (1,4-bis[Bmim])

d) δ 8.34 (br s, 2H), 7.29 (br s, 2H), 7.26 (s, 2H) 4.12 (br

To the stirred solution of imidazole (5.0 g, 73.6
mmol) in THF (50 mL), a solution of sodium hydride (4.8
g, 110.4 mmol) was added at 0 ◦C and adjusted to room
temperature. Then, 1,4-dibromobutane (10.0 g, 36.8
mmol) was added at room temperature. The reaction was
refluxed at 70 °C for 48 hours. After reaching the

s, 4H), 4.05 (br s, 4H), 1.84 (br s, 4H) 1.75 (br s, 4H),
1.24 (br s, 4H), 0.80 (br s, 6H). The spectra obtained by
FT-IR for the product is presented in Figure 3. We can
observe, the spectra of P–F stretching (PF6‒, 827 cm-1),
P–F bending (PF6‒, 557 cm-1) and C–H stretching (H–F–
PF5‒, 3721-3610 cm-1).

reaction time, the reaction was filtered to get rid of
byproduct of NaBr salt. The solvent was removed under

2.3 Synthesis of poly(ɛ-caprolactone) via ROP of ɛ-

reduced pressure and crystalized by CH2Cl2/Hexane to

caprolactone

1

obtain 1,4-bis[Bmim] (78% yield) as white solid. H-

using

1,4-bis[N-(N'-butylimidazo-

lium)]butane bis(hexafluorophosphate) as catalyst

NMR (400 MHz, methanol-d4) δ 7.65 (br s, 2H), 7.12 (br

ɛ-CL (10.0 g, 87.6 mmol) was weighed into a 25

s, 2H), 6.98 (br s, 2H), 4.04 (m, 4H), 1.76 (m, 4H).

mL round bottom flask containing a magnetic bar and the

2.2.2 Synthesis of 1,4-bis[N-(N'-butylimidazolium)]but-

pre-weighed catalyst (ILs 0.25-4.0 %mol) and initiator

‒

ane bis(bromide) (1,4-bis[Bmim][Br ])

(1-butanol, 1.0 %mol) were added. The closed reaction

1,4-Di(1H-imidazol-1-yl)butane bisimidazole (1.0

vessel was placed into an oil bath preheated to 120 °C for
1

g, 5.2 mmol) was dissolved in dry acetonitrile and 1-

72 hours.

bromobutane (2.0 g, 15.7 mmol) was then added. The

characterize

reaction mixture was heated at 70 °C for 48 hours and

polymerization. Monomer conversion was estimated from

stirred with a magnetic bar. After reaching the reaction

1

time, the reaction was evaporated to dryness to obtain

where Aα and Aβ are the areas corresponding to the

1,4-bis[Bmim][Br‒])

ethylenic protons of poly(ɛ-caprolactone) (4.14 ppm) and

(84%

yield)

as

yellow-brown

1

viscous liquid. H-NMR (400 MHz, methanol-d4) δ 9.24
(br t, J = 1.7 Hz, 2H), 7.77 (br t, J = 1.9 Hz, 2H), 7.73 (br
t, J = 1.9 Hz, 2H), 4.39 (m, 4H), 4.31 (t, J = 7.4 Hz, 4H),
2.03 (m, 4H), 1.93 (tt, J = 9.5, 6.8 Hz, 4H), 1.40 (dt, J =
14.8, 7.4 Hz, 4H), 1.00 (t, J = 7.4 Hz, 6H). The spectrum
obtained by FT-IR for the product is presented in Figure
3. We can observe the spectra of C–H stretching (H–Br,
3516-3409 cm-1).

H-NMR spectroscopy was applied to
and

determine

the

conversion

of

H-NMR spectrum of crude product using equation (1),

of monomer (4.26 ppm), respectively.
Conversion (%) =

A.
A. + A0

(1)

The polymer was then purified by precipitation
from cold methanol and analyzed with 1H-NMR.
2.4 Characterizations

BMED-P8

99

Fourier transform infrared (FT-IR) spectra were
carried

out

using

a

Spectra

XRI

Perkin-Elmer

spectrometer. Proton nuclear magnetic resonance (1HNMR) spectra were performed on a Bruker Avance 400
MHz spectrometer using CDCl3 as a solvent.
3. Results and discussions

Figure 3 Comparison FT-IR spectra of 1,4-bis[Bmim]
[Br‒] (20) and 1,4-bis[Bmim][PF6‒] (21)

3.1 Synthesis of ionic liquid 21
Ionic liquid 21 (Scheme 1) was successfully
synthesized by nucleophilic substitution as follow: firstly,

Table 1 Ring‒opening polymerization of ɛ-caprolactone
catalyzed by ionic liquids 21 in bulk at 120 °C, 72 hr.

the synthesis of 1,4-bis[Bmim] (19), which was prepared
from imidazole (17) with 1,4-dibromobutane (18) via
nucleophilic substitution. The product crystalized by
CH2Cl2/Hexane obtained a 78% yield as a white solid.
The structure was characterized by 1H-NMR, which
showed signal of N–methylene proton signal at 4.04 (q, J
= 5.1, 4.1 Hz, 4H) and methylene proton at 1.83–1.71 (m,
J = 3.8 Hz, 4H).
Then, 1,4-bis[Bmim][Br‒] (20) was prepared from
19 which was reacted with 1-bromobutane by Nalkylation. The product is yellow-brown viscous liquid
and high yield (84%). 1H-NMR spectrum exhibited the
signal of the methylene proton of butyl group at 4.44–
4.35 (m, 4H) and 4.31 (t, J = 7.4 Hz, 4H) of the
methylene proton of butyl linker. Moreover, FT-IR
spectrum showed the vibration signal of H bonding (H‒
Br) at 3516-3409 cm-1 (Fig. 3).

Finally, 1,4-bis[Bmim][Br‒] (20) was reacted with
KPF6 through bromide-hexafluorophosphate exchange to
give 1,4-bis[Bmim][PF6‒] at 55% yield. The structure was
characterized by FT-IR, which showed a vibration signal
of P‒F stretching at 827 cm-1, P‒F bending at 557 cm-1
and H bonding (H‒F‒PF5‒) at 3721-3610 cm-1 (Fig. 3).

Time
Conv.a
ɛ-CL/BuOH/IL
(h)
(%)
1
72
200/1.0/1.5
99
2
72
200/1.0/2.0
98
3
72
200/1.0/2.5
99
4
72
200/1.0/3.0
98
5
72
300/1.0/1.5
98
6
72
300/1.0/2.0
98
7
72
300/1.0/2.5
99
8
72
300/1.0/3.0
99
9
72
400/1.0/1.5
98
10
72
400/1.0/2.0
98
11
72
400/1.0/2.5
98
12
72
400/1.0/3.0
97
13
72
500/1.0/1.5
98
14
72
500/1.0/2.0
98
15
72
500/1.0/2.5
97
16
72
500/1.0/3.0
98
a
1
Conversion yield determined by H-NMR.
Entry

b

Mnb
(g/mol)
9,358
9,195
11,240
7,774
12,569
10,432
14,796
13,487
21,119
12,091
20,319
6,641
18,933
16,844
17,207
34,037

Number-average molecular weight for PCL calculated
from 1H-NMR.

3.2 Polymerization with ionic liquid 21 as catalyst
As the hydrogen atom at the C-2 position of
imidazolium salt (H-2) is known to behave as a weak
Brønsted acid which is able to catalyze organic reactions.
We first evaluated the catalytic activity of N,Ndialkylimidazolium based ionic liquid (21) for the ROP

Scheme 1 Synthetic pathway of ionic liquid 21

of

ɛ-CL

using

the

available

hydrophobic

1,4-

bis[Bmim][Br‒] (20) and 1,4-bis[Bmim][PF6‒] (21) (Fig.
3). The results found that 1,4-bis[Bmim][Br‒] (20) cannot
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polymerized ɛ-CL to poly(ɛ-caprolactone) (PCL) under

3.

these conditions. This was because of the strong H-bond
between Br anion and H atom on the imidazole ring, this

Tuba, F.; Olah, L.; Nagy, P. Eng. Fract. Mech. 2011,
78, 3123‒3133.

4.

affect in reducing the catalyst efficiency for ROP.

Diemer, P.; Markoew, S.; Le DQS, Qvist N. Dis
Esophagus 2015, 28, 5-240.

Next, we found that the polymerization conversion

5.

‒

was complete after 48 hours using 1,4-bis[Bmim][PF6 ]
(21) as catalyst for the ɛ-caprolactone/1-butanol/IL ratio

Biomaterialia 2014, 10, 82-4971.
6.

of 200-500/1.0/0.25-4.0 (Scheme 2) and stayed higher
than 95%, even with a ratio as high as 400/1.0/0.25-4.0.

[5] Chen, SH.; Chen, CH.; Fong, YT.; Chen, JP. Acta
[6] Abedalwafa, M.; Wang, F.J.; Wang, L.; Li, C.J.
Rev. Adv. Mater. Sci. 2013, 34, 123-140.

7.

ASTM F1925-17. Standard Specification for Semi-

Further, increase in the ratio of monomer to catalyst

Crystalline Poly(lactide) Polymer and Copolymer

resulted in an increase of the molecular weight of PCL.

Resins for Surgical Implants.

(Table 1)

8.

Yu, L.; Dean, K.; Li, L., Prog. Polym. Sci. 2006, 31,
576‒602.

4. Conclusion

9.

Novel metal-free ionic liquid catalyst, 1,4-bis[N(N'-butylimidazolium)]butane

bis(hexafluorophosphate)

(1,4-bis[Bmim][PF6‒]) (21) (55% overall yield) was
successfully synthesized for use in the ROP of ɛ-CL. 1,4bis[Bmim][PF6‒] can controlled molecular weight of PCL
via ROP using 1-butanol as initiator with ratio of εCL/I/IL from 200/1.0/0.25-4.0 to 500/1.0/0.25-4.0. These
results led to polymerization with conversions higher
than 95%.
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Application of Palm Stearin in Natural Rubber/Halloysite Nanotubes Composites
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Abstract
Modified palm stearin was used in the composite based on natural rubber (NR) and halloysite nanotubes (HNT).
The HNT was fixed at 10 phr whereby the modified palm stearin was ranged from 0 – 2.5 phr. It was found that the
addition of modified palm stearin gave shorter scorch and cure times for NR/HNT compounds. Modified palm stearin
also facilitates the processability of composites due to its waxy in nature. As for the tensile properties, the overall
properties were found to be optimum at 1 phr of modified palm stearin. This can be verified by the Payne effect observed
after determining the dynamic properties of the composites.
Keywords: natural rubber; halloysite nanotubes; modified palm stearin; composites
1. Introduction

effort has been focused on the use of naturally occurring

Incorporating a small amount of nanofillers into

compatibilizers.

rubber matrices has attracted considerable attention during

In manufacturing of palm oil, crude palm oil (CPO)

the last two decades [1]. Significant improvement in the

is initially extracted from fresh palm (Elaeis guineensis)

physical properties of rubber can be achieved through this

and has to perform an extensive processing before

technique. These improvements mainly depend on factors

reaching the consumer. Finally, palm stearin is

such as the filler aspect ratio, the degree of dispersion, and

fractionated from the refinery processing of CPO [3], its

the orientation of the filler particles. Recently, the

value is lower than that of the palm olein which is the main

incorporation of halloysite nanotubes (HNT) into the

product from the same process.

polymer matrix has been explored [2]. HNT is a unique

Generally, the fatty acid fraction of palm stearin

and versatile nanomaterial that is formed by surface

consists of highly saturated fats and triglyceride [4]. Their

weathering of aluminosilicate minerals and is composed of

methyl esters or triglyceride can react with primary and

aluminum, silicon, hydrogen and oxygen. HNT consists of

secondary

two interlayer surfaces composed of AL-OH groups which

alkanolamides [4, 5]. Fatty acid amides or modified palm

are located inside the tubes and siloxane groups which

stearin gained special attention due to their application in

cover the outer surface of the HNT.

surfactants, lubricants, fungicides and anti-blocking agents

amines

to

produce

the

corresponding

Due to the unique surface chemistry of HNT, the

in the plastic processing industry [6]. The aim of this study

compatibility between NR and HNT is of interest and

was to use modified palm stearin as a bio-compatibilizer

several

overcome

for NR/HNT composites. Based on the surface chemistry

incompatibility between NR and HNT. The use of a

of modified palm stearin, it was expected to improve the

compatibilizer has been found to have an influence on the

compatibility between the silanol and/or siloxane groups

overall structure of the composites. However, most

of HNT and natural rubber, and thus other related

compatibilizers are based on existing chemicals and less

properties of the composites.

works

have

been

made

to
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2. Experimental methods

stearin appeared as a cream-coloured wax and was used as
a compatibilizer to improve the compatibility of NR/HNT

2.1 Materials

composites.

The NR used was RSS 3 grade purchased from
Khok Phan Tan Rubber Fund Cooperative, Pattani,
Thailand. The HNT was mined and supplied by Imerys
Tableware Asia Limited, New Zealand. The main
compositions of the HNT are as follows (wt%); SiO2
(49.5%), Al2O3 (35.5%), Fe2O3 (0.29%), TiO2 (0.09%)

Triglyceride composed
in palm stearin

Diethanolamine

70 °C

CH3ONa/CH3OH

with traces of CaO, MgO, K2O and Na2O. The stearic acid
was purchased from Imperial Chemical Co., Ltd.,
Bangkok, Thailand. ZnO was obtained from Global
Chemical Co., Ltd., Samut Prakan, Thailand. Ncyclohexyl-2-benzothiazole

sulfenamide

(CBS)

Glycerol

Modified palm stearin

was

purchased from Flexsys America L.P., West Virginia,
USA and sulfur was purchased from Siam Chemical Co.,
Ltd., Samut Prakan, Thailand. The palm stearin used was
manufactured by Chumporn Palm Oil Industry PCL.,
Chumporn, Thailand. Other chemicals used to synthesize
the modified palm stearin such as sodium methoxide,
diethanolamine, diethyl ether and saturated sodium
chloride were supplied by Sigma-Aldrich (Thailand) Co.,
Ltd. Bangkok, Thailand.
2.2 Synthesis of modified palm stearin.
Modified palm stearin was prepared according to the
optimum conditions described by Surya et al. [5]. It was
done in a reaction kettle fitted with a stirrer at
atmospheric pressure. The methanol was initially added
and then mixed with sodium methoxide while stirring. The
mixture of palm stearin and diethanolamine was later
added to the solution and mildly stirred. Next, the mixture

Figure 1. Proposed chemical reaction of modified
palm stearin, adapted from Surya et al. [5].
2.3 Preparation of NR/HNT composites
Table 1 lists the starting materials used for compounding
the compatibilized NR/HNT composites, the entire
amounts of NR, HNT, modified palm stearin and other
additives were prepared using a Brabender (Plastograph®
EC Plus, Mixer W50EHT 3Z). The compounds produced
are hereafter designated as M0, M0.5, M1, M1.5, M2 and
M2.5 for the composites with 0, 0.5, 1, 1.5, 2 and 2.5 phr
of modified palm stearin, respectively. After dumping, the
compounds were passed through a tight nip (~2 mm) tworoll mill to remove excess generated heat. The compounds
were then compression molded into specific shapes by a
hydraulic hot press, using the curing times determined by
a moving-die rheometer (MDR) as described in the
following section.

was heated and the reaction temperature was kept constant
at 70°C for 5 h. The resultant mixture was extracted with
diethyl ether, and washed with saturated sodium chloride
solution. The crude product was finally purified with
anhydrous sodium sulfate, and concentrated by a rotary
evaporator. Modified palm stearin was stored in a
desiccator prior to characterize through Fourier transform
infrared spectroscopy (FTIR) to capture the change in
functionalities. The reaction procedure of the modified
palm stearin is shown in Figure 1. The modified palm

2.4 Measurement of curing characteristics
The curing characteristics of the composites were
performed using an MDR (Rheoline, Mini MDR Lite) at
the temperature of 150 °C. It was used to determine the
torque, scorch time (tS1) and curing time (tC90) according to
ASTM D5289.
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Table 1. Compound formulation of the NR/HNT composites
3.1 Functionalities of modified palm stearin

with and without modified palm stearin.
Ingredients

The typical infrared spectra of unmodified and

Sample code
M0

M0.5

M1

M1.5

M2

M2.5

100

100

100

100

100

100

ZnO

5

5

5

5

5

5

HNT

10

10

10

10

10

10

Modified

0

0.5

1

1.5

2

2.5

RSS 3

palm

modified palm stearin are shown in Figure 2. The
wavenumbers and their respective assignments are
summarized in Table 2. Similar bands of C-H stretch
detected at wavenumbers 2922 and 2852 cm-1, and CH2
rocking band appeared at 719 and 721cm-1 associated with
long alkyl chains in the fatty acids are observed in both
unmodified and modified palm stearin. Further evidence

stearin
CBS

2

2

2

2

2

2

Sulfur

2

2

2

2

2

2

of a methyl group (CH3) attached to a carbon atom was
also shown as the umbrella mode at 1352 cm-1 [7].

2.5 Measurement of tensile properties
Dumbbell-shaped samples were cut from the
molded sheets according to ASTM D412, and tensile tests
were performed at a cross-head speed of 500 mm/min. The
tensile tests were carried out with a universal tensile
machine (Tinius Olsen, H10KS), to determine 100%
modulus, 300% modulus, tensile strength and elongation
at break.

Figure 2. FTIR spectra of unmodified and modified
palm stearin.

2.6 Dynamic property
The dynamic property of the HNT-filled NR composites

Table 2. The observed peaks and respective assignments of

were studied by using a Rubber Process Analyzer

unmodified and modified palm stearin.

(MonTech, D-RPA 3000). The sample was cured at 150°C

Wavenumbers (cm-1)

Suggested assignments

based on the curing time obtained from MDR. Then,

3410

O-H stretch

temperature was cooled down until 100°C. The dynamic

2922, 2852

C-H stretch

property was later performed at 100°C, frequency 1 Hz and

1745

C=O strength in ester

varying strains in the range of 0.5% to 100%. The storage

1629, 1556

C=O stretch in modified structure

modulus (G¢) was recorded and the filler-filler interaction

1352

CH3 umbrella mode

1064

C-N stretch

719/ 721

CH2 rocking

of the composites were monitored through the Payne effect
which can be calculated according to the equation below;
Payne effect = G'at 0.5%-G'at 100%

(1)

where G'at 0.5% is the storage modulus (G¢) at 0.5% strain
and G'at 100% is the storage modulus (G¢) at 100% strain.
Higher value of Payne effect indicates higher level of
filler-filler interaction.

The distinct bands observed in the modified palm
stearin over unmodified palm stearin are also shown in
Figure 2. These include the strong band of O-H stretch at
3410 cm-1, the C=O stretch at 1629 and 1556 cm-1, and the
amide C-N stretch at 1064 cm-1 respectively. The spectrum
obtained clearly corresponds to the functional groups
present in modified palm stearin as seen in Figure 1.

3. Results and Discussion

3.2 Cure characteristics
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The curing properties of the NR/HNT composites
with and without modified palm stearin are shown in Table

modified palm stearin can enhance the cure rate of the
composites.

3. It was found that the minimum torque (ML) decreased
slightly with the addition of modified palm stearin. ML

3.3 Tensile properties
Tensile properties of the NR/HNT composites

offers valuable detail about the processability of rubber
compound [8] in which lower value of ML indicates better
compound’s processability. Here, it is clear that modified
palm stearin improved the processability of the
compounds. Modified palm stearin is waxy in nature,
therefore it can act as a plasticizer resulting in lowering the
viscosity and improved processability of the compounds.
The maximum torque (MH) reduced after adding modified
palm stearin showing that the modified palm stearin played
an important role in acting as plasticizer to the NR/HNT
composites. A similar finding was observed for the torque
differences (MH – ML), which is known to be correlated to
the degree of crosslinking and/or interaction within the

with and without modified palm stearin are listed in Table
4. The tensile strength increased upon the inclusion of
modified palm stearin to an optimum at 1.0 phr loading,
thereafter the value is decreased slightly. The increment in
tensile strength was simply due to the modified palm
stearin itself, which had a direct effect on the interaction
between the NR and HNT. The strong NR and HNT
interactions can be confirmed from the results of the
stresses at 100% and 300% strain (M100, M300) that
increased gradually with modified palm stearin loading to
the maximum at 1.0 phr, thereafter decreased slightly.
However, all the compounds with modified palm stearin
show higher modulus compared to the one without. The

composite system [9].

enhancement of filler-rubber interaction in the presence of
Table 3. Cure characteristics of NR/HNT composite with and

modified palm stearin results in stiffer and harder

without modified palm stearin.

composites. Such finding is more obvious when

ML

MH

MH - ML

ts1

tC90

considering the stress at 300% elongation (M300).

(dN.m)

(dN.m)

(dN.m)

(min)

(min)

Furthermore, high contents of modified palm stearin also

M0

1.05

9.62

8.57

1.04

2.66

caused a reduction in the tensile properties especially at the

M0.5

0.99

9.58

8.59

0.90

2.42

level above 1 phr. The excess of modified palm stearin

M1

1.00

9.03

8.03

0.69

2.02

M1.5

1.05

9.22

8.17

0.58

1.91

M2

1.02

8.79

7.95

0.45

1.71

M2.5

1.01

8.92

7.91

0.47

1.73

Sample

induced plasticization in addition to compatibilization,
causing a decrease of modulus and an increase of
elongation at break.
Table 4. Tensile strength, elongation at break, modulus at

The amide content in the modified palm stearin also
shortened the scorch and cure times of the composites. As

100% and 300% of the NR/HNT composites with and
without modified palm stearin.

mentioned before, modified palm stearin was synthesized
from palm stearin and diethanolamine which made

Tensile
Sample

(MPa)

modified palm stearin an alkaline substance.
This has brought to an increase in pH of rubber

Strength

Elongation at

M100

M300

break (%)

(MPa)

(MPa)

M0

27.32 ± 1.67

654 ± 25

3.19 ± 0.32

15.49 ± 2.02

M0.5

28.17 ± 0.51

648 ± 16

3.31 ± 0.30

15.31 ± 1.35

compounds and in most instances, enhances the cure rate.

M1

30.02 ± 0.60

602 ± 16

3.91 ± 0.22

23.36 ± 1.01

Any chemical substance that gives the rubber compound

M1.5

28.29 ± 0.68

666 ± 15

3.32 ± 0.18

16.54 ± 0.71

M2

27.78 ± 0.78

674 ± 13

3.38 ± 0.12

18.28 ± 1.00

M2.5

27.16 ± 0.70

654 ± 13

3.28 ± 0.19

18.48 ± 1.03

more alkalinity will lead to enhance the cure rate because
the acidic materials tend to retard the reactivity of
accelerators [5,10]. It was therefore expected that the
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3.4 Dynamic properties
Dynamic properties of the composites were carried
out using Rubber Process Analyzer. This is to investigate
the storage modulus and the Payne effect. Figures 3 and 4
illustrates the storage modulus and the Payne effect of the
NR/HNT composites with and without modified palm
stearin, respectively. As the materials were tested after
cure, so filler-filler and filler-rubber interactions as well as
crosslinks contributed to the level of the storage modulus.

Figure 4. The Payne effect of the NR/HNT composites

After the breakdown of filler-filler interaction at high

with and without modified palm stearin.

strain, the storage modulus of the composites is mainly
affected by the crosslinks and filler-rubber interaction, and

4. Conclusion
The overall properties of NR/HNT composites

the results obtained agree well with the tensile modulus.
The Payne effects of all composites, as shown in Figure

were clearly enhanced by the addition of modified palm

4, were calculated from the difference between the

stearin. The main contributions are from the waxy nature

storage modulus at low and high strain amplitude.

of modified palm stearin which can enhance the dispersion

Increasing such values indicates higher filler-filler

of HNT throughout the NR matrix, and the chemical

interaction and physical adsorption of NR onto surface of

structure that can improve the HNT-NR compatibility.

HNT [11]. The Payne effect decreases with increasing

This has brought to an increase in modulus, tensile strength

modified palm stearin loading to a minimum at 1 phr,

and elongation at break. The presence of modified

thereafter increases slightly. The better interactions

palm stearin provided lower Payne effect, confirming the

between NR and HNT by the incorporation of modified

improvement of interaction between NR and HNT.

palm stearin not more than 1 phr help to suppress fillerfiller interaction. This finding correlates to the tensile
properties observed in the previous discussion.
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Improvement of mechanical and electrical properties of multiwall carbon nanotube filled
poly(methyl methacrylate) modified natural rubber
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Abstract
Conductive natural rubber (NR) nanocomposites were prepared using multi-walled carbon nanotube (MWCNT)
as conductive filler. The objective of this research work is to study the improvement of the filler dispersion, mechanical
and electrical properties of unmodified NR and methyl methacrylate functionalized NR (NR-g-PMMA) filled with
MWCNT. It was found that the tensile strength and conductivity of NR-g-PMMA/MWCNT nanocomposites are higher
than that of NR/MWCNT nanocomposites. The improvement of mechanical and electrical properties of NR-gPMMA/MWCNT had been proved by scanning electron microscope (SEM). That is, uniform dispersion of MWCNT
was observed in NR-g-PMMA/MWCNT nanocomposites, while MWCNT particles tend to form agglomeration in
unmodified NR matrix. When MWCNT is incorporated in the rubber matrix, the high electrical conductivity is achieved
at a certain concentration of the conductive filler, which is called the percolation threshold. In this study, the reduction
of the percolation threshold was observed in the NR-g-PMMA/MWCNT nanocomposites. The results showed that the
significant improvements in mechanical and electrical properties were observed for NR-g-PMMA/MWCNT
nanocomposites due to good interfacial interaction between filler particles and the rubber matrix.
Keywords: Conductive polymer composites; filler-polymer interaction; Carbon nanotube; Natural rubber
1. Introduction

uniformly in the polymer matrix, the mechanical,

Conductive elastomer composites can be prepared

electrical and thermal properties will be remarkably

by incorporating electrically conductive fillers into the

improved. However, the uniform dispersion of CNT in

insulating elastomer matrix. Carbon-based fillers like

rubber matrix is really difficult and challenges to

graphite, carbon black and carbon nanotubes are

overcome due to agglomeration and poor dispersion of

classified as conductive fillers that have been widely used

CNT in the rubber matrix [8]. Therefore, several attempts

to improve mechanical and electrical properties of the

have been carried out to achieve a highly uniform

polymers. [1–4]. Among carbon-based fillers, carbon

distribution of CNT in the elastomer composites.

nanotubes (CNTs) play a very promising role due to their

Chemical modification of elastomer backbone is one of

better structural and functional properties such as high

effective and economical method to improve filler-

aspect ratio, high surface area, high mechanical strength,

polymer

remarkable electrical conductivity [5]. The high surface

copolymerization and epoxidation reactions have been

area

widely applied for natural rubber (NR) blends and

and

aspect

ratio

of

CNT

provide

higher

reinforcement and electrical conductivity at low loading

and

polymer-polymer

interactions.

Graft

composites.

level, whereas conventional micro-filler requires high

In this research, graft copolymerization of natural

concentration to provide superior mechanical and

rubber (NR) with methyl methacrylate (MMA) was

electrical properties [6, 7]. When CNT was dispersed

carried out using emulsion polymerization technique to
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improve polarity of NR and filler-polymer interaction in

distilled water, and finally dried in an oven at 50 °C until

the NR/MWCNT composites. The cure characteristic,

constant weight.

mechanical, electrical and morphological properties of
unmodified

NR

and

NR

grafted

poly(methyl

methacrylate) (NR-g-PMMA) filled with multiwalled

2.3

Preparation

of

NR/MWCNT

and

NR-g-

PMMA/MWCNT composites. The NR/MWCNT and
NR-g-PMMA/MWCNT composites were prepared by

carbon nanotube (MWCNT) were investigated.

melt mixing in an internal mixer, Brabender Plasticorder

2. Experimental methods

(GmbH & Co. KG, Duisburg, Germany), with a rotor
2.1 Materials

speed of 60 rpm at 60°C. The formulation is shown in

High ammonia concentrated latex (HA latex)

Table 1. The NR and NR-g-PMMA was initially

containing 61% dry rubber was purchased from Yala

masticated for 2 min. Then, antioxidant 6PPD was

Latex Co., Ltd. (Thailand). Methyl methacrylate (MMA)

incorporated for 1 min. The conductive filler MWCNT

monomer

was

was then added for 10 min. Finally, curative agent HRJ-

Cumene

10518 was incorporated for 2 min. The total mixing time

hydroperoxide (CHP) and tetraethylene pentamine

of each compounds were the same for 15 min. The

(TEPA)

(Buchs,

compounds were eventually cured using hydraulic press

Switzerland). Phenolic resin (HRJ-10518), used as curing

at 180°C to 2 mm sheets using optimum cure time (T90)

agent, was manufactured by Schenectady International

determined from rheometer.

used to prepare graft

manufactured

by

were

Sigma-Aldrich
purchased

from

copolymer
(USA).
Fluka

Inc., New Port, USA. N-(1,3-Dimethylbutyl)-N′-phenyl-

Table 1. Rubber/CNT compounding formulation

p-phenylenediamine (6PPD), used as antioxidant, was
manufactured by Eliokem lnc., OH, USA. Multiwall
Carbon nanotubes (MWCNT) used in this research is

Ingredients

Quantity (phr)

NR or NR-g-PMMA

100

6PPD

1

HRJ-10518

7

MWCNT

Varied (0 to 7)

NC7000TM, which is purchased from Nanocyl S.A.,
Belgium.
2.2

Preparation

of

NR-g-PMMA.

Graft

co-

polymerization of natural rubber and methyl methacrylate

2.4 Characterization. The presence of grafted PMMA

(NR-g-PMMA)

emulsion

on the NR backbone was determined using ATR-FTIR

polymerization. The NR-g-PMMA was carried out at

spectrometer (Tensor27, Bruker). Mechanical properties

NR/MMA ratio of 80/20 wt% according to previously

were tested at room temperature, with 500 min/min

published procedures [9]. The HA latex (61% DRC) was

extension speed, according to ASTM D-412, Electrical

first added into a 1-L main reactor and stirred at 120 rpm

conductivity was performed at room temperature in the

under N2 atmosphere. Tetraethylene pentamine (TEPA)

frequency range 102 - 106 Hz using Precision Impedance

as redox initiator and Potassium laurate (K-laurate) as

Analyser (Agilent 4294A) with dielectric text fixture

stabilizer were then added into the main reactor. The

16451B. The cure characteristics were obtained from

mixture was diluted with distilled water to adjust the total

Rubber

solids content (TSC) to 50%. The reaction was carried

Technologies)

out for 30 min at 60 °C. Then, the mixture of MMA and

cryogenically fractured surface of the composites were

CHP in a feeding tank was added drop-wise into the main

collected on field emission scanning electron microscopy

reactor. The reaction was then allowed to proceed for 3 h

(FESEM) with an accelerating voltage of 5.00 kV.

was

prepared

by

with constant stirring. After that, the graft copolymer
latex was then coagulated with methanol, washed with

Process
at

Analyzer
180°C.

(RPA
The

2000,

SEM

Alpha

images

of
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resulted in increased of stiffness and the improvement of
interfacial interaction between MWCNT and NR matrix.

3.1 Preparation of NR-g-PMMA
The FTIR spectra of NR and NR-g-PMMA are
shown in Figure 1. The FTIR spectrum of NR showed
absorption bands at 1663 and 835 cm-1, which are
assigned to C=C stretching and =C-H out of plane
deformation, respectively. The NR-g-PMMA showed
additional bands at 1732 and 1140 cm-1 which have been
attributed to stretching vibration of C=O and C-O in the
grafted PMMA, respectively. This result confirmed the
occurrence of grafting reaction in NR-g-PMMA sample
[10, 11]. In addition, The amounts of PMMA in the
copolymer were about 15 mol%, which was examined by
1

H-NMR technique.

Figure 2. Cure characteristic of (a) NR/MWCNT and (b)
NR-g-PMMA/MWCNT with various MWCNT loadings
Figure 1. FTIR spectra of NR and NR-g-PMMA
3.2 Curing Characteristics
Curing characteristic of NR and NR-g-PMMA

at 180°C
3.3 Mechanical Properties
The mechanical properties of NR/MWCNT and

filled with various loading of MWCNT is shown in

NR-g-PMMA/MWCNT

Figure 2. It is seen that all curing curves with different

amount of CNT loading are shown in Table 2. It is

loading levels of MWCNT show marching curing

evident from the results that the grafting of PMMA onto

behavior due to phenolic resin cure. The maximum

NR molecules significantly improved the tensile strength

torque (MH) increased with increasing MWCNT content

of NR. This is due to that fact that the presence of the

in NR and NR-g-PMMA. The increase of maximum

grafted PMMA in NR could improve the strength of the

torque is typically an indication of the crosslink density

NR. The low mechanical properties of NR/MWCNT

in a rubber composite, which might be attributed to

nanocomposite as compared to NR-g-PMMA/MWCNT

rubber–filler interactions. The cure characteristics of NR-

nanocomposites

g-PMMA/MWCNT has a higher value than NR/MWCNT

agglomeration of MWCNT in NR matrix and low

which might be contributed to the effect of a graft

interfacial interaction. From Table 2, the NR-g-

copolymer of PMMA onto NR backbone which is

PMMA/MWCNT showed maximum tensile strength

is

composites

might

be

with

attributed

different

to

the
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when NR-g-PMMA filled with 3 phr of MWCNT,

between MWCNTs and NR matrix. [13-15]. In contrast,

whereas

NR-g-PMMA nanocomposite showed a better dispersion

the

tensile

strength

NR/MWCNT

nanocomposites were almost constant as MWCNT

of MWCNT in NR-g-PMMA.

increased. This optimum concentration of NR-gPMMA/MWCNT nanocomposite could be attributed to
good interfacial interaction between MWCNT and NR-g-

Table 2. Mechanical properties of NR/MWCNT and NRg-PMMA/MWCNT nanocomposites

PMMA and uniform dispersion of MWCNT in NR-g-

Samples

Quantity

Tensile

Elongation

(phr)

Strength

at Break

(MPa)

(%)

0

4.31±0.28

872±66

flexibility of the composites. Moreover, it can be

1

5.37±0.30

730±66

observed that the elongation at break of NR-g-

3

3.95±0.07

430±7

PMMA/MWCNT composites was slightly higher than

5

4.40±0.07

361±27

that of NR/MWCNT composites when the concentration

7

5.37±0.05

287±6

NR-g-PMMA

0

13.16±0.12

556±33

/MWCNT

1

15.29±0.95

521±7

3

17.37±0.69

512±2

5

16.03±0.30

456±15

7

14.66±0.80

360±27

PMMA matrix. In addition, there is decreasing in
elongation at break of both composites as MWCNT
contents increased due to higher stiffness and lower

was beyond 3 phr, suggesting the improved of interfacial

NR/MWCNT

interaction between MWCNT and NR-g-PMMA matrix.
3.4 Electrical Properties
The effect of MWCNT loading on the electrical
properties of the NR and NR-g-PMMA nanocomposites
is shown in Figure 3. The ac conductivity of
NR/MWCNT

and

NR-g-PMMA/MWCNT

nano-

composites is improved with increasing MWCNT
content. Since MWCNT has a high aspect ratio (L/D) of
157 [12], this leads to increase in the conductive value of
composites. It is obviously seen that the addition of a
small amount of MWCNT at 1 phr has shown significant
improvement in the electrical properties of NR-gPMMA/MWCNT. In addition, the conductivity of NR-gPMMA

is

higher

than

that

of

NR/MWCNT

nanocomposites for all concentrations. This indicates that
using NR-g-PMMA improved the electrical properties of
Figure 3. AC conductivity of NR/MWCNT and NR-g-

the nanocomposite.

PMMA/MWCNT
3.5 Morphology
The

In Figure 4. shows SEM micrographs of

improvement

of

dispersion

ability

of

nano-

MWCNT in NR-g-PMMA is due to the interfacial

composites. A large agglomeration of MWCNT in the

interaction, which arise from carbonyl group (C=O) of

unmodified NR matrix was observed for NR/MWCNT

grafted PMMA and some functional groups such as

nanocomposites. This is attributed to strong Vander

hydroxyl and carbonyl group in MWCNT. In our case,

Waals forces and high interfacial tension between filler

the

and rubber matrix, which contribute to a low affinity

nanocomposites was benefit to form MWCNT network

NR/MWCNT

and

NR-g-PMMA/MWCNT

good

dispersion

of

NR-g-PMMA/MWCNT
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resulting in an improved mechanical and electrical
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Impact Strength Essential for UAV Applications of Epoxy Resin Blend Improved with
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Abstract
The unmanned aerial vehicles (UAV) are popular in a variety of usages. The UAV blades are increasingly made
from epoxy resin (EP) composites by using polyamine hardeners as curing agents giving very high crosslink density,
which also leads to some undesirable properties such as brittleness and low resistance to crack initiation and propagation.
Improving the impact strength and toughness of epoxy resin was pursued by adding a rubber phase. Chemically modified
epoxidized natural rubbers (ENR 25 and ENR 50) have better compatibility with epoxy resin than plain natural rubber
because of the polarity of oxirane rings (-O-). The ENR loading was tested from 0 to 10 part by weight (pbw) relative to
the epoxy resin (100 pbw). The polymer blends were assessed for mechanical properties and morphology. It was found
that 5 phr of ENR in the epoxy resin blend gave the highest impact strength as well as tensile and tear strength among the
composites. These composites could be used in UAV propeller blades because of their physical properties that suit UAV
blade applications.

Keywords: UAV propeller blades, epoxidized natural rubber, impact strength, composites
1.

Introduction

of their excellent properties, such as high modulus, low

Unmanned Aerial Vehicles (UAV), commonly

creep, and reasonable elevated temperature performance,

known as drones, are very popular due to their ability to

but they easily fail under impact because of the highly

access areas quickly and accurately. The UAV originated

crosslinked structure [3-5]. Materials that have been added

mainly in military applications, but its uses have rapidly

to epoxy solids to improve toughness include hard

expanded to commercial, scientific, agricultural, and other

particulate materials, such as inorganic glass particles [6-

fields. When the UAV is in flight, debris can impact the

7]. In addition, elastomers and thermoplastics were

fast-moving propeller blades and disable the UAV, which

studied, and the effects of epoxidized natural rubber

is clearly undesirable. The propellers are mostly made of

(ENR) on mechanical and thermal properties varied by

carbon fiber, nylon, fiber glass and stainless titanium

rubber content in the blend [8]. It was suggested that the

because these are strong but light-weight. However, epoxy

impact strength of epoxy resin can be improved by

resins are the most important part of these composites,

blending in ENR [9]. ENR particles and other soft

used as the adhesive matrix with the fibers for improved

materials such as polysiloxane, have been well studied for

strength and smooth glossy surfaces. Therefore, improving

improving the fracture toughness of brittle epoxy resin

the ductility of these blades for better impact resistance is

[10]. The aim of this research was to improve the critical

desired. The materials conventionally used in the

mechanical properties of epoxy resin composites by

composite are carbon fiber, epoxy resins and hardener [1-

mixing in ENR for use in unmanned aircraft blades. Two

2]. Epoxy resins are nowadays used extensively because

levels of epoxidation were tested, namely ENR 25 (25
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mole %) and ENR 50 (50 mole %). Composites of epoxy

(INR) and that of the proton peak on epoxide ring, the

resin with added ENR were particularly assessed for the

epoxide content can be calculated according to Equation 1

impact strength essential to UAV propeller applications.

[11].
Mol% epoxidation = [I2.70/(I2.70+I5.14)]×100

(Eq. 1)

2. Experimental
Where I2.7 and I5.4 are integral values of protons on
2.1. Materials
2.2.1 Epoxidized natural rubber (ENR) was obtained from
Muang Mai Guthrie Co. Ltd., Thailand, with two different
epoxidation degrees: ENR 25 and ENR 50.
2.2.2 The Bisphenol-type epoxy resin (YD 535 LV)
(Epicholrohydrin–bisphenol A: Epotec, number average
molecular weight < 700) was purchased from Aditya Birla
Chemical Industry Co., Ltd., Thailand.
2.2.3 The polyamide resin (TH 7255) used as curing agent
was supplied by Siam Chemical Industry Co., Ltd.

epoxide ring and double bonds in ENR and NR,
respectively.
2.3.3 Dynamic light scattering
Dynamic light scattering (DLS) is a technique to
measure the intensity of light intensity, also known as
photo correlation spectroscopy (PCS), which is a
technique used to measure the particle size in nanometers
ranging from 0.005 - 5 µm. DLS were measured at room
temperature in suspension mode using Annalys 22
Nanotech.

Thailand.
2.4 Mechanical properties of composite
2.2 Preparation of composite
The formulation had epoxy resin (100 pbw), and
the tested amounts of ENR in the blends were 0, 3, 5, 7,
and 10 pbw. The curing agent was polyamide resin (TH
7253) (35 pbw). The mixture was stirred at 50 rpm under
room temperature for 10 minutes to mix the epoxy resin
with ENR 50, and for another 5 minutes with polyamine
hardener (TH 7253) at the same stirrer speed. Specimens
were prepared by casting the mixture in rubber molds.
2.3 Characterization of material
2.3.1 Fourier transform infrared spectroscopy (FTIR)
Approximately 15 mg sample of the composite was
used for Fourier transform infrared spectroscopy analysis.
The recorded spectra were averages of 32 scans over the
wave number range 4000-400 cm-1 at 4 cm-1 resolution.
2.3.2 Proton nuclear magnetic resonance spectroscopy
(1H-NMR)
Approximately 50 mg of the ENR sample was
dissolved in CDCl3 and analyzed for one-dimensional of
proton nuclear magnetic resonance (1H-NMR) at 400 MHz
using a Bruker DPX 300 Fourier transform NMR
spectrometer operating by Bruker, Rheinstetten, Germany.
Based on the integral of the peaks associated with the
proton on the double bonds in the natural rubber structure

2.4.1 Impact strength
The izod impact test was conducted with a
cantilever impact tester at room temperature, according to
ASTM D256. The specimen dimensions were 63.5 x 12.7
x 3.0 mm3.
2.4.2 Tensile strength
The tensile properties of the composite were
measured according to ASTM D638 with Lloyd LR 10K
Universal testing machine with 10 kN load cell, with the
test speed of 50 mm/min.
2.4.3 Tear strength
The tear strength test was performed according to
ASTM D264. The testing machine equipped with 10 kN
load cell had extension speed 50 mm/min. Die B cut tear
specimens in dumbbell shape had length 110 mm, width
25 mm, and thickness 2.2 mm.
2.5 Morphology
The

scanning

electron

microscopy

(SEM)

inspection was focused to the vicinity of a razor notch,
which reflects the uniform failure mode. SEM samples
were coated with thin gold/palladium layer and examined
in a SEM (Cambridge Stereoscan 200).
2.6 Statistical analyses
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3.2 Characterization of ENR by 1H-NMR

The Different superscripts in a column indicate

The 1H-NMR spectrum of NR using CDCl3 as the

statistically significant differences at 95% confidence by

solvent was consistent with ENR 50 (Figures 2a and 2b).

Duncan’s method. Mean±SD: mean and standard

1

deviation based on triplicate samples.

1.68 ppm, which are characteristic of oleﬁnic protons

H-NMR of NR showed three main peaks at 5.26, 2.06 and

(HC-), methylene protons (-CH2-) and methyl protons (3. Results and Discussion

CH3), respectively (Figure 2a). 1H-NMR of ENR clearly
showed four signiﬁcant peaks at chemical shifts that are

3.1 Characterization of ENR by FTIR analysis
The ENR was characterized for its epoxidation (in
mol %) using FTIR. The characteristic peaks of NR
(Figure 1a) appeared at 2858, 1660, 1446, 1375 and 838
cm-1, and were assigned to the C-H stretching, C=C
stretching, CH2- deformation, C-H deformation of CH2
and =C-H deformation, respectively [12]. As the C=C
bonds in NR molecules were randomly converted into
epoxide groups, new characteristic peaks emerged at 1251
and 873 cm-1 in the spectrum of ENR, attributed to the
symmetric and asymmetric stretching of epoxide ring,
respectively (Figure 1). Therefore, as the mol %
epoxidation increased, the peak at 873 cm-1 increased
correspondingly, and the reduction in the number of C=C
in ENR was reflected by decreased peaks at 1660 and 837
cm-1. This confirmed the formation of epoxide rings from
the reaction with performic acid (generated in situ by
reacting HCOOH and H2O2) of the C=C bonds on the NR

consistent with cis-1,4-polyisoprene. These peaks at 5.14,
2.70, 2.05, 1.70 and 1.30 ppm are characteristic peaks of
oleﬁnic protons, methine proton, methylene protons of the
ENR 50, methyl protons and methyl protons of the purified
ENR 50, respectively (Figure 2b). These NMR results are
in agreement with those previously reported for NR and
ENR 50 [13-14]. The double bonds of natural rubber were
partly replaced by epoxide. The chemical shift at about
2.70 ppm is caused by proton removal from the epoxide
group [15], while the shift at 5.14 ppm reflects bonding of
the protons in the double bond, in the original structure of
natural rubber indicating that the epoxide mass had been
increased. Therefore, the amount of epoxide was estimated
from the change in the double bonds of rubber to the
epoxide structure (Figure 2). Based on the calculation
using Equation 1, the epoxide contents were approximate
25 and 50 mol % in the prepared ENR, in good agreement
with the estimation from FTIR.

backbones. The epoxided product is here labeled ENR 25

(a

and ENR 50 according to its content of epoxide groups,
and was blended with epoxy resin at various ratios. The
blends were successfully cured in rubber casting molds.

(b

Figure 2. The 1H-NMR spectra of (a) ENR 25 and (b) ENR
Figure 1. FTIR spectra of ENR 25 and ENR 50

50
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3.4 Mechanical properties

The particle size distributions of ENRs are shown

The mechanical properties at various types and

in Figure 3. Dynamic light scattering provides quick,

amounts of ENR in the epoxy resin were determined:

precise and repeatable nanoparticle size data and it is an

impact strength, tensile strength and tear strength. These

essential tool for the nanoparticle technologist. The z-

are shown in Table 1 and in Figures 4-5. Figure 4 shows

average diameters obtained with the SZ-100 are listed. The

the impact strength of epoxy resin blends. Addition of

size distribution of both ENR 25 and ENR 50 is a unimodal

ENR in epoxy resin improved impact strength of epoxy

as it has one peak as shown in Figure 3. For ENR 25

resin markedly. The globular rubber nodules contributed

particles, the 10% of the population (D10) lies below 0.8

to this toughening effect. However, the ENR 50 offered

µm, and 90% of them (D90) lies below 1.2 µm. Figure 3b

higher impact strength than the ENR 25. The amount of

shows size distribution of ENR 50 with a nominal particle

ENR at 5 pbw in epoxy resin gave the highest impact

size around 1.6 µm. The ENR 50 shows larger particle size

strengths. Table 1 shows the mechanical properties of

than ENR 25 due to the polarity in structure of ENR 50

epoxy resin blends. Regarding tensile strength, the

that had effect to rubber particle agglomeration. However,

addition of ENR in epoxy resin reduced tensile strength of

the high polarity of ENR results in good compatibility and

epoxy resin markedly, ENR 50 shows the tensile strength

dispersion in the epoxy matrix that contributed to

more than ENR 25 in all of case with ENR 50. This is due

improved mechanical properties of the epoxy resin.

to the small particle size of ENR that had good

(a)

compatibility and dispersion in the epoxy matrix. Tensile
strength thereafter decreased steadily with the amount of
rubber, without significant difference between ENR 25
and ENR 50.
Table 1. The mechanical properties of composite
ENR
(phr)
0

(b)

3
5
7
10

Tensile Strength
(MPa)

Impact Strength
(kJ/m2)

ENR 25

ENR 50

ENR 25

ENR 50

50.29±
3.34
46.22±
0.12
41.96±
1.21
32.53
±1.49
28.79±
2.07

50.29±
3.34
47.05±
2.47
48.26±
5.14
42.42±
1.94
21.48±
0.92

10.15±
0.48
14.06±
0.82
14.51±
0.45
10.73±
0.45
8.45±
0.64

10.15±
0.48
14.27±
0.11
14.87±
0.11
12.64±
0.78
10.56±
1.48

The results show that the use of ENR also improved
tear strength of composite, and 5 pbw of ENR 50 gave
higher tear strength than ENR 25 (Figure 5). This can be
explained by the higher elasticity of ENR 25. Moreover,
Figure 3. Particle size of (a) ENR 25 and (b) ENR 50

the compatibility of ENR 50 with epoxy resin is better than
that of ENR 25.
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improve the impact resistance of epoxy resin for use in
Unmanned Aerial Vehicles, specifically in their propeller
blades.
(a)

(b)

Amount of rubber (pbw)

Rubber particle

(c)

Rubber particle

Figure 4. Impact strength of epoxy resin

Figure 6. SEM micrographs of fractured surfaces of
composite (a) epoxy resin pure, (b) epoxy resin/ENE 25
and (c) epoxy resin/ENE 25 (ENR 5 pbw)
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Abstract
Silica nanoparticles were prepared from sugarcane bagasse ash (SBA) by sol-gel method. Chemical composition,
chemical structure and surface properties of SBA and prepared silica nanoparticles were characterized. Silica contents in
SBA and prepared silica nanoparticles were 64.8 and 98.8%, respectively. FTIR spectrum of prepared silica nanoparticles
showed Si-O-Si peak which confirmed silica characteristics. The prepared silica nanoparticles were used as a reinforcing
filler in natural rubber (NR). The effect of silica nanoparticles contents (0, 1, 3, 5 and 10 phr) on cure characteristics,
mechanical properties and morphology of NR composites were studied. Scorch time and cure time of the composites were
increased with silica nanoparticles content. With increasing silica nanoparticles content, the improvement of maximum
torque, minimum torque, modulus, hardness of the composites was found. The composite filled with 5 phr of silica
nanoparticles showed the highest tensile strength.
Keywords: Silica nanoparticles, Natural rubber, Mechanical properties, Cure characteristics
1. Introduction

produce silica particles [4,5]. Sugarcane bagasse ash is

Natural rubber (NR) is one of the main rubbers and

waste in sugar industry and by-products from Bio-power

widely used to prepare many rubber products. It combines

station. It needs to be disposed properly, otherwise it may

excellent and wide range of mechanical and dynamical

cause a major environmental sustainable issue. Using SBA

properties for various applications. Properties and

as a source of sodium silicate for produce silica

performances of rubber compounds depend mainly on the

nanoparticles for natural rubber composite applications not

right compounding ingredient combination. Different

only provides a solution for waste disposal but also

reinforcing fillers affect significantly on the properties of

recovers a valuable materials from agricultural wastes.

NR compounds [1,2]

The objective of this work was to prepare silica

Silica nanoparticles (nSiO2) have been used widely

nanoparticles from SBA by sol-gel method. Moreover, the

in various application e.g. medical application, cosmetic

effect of prepared silica nanoparticles contents on cure

application as well as used as a reinforcing filler in natural

characteristics, mechanical properties and morphology of

rubber for improving mechanical and thermal properties of

NR composites was investigated.

NR composites [2]. The commercial methods used to
synthesize silica nanoparticles are flame synthesis and solgel. However, the production of silica nanoparticles for
commercial applications is still high cost, high energy
consumption and hazardous to the worker [3]. Extensive
researchers have carried out to extract sodium silicate from
sugarcane bagasse ash (SBA) for use as a precursor to

2. Experimental
2.1 Materials
SBA was supplied from Khonburi Power Plant Co.,
Ltd. subordinated to Khonburi Sugar Public Co., Ltd.
(Thailand). Chemicals used in silica preparation were
hydrochloric acid (HCl), sodium hydroxide (NaOH),
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ethanol and ammonia. Natural rubber (NR, STR XL) was

Cure characteristics of NR and NR composites

obtained from Natural Art and Technology Co., Ltd. Silica

were investigated using a moving die rheometer (MDR,

ULTRASIL VN2 (Evonik) was supplied from PI Industry

GOTECH/GT-M200F) at 150ºC.

Co., Ltd. Other ingredients used to vulcanize natural

Tensile properties of NR and NR composites were

rubber were stearic acid, zinc oxide, N-cyclohexy1-2-

tested according to ASTM D412 using a universal testing

benzothiazole- 2-sulphenamide (CBS) and sulfur.

machine (UTM, INSTRON/5565) with a load cell of 5 kN
and a crosshead speed of 500 mm/min.

2.2 Methods

Hardness of NR and NR composites was

100 g of SBA was refluxed with 1 M HCl at 100ºC
for 4 hours to remove dirt and metal oxides impurity. Then
the solution was filtered. The remaining solid portion was
washed with distil water until pH 7 was obtained then
filtered and dried in a vacuum oven at 120ºC for 6 hours to
remove moisture. The acid leached SBA was then

determined using a shore A durometer (Bar Eiss, Type
BS61 II) according to ASTM D2240.
Tensile fractured surfaces of NR and NR
composites were examined using a scanning electron
microscope (SEM, Hitachi S3400N) at 5 keV. The samples
were coated with gold before examination.

dispersed and vigorous stirring in 50 ml of 3 M NaOH for
4 hours at 80ºC. The suspension was then filtered. The
solution was sodium silicate supernatant that was used as
a precursor to produce silica nanoparticles [4].

Table 1. Formulation of NR composites
Materials

Content (phr)

Natural rubber

100

100

100

100

100

ZnO

5

5

5

5

5

distil water. Then, the sodium silicate solution was added

Stearic acid

2

2

2

2

2

drop-wise into the ethanol/ammonia mixture in ratio 30:90

CBS

1.5

1.5

1.5

1.5

1.5

ml. The solution was aged for 1 hour to form silica gel.

Sulfur

1

1

1

1

1

Then, it was centrifuged and washed with distilled water.

nSiO2

-

1

3

5

10

10 ml of sodium silicate was added into 20 ml of

Finally, the silica gel was dried using freeze dry in deep
3. Results and discussion

vacuum overnight [6].
Chemical compositions of samples were analyzed

FTIR spectrum of prepared silica was similar to

fluorescence

commercial silica nanoparticles as illustrated in Figure 1.

spectrometer (XRF, PAN analysis, Axios). FTIR spectra

Vibration signal at 1091 cm-1 was attributed to the

of the samples were performed in the attenuated total

asymmetric vibration of Si-O-Si. Peak at 800 cm-1

reflection mode (ATR) in the range 400-4000 cm-1 using

represented the symmetric stretching vibration of Si-O-Si.

Fourier transform infrared spectrometer (FTIR, Bruker,

Peak at 467 cm-1 was assigned to the bending vibration of

T27/Hyp2000). Surface properties of silica nanoparticles

Si-O-Si. Moreover, peak at 950 cm-1 was hydroxyl group

was characterized using BET method (BELSORP-mini II).

in the sample [7,8].

using

wavelength

dispersive

X-ray

Particle size of silica nanoparticles was measured using a

Chemical compositions of SBA and silica

laser diffraction particle size distribution analyzer

nanoparticles are listed in Table 2. SBA contained 64.8%

(Malvern, Zetasizer-zs).

of SiO2 and major metal oxide impurities were K2O, Fe2O3,

Formulations of natural rubber composites are

CaO and TiO2 with 15.2%, 8.9%, 5.2% and 0.9%,

shown in Table 1. The compounds were mixed in an

respectively. On the other hand, silica purities of 98.8%

internal mixer (Chareontut). The total mixing time was 25

were obtained after the purification process and metal

min. Test specimens were prepared using a compression

oxides were reduced. This indicated that the process was

molding machine (Labtech LP20-B) under a pressure of

useful for removing metallic impurities resulting in

150 MPa and a temperature of 150ºC.

improved purity of silica.
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vulcanization process of silica nanoparticles. The silanol

Si-O-Si
stretching

group at silica surface can interact with accelerator and

Si-OH
stretching

Commercial silica

activator leading to delay scorch time and cure time the

Si-O-Si
stretching

Si-O-Si
bending

composites [9,10]. Maximum torque (MH) and minimum
torque (ML) of NR composites were higher than that of NR

Prepared silica nanoparticles

as displayed in Figure 3 due to increased stiffness of the
composites [11, 12,].
ts1
t90

25
1000

2000

3000

4000

20

Wavenumber (cm-1)

Time (min)

Figure 1. FTIR spectra of commercial silica and prepared
silica nanoparticles

15

10

Table 2. Chemical composition of SBA and prepared silica
nanoparticles

5

Compound

SBA (%)

nSiO2 (%)

SiO2

64.8

98.8

CaO

5.2

0.4

TiO2

0.9

-

K2O

15.2

0.1

Fe2O3

8.9

0.4

0
NR

1 nSiO2/NR

3 nSiO2/NR

5 nSiO2/NR 10 nSiO2/NR

Figure 2. Scorch time and cure time of NR and NR
composites
50
MH
ML
40

silica nanoparticles are shown in Table 3. The results
revealed that prepared silica nanoparticles had smaller
particles size (91.06 ± 10.00 nm) than commercial silica
(16.12 ± 6.37 µm). Surface area of prepared silica

Torque (dN.m)

Surface properties and particles size of prepared
30

20

10

nanoparticles (155.89 m2g-1) was higher than commercial
silica (82.35 m2g-1).

0
NR

Table 3. Surface properties and average particle size of

1 nSiO2/NR

3 nSiO2/NR

5 nSiO2/NR 10 nSiO2/NR

Figure 3. MH and ML of NR and NR composites

silica nanoparticles prepared from SBA
Properties

nSiO2

BET surface area (m2g-1)

155.89

Pore area (m2g-1)

125.89

Pore volume (cm3g-1)

1.35

Mean pore diameter (nm)

35.25

Average particles size (nm)

91.06 ± 10.00

The addition of silica nanoparticles into NR
enhanced modulus at 100% elongation (M100), modulus
at 300% elongation (M300) and hardness of the composite
as shown in Figure 4 and Figure 5, respectively. Moreover,
those

composites are shown in Figure 2. Scorch time and cure
time of the composites increased with increasing silica
content

due

to

the

disturbance

increased

with

increasing

silica

nanoparticles content. This may be because silica

Scorch time (ts1) and cure time (t90) of NR and NR

nanoparticles

properties

in

nanoparticles reduced the elasticity of NR molecular chain
leading to increased stiffness of the composites [7,10,11].
On the other hand, adding silica nanoparticles led to a
decrease in elongation at break of the composite due to the
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reduction of elasticity of NR molecular chains as shown in

the formation of thin filler network around NR chains

Figure 6.

[13,14]. Crosslinks between NR chains along with
diffusion across NR resulted in the reinforcement.

3.0
M100
M300
2.5

of the composite was remarkably decreased. This was
because at higher silica content, the agglomeration

2.0
Modulus (MPa)

At 10 phr of silica nanoparticles, tensile strength

occurred as shown in Figure 8 due to the filler-filler

1.5

interaction between segregated networks [15]. The
1.0

uniform distribution efficacy of filler has affect the
stiffness of the composites as well as tensile modulus

0.5

[16].
0.0
NR

1 nSiO2/NR

3 nSiO2/NR

The fractured surface of NR showed smooth

5 nSiO2/NR 10 nSiO2/NR

Figure 4. Modulus of NR and NR composites

surface as displayed in Figure 8. With the addition of 1, 3
and 5 phr of silica nanoparticles into NR matrix, roughly
and many layer surfaces were observed. This may be due

60

to the strong interfacial adhesion between NR chains and

50

Hardness (Shore A)

silica nanoparticles [17]. Agglomerate formation was
40

found in NR composite filled with 10 phr of silica
nanoparticles due to high filler-filler interaction [17,18].

30

Moreover, the smooth surface with micro pore was seen in
20

NR composite filled with 10 phr of silica nanoparticles.
This was corresponded to a decrease in tensile strength of

10

the composite.

0
NR

1 nSiO2/NR

3 nSiO2/NR

5 nSiO2/NR 10 nSiO2/NR

25

Figure 5. Hardness of NR and NR composites
20

Tensile strength (MPa)

1200

Elongation at break (%)

1000

800

15

10

600

5

400

0
NR

200

1 nSiO2/NR

3 nSiO2/NR

5 nSiO2/NR 10 nSiO2/NR

Figure 7. Tensile strength of NR and NR composites
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Figure 6. Elongation at break of NR and NR composites
Incorporating silica nanoparticles at 1, 3 and 5 phr
resulted in the increment of tensile strength of NR
composites as shown in the Figure 7. This may be because
silica nanoparticles well dispersed in NR matrix leading to
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Abstract
Capillary shear flow of thermoplastic polyolefin elastomers was examined. The elastomers having different melt
flow index and density were used in the study. These elastomers behave as non-Newtonian liquids. The power law indices
were determined and found to be independent of temperature. The higher viscosity was obtained for the lower melt flow
index polyolefin elastomers. The viscosity did not depend on the density. Sharkskin and melt fracture were observed on
the extrudates of all samples, except the highest melt flow one.
Keywords: Capillary Shear Flow, Viscosity, Sharkskin, Melt Fracture, Polyolefin Elastomers

behavior of polyolefin elastomers having different

1. Introduction
Thermoplastic polyolefin elastomers, one type of
thermoplastic elastomers (TPEs), have been a promising
alternative material to vulcanized rubbers. TPEs exhibit
elastomeric properties (possibly ~ 800 % strain) and can be

molecular characteristics.
2. Experimental Methods
2.1 Materials

processed and recycled as thermoplastics. Thermoplastic

Five polyolefin elastomers grades (The Dow

polyolefin elastomers are typically copolymer of olefins

Chemical Company) with different density and melt flow

and a-comonomer e.g. butene, octene, etc. The comonomer

index (2.16 kg/190°C) were used and listed in Table 1.

provides branching in the polymer chain. Wide range of

These elastomers were kindly provided by Chemical

properties can be obtained by varying type, amount and

Innovation Co.,Ltd.

arrangement of the comonomer in the copolymers.
Shear flow is commonly encountered in polymer

2.2 Capillary Flow Measurement

processing. Useful rheological data for processing can be

Capillary shear flow (viscometric) was performed

derived from capillary flow at high shear rates. Shear rate

using Gottfert RG20 rheometer equipped with circular die

dependence of viscosity is used in mold and die design.

of 1 mm in diameter (aspect ratio, L/D = 30). Measurements

Temperature dependence of viscometric functions relates

were conducted in the shear rate range of 10-40,000 s-1 at

to molecular characteristic of polymer. Flow instabilities

170, 190, and 210°C. These temperature range is used in

e.g. sharkskin, melt fracture, can also be studied. Capillary

product processing. The viscosity (h) is calculated from the

flow behavior of thermoplastics, especially polyethylenes

ratio of shear stress (t) to shear rate (ġ ), h = t/ġ . Data were

have long been widely studied and well-developed . In

analyzed without Bagley and Rabinowitsch corrections.

this work, we aim to study the capillary shear flow

Extrudates were collected.

1,2
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Melt index

Density

Melting

(g/10min)

(g/cm3)

temperature (°C)

TPE1-1

1

0.857

38

TPE1-2

1

0.870

60

TPE1-3

1

0.902

99

TPE3

3

0.902

97

TPE30

30

0.870

65

TPEs

a

: data taken from The Dow Chemical Company.

100,000

TPE1-2

10,000

Shear Viscosity (Pa.s)

Table 1. Properties of Polyolefin elastomers useda

1,000
100

170
190
210

10
1
1

10

100

1,000

Plots of viscosity versus shear rates of the samples
are presented in Figure 1. In the shear rate range studied,

Shear Viscosity (Pa.s)

3.1 Shear Rate Dependence of Viscosity

TPE1-3

1,000
100

170
190
210

10
1
1

10

100,000

power law model [ h = 𝑚g &̇ ], power law index (n) is

10,000

processing. Numeric value is less than 1, indicating nonNewtonian behavior. All TPEs used, except TPE30 have
similar power law indices, suggesting same rate

Shear Viscosity (Pa.s)

all the samples show shear-thinning behavior. Using the

practically used in mold and die design for polymer

100

1,000

10,000

100,000

Shear rate (1/s)

zero-shear viscosity could not be reached. As clearly seen,

determined and listed in Table 2. The power law index is

100,000

100,000
10,000

3. Results and Discussion

10,000

Shear rate (1/s)

TPE3

1,000
100

170
190
210

10
1
1

10

100

1,000

10,000

100,000

Shear rate (1/s)

dependence. As TPE3 has low molecular weight, the less
100,000

viscous-like liquid. The non-Newtonian behavior is caused

10,000

Shear Viscosity (Pa.s)

deviation of power law index from 1 indicates more

by elasticity, presence in polymer melts.

1,000

100,000

TPE1-1

Shear Viscosity (Pa.s)

10,000
1,000
100

17
0

10

TPE30

100

170
190
210

10
1
1

10

100

1,000

10,000

100,000

Shear rate (1/s)

Figure 1. Plots of viscosity and shear rate of all polyolefin
elastomers at temperature of 170°C (circle), 190°C

1
1

10

100

1,000

10,000

Shear rate (1/s)

100,000

(triangle) and 210°C (square).
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Table 2. Power law index (n) of all TPEs samples as

100,000

obtained at various temperatures.

170°C

190°C

210°C

0.115

0.118

0.120

TPE1-2

0.114

0.119

0.117

TPE1-3

0.122

0.122

0.120

TPE3

0.133

0.134

0.136

TPE30

0.225

0.235

0.288

3.2 Temperature Dependence of Viscosity
Figure 1 also shows the shear measurements
performed at temperatures of 170, 190, and 210°C. Under
high shear, the viscosity of all TPE samples does not
depend on temperature. Only small discrepancy of

Shear Viscosity (Pa.s)

TPE1-1

Power law index (n) @ T

1,000
100

TPE1-3
TPE3
TPE30

10
1
1

10

100

1,000

10,000

100,000

Shear rate (1/s)
100,000

Shear Viscosity (Pa.s)

TPEs

(a)

10,000

(b)

10,000
1,000
100

TPE1-1
TPE1-2
TPE1-3

10
1
1

viscosity at various temperatures was observed at

10

100

1,000

10,000

100,000

Shear rate (1/s)

relatively low shear rate. Arrhenius and WLF relations on
temperature dependent viscosity are generally applied in

Figure 2. Plot of viscosity versus shear rate at 190°C of (a)

the low shear rate range (low deformation) i.e. zero-shear

TPEs with various melt indices and (b) TPEs with different

viscosity (h0) is a function of temperature3. Thus viscosity

density.

data of these polyolefin elastomers at any temperature can
be used in design.

3.4 Sharkskin and Melt Fracture
Under capillary shear flow, the extudate is smooth
at low shear rate. It becomes periodically rough surface

3.3 Molecular Characteristics
molecular

(sharkskin) at higher rate and show irregular shape (melt

characteristics of polymers. Molar mass and degree of

fracture) at very high shear rate. Extrudate appearance is

branching are typically inverse proportional to melt flow

shown in Figure 3. All TPEs except TPE30 show both

index and density, respectively. High molar mass TPEs

sharkskin and melt fracture. The onset shear rate of

shows high viscosity as presented in Figure 2(a). As

sharkskin and melt fracture is summarized in Table 3.

Molar

mass

and

branching

are

restricted to more entanglements, longer polymer chains
diffuse much slower. Varying the density (corresponding to
degree of branching) does not affect the flow viscosity as
shown in Figure 2(b). It suggests that the presence of shortchain branching in this density range similarly contributes
to polymer chain motion at high rate.
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and melt fracture. The shear rate onset of sharkskin and
melt fracture varies with molar mass and temperature.
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Table 3. Shear rate onset of sharkskin and melt fracture of

TPE1-1

TPE1-2

TPE1-3

TPE3

TPE30

T
(°C)
170
190
210
170
190
210
170
190
210
170
190
210
170
190
210

Bird, R.B., Armstrong, R.C., and Hassager, O.
Dynamics

all TPE samples.

TPEs

3.

Onset of

Onset of

sharkskin

melt fracture

(s )

(s )

2.42E+05
1.97E+05
1.74E+05
2.88E+05
2.40E+05
2.09E+05
2.78E+05
2.26E+05
3.75E+05
3.72E+05
3.25E+05
2.75E+05
-

4.04E+05
3.52E+05
3.82E+05
4.43E+05
4.12E+05
4.58E+05
5.04E+05
4.86E+05
5.63E+05
5.74E+05
6.02E+05
5.02E+05
-

-1

-1

4. Conclusion
Thermoplastic polyolefin elastomers behaves like
typical thermoplastics under high shear flow. All TPE
melts show shear-thinning behavior. Small deviation from
Newtonian liquid is found for low molar mass TPE.
Temperature did not affect the viscosity of these polyolefin
elastomers at high shear rate. Typical molar mass
dependence of viscosity is found in these elastomers. These
polyolefin elastomer extrudates show sharkskin surface

of

Polymeric

Liquids,

Vol.1

Fluid

Mechanics 2nd Ed., John Wiley&Sons, New York,
1987.
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Abstract
This work sought to improve the properties of polypropylene (PP) for single layer film application by incorporating
linear low density polyethylene (LDPE), poly(lactic acid) (PLA) and montmorillonite (MMT). The addition of LDPE in
PP improved the elongation at break and tear strength. The PP/LDPE blend at ratio of 80:20 (w/w) was selected for
blending with PLA and MMT and the PP/LDPE/PLA/MMT composite showed the increased tensile modulus, while the
elongation at break decreased with increasing PLA and MMT content. The morphological structure of nanocomposites
was examined by using X-ray diffraction (XRD) analysis, Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM). For the barrier properties, the incorporation of PLA and MMT in PP/LDPE blend tended to
decrease the oxygen permeability but increase the water vapor permeability. Moreover, the PP/LDPE/PLA/MMT
composite as a new effective film could yield the decreased tomato loss weight at low temperature storage (15-20 ºC)
rather than PP film.
Keywords: polymer composite; orgnomontmorillonite; barrier film
1. Introduction
Barrier film is widely used in a food packaging for
extending shelf life. In general, the film is produced by

flexibility and tear strength, blending PP with LDPE is one
solution to be considered [3-5].
Poly( lactic acid)

( PLA)

as an aliphatic

multilayer co- extrusion that is complex technique and the

thermoplastic has attracted more attention recently

final products are not recycled and biodegradable [1] .

because of its biodegradability and high oxygen barrier but

Therefore, the single layer barrier film is the alternative

possessed brittleness, low thermal stability and poor

that the complexity of production and the amount of waste

barrier to moisture as compared to PP. Meanwhile, the

from food packaging could be reduced [2].

incorporation of layered nanoparticle, such as organoclay

Polypropylene (PP) is a commodity polymer with
low cost and satisfied mechanical properties for film

has been reported to improve the thermal stability and
decrease the oxygen and water vapor permeability [6-9].

application, but the low flexibility and poor barrier to

Therefore, the blends of PP, LDPE, PLA and

oxygen, limit its packaging application. While, low density

organo-montmorillonite (Org-MMT) may be a good

polyethylene (LDPE) has the high flexibility, high tear

selection for solving the permeability and mechanical

strength and impact resistance. In order to improve the

properties problem of PP film. In this research, the
polymer nanocomposite films were prepared and the
effects of LDPE, PLA and organoclay composition on
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The

thermal

properties

were

analyzed

by

studied. Then, the polymer nanocomposite films with

differential scanning calorimeter (DSC 214 Polyma,

enhanced mechanical and barrier properties were tested for

NETZSCH, Germany) at a heating and cooling rate of 10

tomato storage to study the extent shelf life for food

ºC /min-1 in three consecutive scans: heating, cooling and

packaging.

heating. Thermal degradation of sample was performed
using thermogravimetric analysis (TG 209F1 Libra,

2. Experiment and methods
2.1 Materials
PP ( Polimax 1126NK) with melt flow index of 11
g/10 min (230 ºC/2.16 kg) and density of 0.90 g/cm3 was
supplied by IRPC Co. , Ltd ( Thailand) . LDPE ( PETLIN
C510Y) with melt flow index of 5.0 g/10 min (190 ºC/2.16
kg) and density of 0. 92 g/ cm3 was purchased from
Petronas (Malaysia). PLA (4043D grade) with density of
1. 24 g/ cm3 and melt flow index of 6. 0 g/ 10min ( 210
ºC/2.16 kg) was supplied from Nature Works (USA). The
compatibilizer polypropylene-graft-maleic anhydride (PPg-MA) was supplied by Addivant Corporation, USA.
Oraganoclay supplied by BYK- Chemie (Germany) was
Cloisite 20 treated with bis (hydrogenated tallow alkyl)
dimethylammonium.
2.2 Sample preparation
Polymer blends and composites were prepared by
melt blending that was carried out in a twin screw extruder
(ZSE 27 MAXX, Leistritz, Germany) . The temperature
profile was in a range of 170-205 ºC. The processed resins
were fabricated into film by an extrusion machine (ZK25E, Dr.COLLIN). The resultant film thickness was 70-75
µm. All films were stored in a controlled room before test.
2.3 Mechanical properties
The tensile test was performed using Universal
Testing Machine (Instron 5566, USA) with load cell of 500
N according to ASTM D882 at crosshead speed of 50
mm/min. The dimension of the test sample was 25 x 100 x
0.070 mm.
The film trouser tear test was conducted according
to ASTM D1938 at crosshead speed of 300 mm/min and a
gap between grips was 50 mm. The sample was prepared
in dimension of 25 x 100 x 0. 070 mm with a slit at 12. 5
mm.
2.4 Thermal properties

NETZSCH, Germany) under nitrogen flow from 25– 600
ºC with heating rate of 20 ºC/min.
2.5 Morphology
The

surface

morphology

and

elemental

composition of PP/ LDPE/ PLA blend films were
characterized by Scanning electron microscopy coupled
with Energy Dispersive X- ray Spectroscopy (SEM-EDX,
SU3500, HITACHI Japan) . The clay dispersion in the
matrix was investigated using transmission electron
microscope (TECNAI 20 Phillips, Netherlands) operated
at 100 kV and X- ray diffractometer ( TTRAX III, Rigaku
Japan) was operated with a scanning range from 1° to 10°
at a rate of 1°/min.
2.6 Permeability properties
Barrier properties of films were studied in terms of
oxygen transmission rate (OTR) by OX-TRAN 2/ 21
Modulue MT ( Mocon USA) according to ASTM D3985
at 23 oC and 0% RH and water vapor transmission rate
(WVTR) by Illinois instrument 7002 at 37.8 ºC and 90 %
RH according to ASTM F1249.
2.7 Packaging storage
Approximately 10-12 g of tomato was packed in
film samples and stored in chilled refrigerator (14-20 ºC).
Bag surface area of 10 x 10 cm2 was provided for each
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Table 1 Effect of blend ratio on mechanical properties of PP/LDPE/PLA/MMT composite films.
Tensile strength
Elongation at break (%)
(MPa)
MD
TD
MD
TD
0/100/0/0
13.8±0.5
7.9±1.5
150±8
290±34
100/0/0/0
34.0±1.0
27.4±1.0
400±19
420±13
90/10/0/0
34.2±1.4
23.0±1.1
480±18
350±6
85/15/0/0
34.8±0.7
21.2±0.8
490±37
350±17
80/20/0/0
32.5±1.4
19.1±1.1
480±4
340±18
80/20/25/0
34.5±0.3
12.7±0.7
340±13
1.86±0.2
80/20/35/0
24.5±0.8
9.96±1.2
220.8±5
1.14±0.2
80/20/0/1
32.9±2.0
21.7±1.2
470±24
390±12
80/20/0/3
31.3±1.7
20.8±1.0
460±25
360±5
28.7±1.7
18.9±0.9
440±27
330±13
80/20/0/5
80/20/25/3
23.9±0.5
14.9±0.8
380±5
11±2
21.6±0.8
15.6±0.2
350±14
12±1
80/20/25/5
*a/b/c/d denoted the phr of PP, LDPE, PLA and MMT, respectively.
Sample code*
(PP/LDPE/PLA/MMT)

Young modulus
(MPa)
MD
TD
139±7
131±5
1068±32
983±33
980±26
907±26
952±31
881±32
941±18
836±33
1557±64
1080±15
1737±45
1226±49
1348±54
954.2±36
1355±70
1138±119
1231±39
1111±32
1890±87
1598±106
1910±42
1676±79

Tear strength
(kgf/cm)
MD
27.6±1.0
17.8±1.4
16.6±2.1
11.7±1.2
10.7±0.3
1.38±0.1
0.96±0.1
16.0±1.9
5.30±0.7
4.82±0.2
6.08±0.7
6.06±0.3

TD
42.2±0.5
43.9±3.1
38.1±0.6
47.0±1.2
44.8±0.3
23.3±1.4
11.5±1.3
66.9±4.4
69.2±0.7
68.0±4.2
68.3±2.4
70.0±1.6

pack. Control samples of 10-12 g were kept unsealed under

kgf/cm of 85/15/0/0) implying that the toughness

similar environmental condition of temperature and

properties of LDPE could improve the tear resistance of

humidity (RH). Weight loss was determined as the

blend polymer. However, the 80/20 PP/LDPE was selected

difference between the initial fresh weight and the final

for further study on the effect of PLA and MMT to increase

weight. The percent physiological weight loss ( PTW) in

the flexibility of composite film.

all quality parameters during the storage time of 45 days

For PP/LDPE/PLA blend, the addition of PLA

was determined.

slightly decreased the tensile strength and elongation at

2.8 Biodegradation

break. This indicated that the mechanical properties of

The biodegradation study was carried out by soil

blend depended on the compatibility of components. The

burial test in the outdoor condition during February-April

increasing PLA content provided the weak interaction

2019 (34 ºC, 90%RH). The film samples were accurately

between PLA and PP or LDPE. So, the phase consistency

weighed and then buried about 15 cm depth in natural soil

of polymer matrix was easily crazed at interphase and was

for 90 days. The percentage loss of weight and tensile

broken during stretching.The TD tear strength of

strength were measured at 15, 30, 60 and 90 days,

PP/LDPE/PLA blend films was lower than that of

respectively.

PP/LDPE film (from 44.8 kgf/cm of 80/20/0/0 to 11.5
kgf/cm of 80/20/35/0) because of the phase inconsistency

3. Results and Discussion
3.1 Mechanical properties of PP/LDPE/PLA/MMT blends
From mechanical properties of blend films (Table
1), the MD tensile strength of PP/LDPE blends did not
significantly change with the addition of 10-20 wt% LDPE,
while the MD elongation at break was increased with
increasing LDPE content (from 400% of 100/0/0/0 to 480490% of 80/20/0/0). These results imply that the stress was
effectively transferred from PP which is the major
component to the greatly dispersed LDPE. For comparison
of tear strength in TD and MD, the tear strength in TD was
higher than MD due to the orientation of lamellae in TD
[10]. The TD tear strength was slightly increased with
addition of LDPE (from 43.9 kgf/cm of 100/0/0/0 to 47.0

from phase separating morphology of PP, LDPE and PLA.
Besides, the MD tear strength behaved similarly due to the
easily tear of sample in TD during testing.
The incorporation of MMT led to increase the MD
tensile modulus, but decrease the MD tensile strength
(Figure 1a) and elongation at break. This result was due to
that when the stress is imposed to nanocomposite, the
nanoparticles could act as stress concentration point that
provided the crazes at the interphase easily. Meanwhile,
the TD tensile properties of PP/LDPE/PLA/MMT films
were increased (from 12.7 MPa of 80/20/25/0 to 14.9 MPa
and 15.6 MPa of 80/20/25/3 and 80/20/25/5, respectively).
The tear strength of PP/LDPE/PLA/MMT composite films
(Figure 1b) (from 1.38 kgf/cm in MD and 23.3 kgf/cm in
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TD of 80/20/25/0.to 6.06 kgf/cm in MD and 70.0 in TD of
80/20/25/5)

implying

that

MMT

improved

the

compatibility between PP and PLA or LDPE [11].
Tensile strength (MPa)

40

(a)

30
20

MD

10

Tm,PP

Tm,LDPE

Tm,PLA

Tc,PP

%crystallinity

(ºC)

(ºC)

(ºC)

(ºC)

of PP (%)
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-

108.8

-

-

-

100/0/0/0

165.9

-

-

110.1

50.5
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164.7

107.3

-

110.8

30.3

80/20/0/3

164.6

107.5

-

116.7

32.1

80/20/0/5

166.0

107.8

-

116.3

33.5

80/20/25/0

163.6

107.1

151.7

112.1

31.5

80/20/25/3

163.8

107.1

146.4

111.6

33.6

80/20/25/5

165.2

107.8

146.5

111.3

32.4

0/0/100/0

-

-

152.4

-

-

Sample code

TD

From thermogravimatric analysis (TGA) curves
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(Figure 2), the PP/LDPE/MMT composites displayed the
single step degradation, while PP/LDPE/PLA/MMT

Tear strength (kgf/cm)

80

composite exhibited the two step degradation, where the

(b)

first one is the PLA decomposition (350.7 ºC) and the

60

second one is the PP and LDPE. The onset temperatures

40

MD

20

TD

were increased by MMT addition from 434.4 ºC of
80/20/0/0

to

450.3-454.3

ºC

of

PP/LDPE/MMT

composites, whereas the PP/LDPE/PLA/MMT has the
80
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0/
0/
5
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/2
0/
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/5

80
/2
0/
0/
3
80
/2
0/
25
/3

80
/2
0/
0/
0
80
/2
0/
25
/0

0

Ratio of PP/LDPE/PLA/MMT

Figure 1 Effect of MMT and loading on mechanical
properties of PP/ LDPE/ PLA/ MMT composite films: ( a)

lower degradation temperature due to the comprised PLA.
However, MMT offered the improved thermal stability of
polymer composite because the MMT increased the
crystallization confirmed by DSC analysis result.

3.2 Thermal properties
From the DSC analysis results (Table 2), the
PP/LDPE/MMT composites had two melting peaks, while

Weight loss (%)

tensile strength and (b) tear strength

80/20/0/0
80/20/0/3

the PP/ LDPE/ PLA/ MMT composites had three melting

80/20/0/5

peaks. The melting peak positions of the blends remain

80/20/25/3
80/20/25/5
PLA

unchanged relative with the pristine polymer (PP at 165.9
Temperature (°C)

ºC, LDPE at 108. 8 ºC and PLA at 152. 4 ºC) . For MMT
addition, the crystallization temperature (Tc) of PP was

Figure 2 TGA curves of PP/LDPE/PLA/MMT composite

shifted to high temperature. This indicated that the MMT

films at various PLA and MMT loading

acted as the nucleating agent leading to the slightly
increased the crystallization of PP [ 11] . However, the
MMT addition increased did not affect the Tc,PP of
PP/LDPE/PLA/MMT composite films because PLA in PP
matrix make the PP chain packed difficulty.

3.3 Morphology
From XRD patterns of cloisite (Figure 3), the
diffractogram showed the peak at 2.73º attributed to the
diffraction planes of (001) and the calculated d-spacing
was 3.23 nm. For PP/LDPE/MMT composite films, the
(001) diffraction peaks shifted to the lower diffraction

Table 2 Effect of MMT loading on thermal properties of
PP/LDPE/PLA/MMT composite films.

angle (2.04º, 2.42º and 2.50º of 80/20/0/1, 80/20/0/3 and
80/20/0/5, respectively), implying that the existence of
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intercalated clay platelets. However, the diffraction angle

(a)

(b)

(c)

(d)

increased with increasing MMT content due to the
agglomeration [12].
The diffraction angle of PP/LDPE/PLA/MMT
biodegradable

films

was

lower

than

that

of

PP/LDPE/MMT composite films (2.21º and 2.39º of

PLA

80/20/25/3 and 80/20/25/5, respectively). This indicated
PLA

that PLA could insert in the clay interlayer leading to
intercalate

formation

similar

to

(e)

PP/LDPE/MMT

(f)

composite films [6].
80/20/25/5
Intensity (Counts)

80/20/25/3

Figure 4 Representative SEM images of composite films:

80/20/0/5

(a) 100/0/0/0, (b) 80/20/0/0, (c) 80/20/25/0, (d) 80/20/35/0,

80/20/0/3

and SEM-EDS oxygen mapping (green spot) (e)

80/20/0/1

80/20/25/0 and (f) 80/20/35/0, at 1000X magnification.

Cloisite
Two-Theta (deg)

(a
MMT
)

Figure 3 X- ray patterns of PP/ LDPE/ PLA/ MMT
composite films at various PLA and MMT loading
100
nm

(b
)

The surface of blends are shown in the SEM

MMT

micrographs of Figure 4. The 80/20 PP/LDPE blend
exhibited the heterogeneous phase of polymer (Figure 4b)
arranged according to MD compared with PP with

100
nm

(c)

homogeneous phase. Figure 4c and 4d showed that the
PLA as spherical domains dispersed and tended to the
agglomeration with increasing PLA content. This

PLA
MMT
0.2 µm

observation was confirmed by the evidence of oxygen

Figure 5 Representative TEM images of composite films:

mapping as shown in Figure 4e and 4f.

(a) 80/20/0/3, (b) 80/20/0/5, and (c) 80/20/25/3 at a) and b)

From TEM micrographs of polymer composite

87500X magnification and c) 44000X magnification

(Figure 5), clay platelets exhibited the tactoids and
intercalation formation. The clay platelets were slightly

3.4 Permeability properties

agglomerated in polymer matrix with increasing clay

From the oxygen and water vapor transmission rate

content, especially at 5 phr of MMT. For the

results (Figure 6a and 6b), blending of PP/ LDPE with 25

PP/LDPE/PLA/MMT composite films, MMT particles

phr PLA led to the decreased OTR from 2098.7 cc/m2·day

located at the interface between PLA and PP or LDPE

of 80/20/0/0 to 1009.7 cc/m2·day of 80/20/25/0,

matrix. This indicated that MMT acted as the

approximately 50% decrease due to the good barrier

compatibilizer for PLA and PP or LDPE resulting to the

property of PLA. The OTR value (Figure 6a) of PP/LDPE

improved mechanical properties of composite films.

(80/20) film decreased with increasing MMT content due
to an increase in tortuosity of permeate path [7].

COMP-O1

133

Moreover, the PP/ LDPE/ PLA/ MMT film showed the

of tomato in PP/LDPE/PLA/MMT composite film (2.33 ±

lower OTR than PP/LDPE/PLA and PP/LDPE/MMT films

0.39 % ) was slightly lower than that in PP film (2. 46 ±

because of the more intercalation of clay platelets led to

0.07%). This implied that the composite films with lower

more tortuous paths for the diffusing molecules. For water

oxygen permeability could provide the low respiration and

vapor

metabolic process of tomato during storage.

transmission,

WVTR

of

PP/ LDPE/ PLA

(80/20/25/0) film was higher than that of PP/LDPE blend

(a)

films (80/20/0/0) due to the low water vapor resistance of
PLA (Figure 6a). Similarly, the WVTR of composite film
could be decreased by incorporation of MMT that

PP film

Control

80/20/25/3 film Commercial film

increased the water vapor permeate path.
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Figure 7 a) The appearance of tomato at 45 storage days b)
Change in %PLW of tomato storage with various films.

3
2

3.6 Biodegradation

1

After soil burial test for 3 months, the decrease in

Figure 6 Effect of MMT loading on permeability
properties of PP/ LDPE/ PLA/ MMT composite films: (a)
OTR and (b) WVTR
3.5 Physiological weight loss of tomato
The appearance of tomato at 45 days of storage and
physiological weight loss ( PLW) of tomato samples with
the different packaging are shown in Figure 7a and 7b. The
control tomato (without packaging) was the most wrinkled
skin followed by tomato containing in PP film, while for
80/20/25/3 film and commercial film packaging the
tomato was firm.
The PLW of tomato after 45 storage days in
commercial film was lowest at 1.89 ± 0.27 %, while PLW

to the PLA content (20%) as biodegradable plastic, while
the weight of PP film and commercial film did not change.
Moreover, the tensile strength of PP/LDPE/PLA/MMT
composite film decreased at 15% after burial test in the soil
for 90 days (Figure 8). It indicated that the PLA structure
could be degraded by the hydrolysis reaction or
biodegradation.
60

45.3
44.7
45.2
45.6
45

Ratio of PP/LDPE/PLA/MMT

weight of 80/20/25/3 film was 0.94% of original film due
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Figure 8 Change in tensile strength of films after burial test

3.

for 3 months (* by extrapolation).

properties of PP/ LDPE polymer blend. Engineering
Science, 2017. 25: 193-201.

4. Conclusion
For a series of PP/ LDPE/ PLA blends, the

4.

decreased tensile modulus, elongation at break and tear

5.

2016. 301: 1191-1201.
6.

analyses of mechanical properties of PP/ PLA/ clay
nanocomposites. Composites: Part B, 2015. 69: 133-

showed the good barrier to oxygen due to PLA and clay

144.
7.

On oxygen gas permeability of PP/ PLA/ clay

could be an alternative for biodegradable materials with

nanocomposites: A molecular dynamic simulation

preserved the freshness of tomato storage up to 45 days.

approach. Polymer Testing, 2015. 45: 139-151.
8.
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Characterization of Cellulose Nanocrystals (CNC)/Chitosan Film Composite Crosslinked by
Citric Acid
Sam Sung Ting*, Gan Pei Gie and Muhammad Faiq bin Abdullah
School of Bioprocess Engineering, Universiti Malaysia Perlis (UniMAP), Kompleks Pusat Pengajian Jejawi 3, 02600
Arau, Perlis, Malaysia.
*E-Mail: stsam@unimap.edu.my
Abstract
Cellulose Nanocrystals (CNC) reinforced chitosan-based biodegradable composites were prepared by
solution casting. The addition of crosslinkers improved the tensile strength of the CNC/chitosan composites
significantly compared to the non-crosslinked film composites. The citric acid-crosslinked composites showed the
tensile strength of 34.5 MPa and 53.0 MPa for the neat chitosan film and the 4 wt% CNC/chitosan film, respectively.
The fractured surface of the non-crosslinked and the citric acid crosslinked CNC/chitosan film composites was
examined by the scanning electron microscopy (SEM). Fourier transform infrared spectroscopy (FTIR) analyses
indicated the network formations of CNC and chitosan with the citric acid by the amide linkage.
Keywords: Cellulose Nanocrystal, Chitosan, Citric Acid and Crosslinking
1. Introduction

The addition of cellulose as reinforcing agent to

More than half a century ago, synthetic polymers

biopolymer is of particular interest due to their abundant

were the main alternative for natural products in every

source, low cost and biodegradability 5. Furthermore, filler

aspect and it has become parts and parcel of our lives due

with smaller size could provide a higher surface area for

to their easy processing, excellent barrier properties, and

better filler-matrix interfacial adhesion6. Therefore,

low

cost1.

However,

for

cellulose materials with diameters in the nanometer range

environmental sustainability stimulates the use of

known as cellulose nanocrystals (CNC) is developed. CNC

renewable resources for producing biodegradable and

is a rod-like crystalline cellulose prepared from acid

environmental-friendly composites that could replace the

hydrolysis with a diameter between 5 – 70 nm7. The

synthetic polymers.

production of CNC has garnered significant interest of

Chitosan

the

[cationic

increased

concern

(1-4)-2-amino-2-deoxy-β-ᴅ-

researchers due to its remarkable properties such as high

glucan] is a natural biopolymer obtained from the

aspect ratio, outstanding tensile properties and high

2

deacetylation of chitin . The development of chitosan-

thermal resistance 8.

based film had been studied by many researchers. Its

The crosslinking process is an important procedure

excellent properties such as film-forming capability, non-

in the production of CNC/chitosan composite as the

toxic, biodegradability, anti-microbial activity and good

properties such as mechanical strength of the film are

barrier property make it an ideal alternative for the

dependent on the crosslinking degree 9. Falamarzpour et

reduction of environmental problems caused by synthetic

al.9

polymers3. However, the poor mechanical property of

nanocellulose/chitosan composites and they observed that

chitosan has limited their usage when compared to

the mechanical properties were improved significantly.

used

adipic

acid

as

a

crosslinker

for

Similarly, Sionkowska et al.10 also observed a great
synthetic polymer, especially in packaging field 4.

improvement on tensile properties of tannic acid
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crosslinked chitosan film. Therefore, in order to improve

acid solution and heated at 60 ˚C for 4 hours. After that, 10

the mechanical properties of chitosan film composites for

wt% (95 µL) of glycerol and CNC were mixed into the

particular application, additives such as crosslinker and

chitosan solution and heated for another 1 hour. The

fillers are necessary. Citric acid was employed as the

solution was sonicated for 10 minutes. The chitosan

crosslinker for the CNC/chitosan film composites in the

solution was then poured onto a plastic petri dish (12 x 10

present study. The tensile properties of both non-

cm) and dried in a non-air-circulating oven at 50 ℃. For

crosslinked and citric acid crosslinked chitosan with and

crosslinked composites, citric acid (5 wt%) was added.

without the addition of CNC were compared. The

The solution was mixed vigorously using magnetic stirrer

interaction between crosslinker and chitosan was also

until it was homogenized.

investigated by using Fourier transform infrared (FTIR)
spectroscopy.

3. Characterization

2. Experimental Methods

3.1 Tensile Properties
The tensile properties were measured using Instron

2.1 Materials

universal tensile testing machine (UTM) at a crosshead

Empty fruit bunch (EFB) was supplied by

speed of 10mm/min according to ASTM D882-A. The

Taclico Company Sdn. Bhd. EFB fibres were ground

specimens were cut into rectangular shape with a length of

and sieved to obtain powder with a diameter less than

10 cm and width of 1 cm. The film thickness was measured

125 µm. Chitosan powder (degree of deacetylation ≥

randomly using a micrometer at three locations and the

90%)

Shanghai

average thickness was calculated. A total of 10

Pharmaceutical, China. Acetic acid, sodium hydroxide

measurements of tensile strength and elongation at break

and sodium chlorite were purchased from Sigma-

were carried out for each formulation and the average

Aldrich whereas sulphuric acid and citric acid were

values were obtained.

purchased from Merck.

3.2 Scanning electron microscopy (SEM)

was

purchased

from

Cleo

2.2 Preparation of CNC from EFB fibres
2.2.1 Pre-Treatments of EFB fibres

The fractured surface of non-crosslinked and
citric acid crosslinked neat chitosan and CNC/chitosan

40g EFB fibres were treated with sodium

film composites was studied by SEM. Prior to

hydroxide at 80 ℃ for 2 hours. Bleaching was then

examination, the surface of samples was coated with a

carried out at 80 ℃ for 2 hours. Both treatments were

thin layer of platinum. The morphology of samples was

repeated thrice to purify cellulose by removing other

determined with a magnification of 1000 and a 10-kV

non-cellulosic constituents.

accelerating voltage.

2.2.2 Acid Hydrolysis of EFB Cellulose

3.3 Fourier transform infrared spectroscopy (FTIR)

Acid hydrolysis was performed by mixing the

Infrared spectra of non-crosslinked and citric acid

EFB cellulose with 60 wt% sulphuric acids at 45 ℃ for

crosslinked CNC/chitosan film were investigated by using

1 hour. The suspension obtained after sulphuric acid

a FTIR spectrophotometer of model PerkinElmer

hydrolysis was centrifuged repeatedly at 8000 rpm till

Spectrum 10 with an attenuated total reflectance (ATR)

the CNC supernatant become turbid. The CNC

device. All spectra were obtained by accumulations of 16

suspension was then sonicated for 10 minutes and stored

scans with a resolution of 4 cm-1 at 4000 to 450 cm-1.

in refrigerator at 4 ℃.
2.3 Preparation of CNC/Chitosan Composites
Chitosan solution (80 mL) was prepared by adding
1.5 wt% (1.2 g) of chitosan powder into 2 v/v% of acetic

4. Results and Discussions
4.1 Tensile Properties
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composites significantly. According to Ching, Rahman,

Tensile Strength (MPa)

(a)

60

Ching, Sukiman, & Chuah13, the addition of highly

50

crystalline CNC formed a strong intramolecular and/or

40

intermolecular hydrogen bonding with chitosan and

30

resulted in the decline of elongation at break. Moreover,

20

the crosslinking reaction has restricted the flexibility and

10

chain mobility of composites and decreased the elongation

0
0%

CNCLoading

Non-Crosslinked

Citric Acid Crosslinked

35
Elongation at Break (%)

(b)

at break.

4%

30
25
20
15
10
5
0
0%

4%
CNC Loading

Non-Crosslinked

Figure 2: Crosslinking Reaction between Chitosan and

Citric Acid Crosslinked

Citric Acid

Figure 1: The (a) tensile strength and (b) elongation at
break of non-crosslinked and citric acid crosslinked neat

(a)

(b)

chitosan and CNC/chitosan film composites
Tensile properties of non-crosslinked and citric
acid crosslinked neat chitosan and CNC/chitosan film
composites are shown in Figure 1. The tensile strength of
chitosan composites exhibited a significant increase with

5 µm

5 µm

(c)

(d)

the addition of CNC. The increment could be caused by
the increase of hydrogen bonding by the addition of high
crystallinity index CNC11. Besides, the enhancement in
stress transfer between CNC and chitosan and strong fillermatrix interaction had led to a remarkable improvement in
the tensile strength. The addition of crosslinker has further
improved the tensile strength by establishing a more stable
network between crosslinker and chitosan matrix

12

5 µm

5 µm

Figure 3: SEM images of fractured surface of the non-

as

crosslinked (a) 0 wt% CNC, (b) 4 wt% CNC; citric acid (c)

shown in Figure 2. The good performance of crosslinked

0 wt% CNC, (d) 4 wt% CNC chitosan composites at

composites indicated the favorable interactions among

1000X magnification

crosslinker, filler and matrix.

The morphology of neat chitosan and CNC

However, the addition of CNC and crosslinkers had

reinforced chitosan composites fracture surfaces were

a negative effect on the elongation at break of the

investigated by SEM (Figure 3). A smooth and
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homogeneous surface with matrix tearing could be

for the dissolution of chitosan 15. The similar peak could

observed in the fractured surface of neat chitosan

also be observed in citric acid crosslinked chitosan

composites without and the addition of crosslinker (Figure

composites. The peaks at 1655 cm-1, 1553 cm-1 and 1410

3 (a) and (c)). Additionally, the 4 wt% CNC/chitosan film

cm-1 were the characteristics of chitosan, which were

composite exhibited a rougher morphology due to the

amide I, II and III, respectively. The sharp peaks at 1065

incorporation of CNC compared to the neat chitosan film.

cm-1 and 1025 cm-1 were related to the C-O-C stretching

On the other hand, the fractured surface of citric acid

vibration. The incorporation of CNC has increased the

crosslinked composites showed a better dispersion and

peaks at 1065 cm-1 and 1025 cm-1 significantly.

homogeneous surface compared to non-crosslinked
composites.

SEM

analysis

has

proven

that

The

chemical

crosslinking

of

chitosan

the

composites with citric acid has led to the formation of

improvement in tensile properties of chitosan film

amide bonds C=O which could be noticed at 1635 cm-1.

composites was due to the addition of CNC and

The amide bond was caused by the nucleophilic attack of

crosslinking agent.

the amine from chitosan with the crosslinking agents.

4.2 Fourier transform infrared spectroscopy (FTIR)

Besides, it could also be noticed that the band at 3260 cm1 appeared to be lower for crosslinked film composites. It
could be due to that the hydrogen bonding between CNC
and chitosan is being interrupted by the crosslinker 16.
5. Conclusion
CNC/chitosan film composites were synthesized
and chemical crosslinked using citric acid. Tensile
properties of chitosan film composites were improved
remarkably by the incorporation of CNC. The tensile
strength was further enhanced by the crosslinking reaction.

Figure 4: FTIR Spectra of non-crosslinked and citric

CNC/chitosan

acid crosslinked neat chitosan and CNC reinforced

crosslinked which could be confirmed by the formation of

chitosan film composites

amide bond using FTIR.

Figure 4 shows the comparative IR spectra of
pristine non-crosslinked and citric acid crosslinked neat

film

composites

were

chemically
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Abstract
This work has concerned a chemical modification of thermochromic VO2 particles. The monoclinic phase VO2
particles were firstly prepared via a hydrothermal process before reacting with a silane coupling agent namely 3(aminopropyl) triethoxysilane (APTES). The main objective of this work was to attach an anchoring groups onto the
prepared VO2 particles, which would enabling a further chemical reaction of the modified VO2 particles with monomers.
In this study, the effect solvent types and the amount of APTES on surface chemistry and morphology of the VO2 particles
were investigated by using XPS, XRD, and SEM techniques. It was found that grafting of APTES onto VO2 by using
toluene medium is more effective than that carried out in an aqueous. A better state of dispersion of VO2 in chloroform
medium was also demonstrated. Crystal size and crystal structure of the VO2 particles were retained after grating. This is
the first report of a preparation of APTES grafted VO2, which can be further used for grafting with monomers via an
ATRP process and/or directly applied into a polymer matrix for producing a thermochromic polymer composite coating
for energy efficiency in building.
Keywords: VO2, APTES, Surface modification, Thermochromic, Polymer composites
1. Introduction
Vanadium dioxide (VO2) is known to be a kind of

via a hydrothermal process [3], the optimization of

thermochromic materials, capable of reversibly changing

percentage yield and monoclinic crystal structure of VO2

its structure from monoclinic phase at low temperature to

[4], and the development of an alternative fabrication

a tetragonal/rutile phase at a temperature above its critical

process of VO2 coated glasses [5].

transition

temperature.

The

above

change

was

Our research interest in this field has concerned the

accompanied with a capability of the material for

development of polymer/VO2 composite films for

reflecting the near infrared (NIR) radiation. Consequently,

fabrication of smart windows. These include the EVA/VO2

thin films made of VO2 have been widely developed for

[5], and PVC/VO2 [6] systems. However, from our

use as NIR shielding glass and energy efficiency in

experience, it was found that the percentage NIR

building [1]. The aspects of development include doping

transmittance through the polymer/VO2 films always

VO2 with various metals to reduce the phase transition

decreased with the concentration of VO2 particles at the

temperature [2], the use of some alternative greener

expense of its optical transparency in the visible light

reducing agents such as citric acid for the synthesis of VO2

region. This this regard, it was hypothesized that if the
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dispersion of VO2 particles in polymer matrix was
improved, a better transparency of the polymer films can
be obtained without scarifying its NIR shielding efficacy.
In this study, surface modification of VO2 particles
with a silane coupling agent, namely 3-(aminopropyl)
triethoxysilane (APTES), was studied. Possible structure
and grafting mechanism of the VO2 with APETS can be
depicted as illustrated in Figure 1. With the presence of
this anchoring group on VO2 surface, the metal oxide
particles can be further grafted with monomers via an atom
transfer radical polymerization (ATRP) process. The aim
of this presence work was to investigate the effect of the
amount of APTES on chemical and morphological
structure of VO2.
2. Experimental Details
2.1 Materials
Vanadiam pentoxide (V2O5, > 98 % pure) and (3Aminopropyl)triethoxysilane (C9H23NO3Si, > 99 % pure)

Figure 1. Structure and mechanism of VO2 grafted with

were obtained from Sigma-Aldrich Co,. Ltd. Citric acid

APTES

(C6H8O7, > 99 % pure) was obtained from Ajax Finechem
Pty. Ltd. Tolune (C6H5CH3, analytical pure), Chloroform
(CH3Cl3, analytical pure) and Ethanol (C2H5OH, analytical
pure) were obtained from Merck Co,. Ltd. All chemicals
were used without further purification.
2.2 Preparation of monoclinic crystalline VO2 particles

2.3 Preparation of grafting APTES on monoclinic
crystalline VO2 particles
1.0 gram of the synthesized VO2 particles was
mixed with toluene (50 ml) using ultrasonic for 30 min to
produce

a

homogeneous

suspension.

Then

the

concentration of APTES (1 ml, 2 ml) were added using

A suspension of vanadium pentaoxide (V2O5,

syringe. The reaction was kept at 80oC for 24 h under

0.01 mole) in 25 ml of deionized water was prepared. After

nitrogen atmosphere with vigorous mechanical stirring.

that, an aqueous solution of citric acid (0.02 mole in 25 mL

Then obtained VO2-APTES particles were washed with

of deionized water) was gradually added, and the mixture

ethanol 3 times and the precipitate was dried in a vacuum

was stirred at 80 °C for 3 h. Next, the precursor was

oven at 80 °C for 3 h. After that, the product was

transferred into a Teflon autoclave (100 mL) before

characterized by XPS, XRD and SEM techniques.

undergoing a hydrothermal process in a hot air oven at 220
°C for 24 h. After that, the precipitate was filtered and

2.4 Characterizations

washed three times with deionized water, followed by

The crystalline structures and crystal sizes of the

washing three times with ethanol. The purified precipitate

VO2 and VO2 grafted APTES particles were determined by

was dried in a vacuum oven at 80 °C for 3 h. Finally, it was

using an X-ray diffractometer (XRD, Bruker AXS D8-

calcined in a tube furnace at 700 °C for 1 h, under nitrogen

Discover) in the 2θ range of 10–80°, using Cu-Kα

gas (99.99%).

radiation (λ=1.54178 Å). The accelerating voltage and the
current used were 40 kV and 40 mA, respectively.
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An X-ray photoelectron spectroscopy (XPS)
technique was used to examine the presence of functional
groups on the surface of VO2 particles. The XPS data were
collected in the V2p, O1s and Si2p binding energy regions,
using an AXIS ultra DLD (Kratos Analytical Ltd.,
Manchester, England), equipped with Avantage Data
System software.
The morphology of the synthesized VO2 and VO2
grafted APTES particles were examined by using the
scanning electron microscopy (SEM) technique. The SEM
experiment was carried out by using a JEOL (JSM
6610LV) machine. The accelerating voltage used was 10-

Figure 3 XPS spectra of VO2 particles both before and
after grafting with different amount of APTES

30 kV.
Crystal structure of the VO2 particles both before
3. Results and discussion

and after grafting with APTES are illustrated in Figure 4.

Figure 2 shows a typical wide scan XPS spectra of VO2

The monoclinic crystalline phase of VO2, which is capable

particles, both before and after grafting with different

of exhibiting thermochromic behaviors in the near infrared

amount of APTES. The presence of XPS peak at 530.4 eV,

region, was obtained [5,6]. It was also found that the

517.4 eV can be noted. This represents the binding energy

monoclinic structure was retained after grafting. In other

of O1s and V2p of VO2, respectively. After grafting, the

word, chemical modification of VO2 with APTES did not

peak at 102 eV emerged. This can be accounted for the

alter the crystal structure of VO2. Furthermore, by using

binding energy of Si2p which is attributed to the Si atom

the Scherrer equation [8], the crystal size of VO2 can be

in the silane coupling agent. Consideration of the narrow

calculated. It was found that size of VO2 crystals did not

scan XPS spectra of VO2 (Figure 3) reveals that the O1s

change significantly after grafting.

peak shifted toward the lower binding energy after grafting.
This suggests that VO2 particle interact with APTES via a
covalent type chemical bonding [7].

Figure 4 XRD pattern of VO2 particles grafted with
different amount of APTES
Change in morphology of the VO2 particles upon
grafting with APTES can be followed by SEM images
Figure 2 XPS spectrum of VO2 particles grafted with

(Figure 5). It can be seen that surface roughness of the

different amount of APTES

metal oxide particles increased after grafting. In our
opinion, this can be considered as an indirect evidence,

COMP-O5
supporting the grafting of APTES onto the surface of VO2
particles.

Figure 5 SEM images of the neat VO2 particles (top) and
the VO2 particles grafted with APTES (bottom), at the
weight ratio of 1:1
Last but not least, change in the state of dispersion
of VO2 upon grafting with APTES was monitored by
examining the appearance of a suspension of VO2 particles
in chloroform (Figure 6). Regardless of the suspension
time, the neat VO2 particles are phase separated from
chloroform due to the different polarity. However, for the
APTES grafted VO2, the suspension became darker and
the phase separation was less obvious after 10 min. This
implies that the modified metal oxide particles became
more compatible with chloroform due to the lower
hydrophilicity of VO2.
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4. Conclusion
Surface of monoclinic VO2 particles has been
successfully modified with APTES silane coupling agent.
The results were characterized by XPS, XRD and SEM
techniques. State of dispersion of APTES grafted VO2 was
also demonstrated. This modification was achieved
without changing the crystal structure of the metal oxide.
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Abstract
The aim of this work was to investigate the variation of technological properties of rubber from late latex
harvesting and rubberwood lignin filled rubber reinforcing. The variation during a 3-months of non-rubber contents; lipid
content, protein content, ash content, volatile matter content and properties of natural rubber (NR) from Hevea
brasiliensis (RRIM 600) and mechanical properties of lignin/NR composite were studied. The results showed that high
composition of non-rubber content (lipid and protein) in February during rubber fallen leave affects on cure characteristic
and vulcanized rubber. Thus, the highest crosslink density was obtained relating to a high non-rubber content in rubber.
Moreover, the lignin-rubber composite was occurred in good dispersion. The reinforced rubber at 3-10 phr was reached
the optimize properties (tensile strength, elongation at break, and hardness), likely at 3 phr was reached the highest tensile
strength.
Keywords: Latex composition, Non-rubber content, Lignin/NR composite
1. Introduction

clone type, tapping frequency, weather, and season [5]

Natural rubber (NR) from Hevea brasiliensis trees

Variations can be explained because NR latex is a very

consists of mainly cis-1,4-polyisoprene together with

complex colloidal system. NR particles comprise 30-45%

minor non-rubber components including proteins, lipids

of the latex weight, but lipids, proteins, and sugars are also

and a small amount of trans-1,4-polyisoprene [1]. NR is a

latex biochemical constituents; type and ratio of each

highly demanded raw material for manufacturing a wide

substance contribute to rubber specific properties [6]. In

range of products. Which process ability of raw un-

addition to the raw rubber properties, fillers are necessary

vulcanized NR and mechanical properties of the NR

in most cases to modify the NR properties for specific

vulcanizates are greatly affected by the mesostructure (i.e.,

applications including reinforcement, reduced material

molecular weight, and gel or macro aggregates) [2]. In

costs, and improved processing [7]. The biopolymer lignin

addition, the effect of protein and lipid content affects the

is often seen as a promising alternative material, since it

properties of vulcanized rubber [3]. Non-rubber content,

shown great potential as alternatives to classic metallic and

especially lipids and proteins, has been found to strongly

organic materials for a variety of applications [8]. Lignin

affect various properties of raw NR and its vulcanizates.

is the one of most abundant components in biosphere [9].

For instance, some fatty acids affect the crystallization of

Lignin received higher attention because of some

NR as nucleating agents, predominantly influencing the

properties such as its crosslinked structure with tetra-

green strength of un-vulcanized NR [4] as a natural raw

functional

material, properties of NR strongly depend on the tree

interactions,

branch

points,

processing

strong

ability,

intra-molecular

stabilizing

effect,
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reinforcing effect and biodegradability [10]. Lignin as a

the dry rubber weight. Three independent extractions were

filler in rubber compounds has been investigated a

performed for each sample.

replacement for carbon black, in order to achieve similarly

The

non-rubber

content

of

rubber

were

reinforced rubber composites [11]. The objective of this

characterized in ash content, dirt content (ASTM 1278-

work was to evaluate the effect of variation of

91a) and nitrogen content was measured by the Kjeldahl

technological properties of rubber from late latex

process as stated in ASTM D3533 standard. Gas

harvesting on cure characteristics and mechanical

chromatography was used to analyses fatty acid

properties of the lignin filled NR composites.

component.
Plasticity

2. Experimental

retention

The natural rubber latex used in this study was
Hevea brasiliensis (RRIM 600). Field latex samples of late
latex

of

rubber

were

characterized in initial plasticity (Po) and plasticity

2.1. Materials

tapping

characterization

(December2018-Februry2019)

were

out following following Klason lignin in accordance with
the standardmethod TAPPI T 222 om-88. The chemicals,
Zinc oxide (ZnO) was manufactured by Global Chemical
Co., LTD., Samut Prakarn, Thailand, stearic acid was
manufactured by Imperial Industry Chemical Co., LTD.,
Pathum Thani, Thailand, N-tertbutyl-2-benzothiazole
sulfonamide (CBS) was manufactured by Flexsys,
Termoli, Italy. Sulfur (S8) was manufactured by Ajax
Chemical Co., LTD., Samut Prakan, Thailand.
2.2 Lipid composition and bulk properties analysis
A volume of 20 mL fresh latex sample was first
diluted with by 25 mL of distillated water. Lipid content
was extracted using 100 mL chloroform/ methanol 2:1
vol/vol. Extraction was performed by adding the sample
dropwise into the continuously stirred solvent with
duration of latex sample addition was 4 min. The extract
was kept at room temperature for 6 h. After this time, the
coagulum was removed and the extract was filtered
through filter paper. The filtrate was washed with 1/5 of its
volume of a 9 g/L NaCl solution. After clear separation
between the aqueous and organic phases was obtained, the

(PRI)(ASTMD3194-04).

Mooney

o

viscosity (ML 1+4,100 C) were measured follow by
ASTM D1646.
2.3 Lignin filled rubber composite preparation
NR /lignin composites were prepared by Brabender

collected and coagulated by 0.3% (w/v) formic acid
solution. The rubber wood lignin extraction was carried

index

mixer (Zhanjiang, China). The rotor speed was 60 rpm at
temperature 60°C, total mixing time was shown in Table
1. NR was first masticated for 2 min and zinc oxide and
stearic acid activators were then sequentially added and
mixed for 3 min each. Lignin was then incorporated into
the mixing chamber with continued mixing for another 5
min, CBS and sulfur were added lastly. The rubber
vulcanizates were eventually conditioned for 24 h before
testing and characterization.
Table 1
Formulations and mixing time for preparation of
NR/lignin composites
Ingredient

Quantities

Mixing time

(phr)

(min)

ADS

100

2

ZnO

4

Stearic Acid

1

Lignin

0, 3, 5, 7 and 10

5

CBS

1.6

1

Sulfur

1.4

2

3

2.4 Cure characterization

lipid-containing organic phase (bottom layer) was

Cure characteristics of NR/lignin composites were

collected and evaporated. The obtained dry lipid extract

determined using a moving die rheometer (Monsanto Co.,

was weighed. The extraction yield was calculated versus

Ltd., OH, USA). The measurements were performed at the
fixed 1.66 Hz oscillation frequency with the degree
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amplitude, at 160°C. Compounds were determined the

rubber-like materials. According to the standard ASTM

scorch time (ts2) and optimum cure time (tc90)

D2240

2.5 Mechanical properties
The apparent crosslink densities in the rubber
vulcanizates were determined using a swelling method.

3. Results and Discussion
3.1 Composition of non-rubber content

Rectangular 10 × 10 × 2 mm3 test pieces were used. The
samples were weighed before immersing into toluene and
were left in the dark under ambient conditions for seven

The variation of composition of the late tapping
latex in three-months were investigated. It was found that
the lipid and protein content were lowest in December, this

days. The swollen samples were then removed and excess
liquid on the specimen surfaces was removed by blotting

Table 2

with filter paper. The specimens were then dried in an oven

Monthly variation of raw rubber properties

at 60 °C until constant weight [13]. The final weights of
the samples were then compared with their initial weights

Composition
Lipid, % wt

Dec.2018

Jan.2019

Feb.2019

1.72

1.73

2.2

(before immersion into toluene). The apparent crosslink

- Oleic acid

0.18

0.15

0.14

density was calculated by using the Flory-Rehner equation

- Leoeic acid

0.64

0.56

0.56

[14].

- Palmitic acid

0.08

0.08

0.11

- Stearic acid

0.17

0.15

0.19

Nitrogen% wt

0.31

0.43

0.47

𝑉=

.)
$ (&' (( $ )* ) , )* , -)*
0/2
/0 ()* $)*/. )

(1)

Here V is the crosslink density estimate (mol/m3),

Protein, % wt

1.938

2.688

2.938

𝜙𝜌 is the volume fraction of rubber in a swollen network,

Dirt, % wt

0.013

0.011

0.010

𝑉1 refers to the molar volume of toluene, and 𝜒 is the

Ash, % wt

0.369

0.403

0.436

Flory-Huggins interaction parameter between toluene and

Properties

rubber set at 0.4 as a literature value. It is noted that the

Mooney

66.96

70.91

70.18

volume fraction of filler had to be subtracted in the

Po

43.5

41

45.5

calculation of the volume fraction of rubber in a swollen

PRI

98.85

101.22

98.5

network (𝜙𝜌). The corrected volume fraction of rubber
used here;
ϕρ =

(
( , (( 8$ 89 ) /89 )) ⋅ (;< /;= )

(2)

Where 𝑚 is the mass of the swollen sample, 𝑚? is
the mass after drying of the sample, ρ@ is density of the
polymer, and ρA is density of the solvent [15].
The tensile properties of the NR/lignin composites
were determined using a universal tensile testing machine
(Tinius Olsen, model 10ST, Salfords, England) with a
crosshead speed of 200 mm/min according to ISO 527.
The dumbbell shape used was ISO 527 (type 5A).
Shore Hardness Tester is an International Standard
Instrument used to measure the hardness of rubber or
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Table 3 Minimum and maximum torques, delta torque, scorch time, cure times and cure rate index of NR vulcanizates
with various Lignin loadings.
Lignin content
(phr)
Control
3
5
7
10

Dec.
1.05
1.16
1.16
1.32
1.40

Scorch time
(ts2, min)
Jan.
0.58
1.13
1.22
1.28
1.40

Feb.
1.02
1.05
1.01
1.07
1.06

Dec.
2.16
2.33
2.42
3.10
3.29

Cure time
(tc90, min)
Jan.
2.08
2.31
2.52
3.02
3.26

Feb
2.07
2.16
2.27
2.37
2.42

Cure rate index
(CRI, min−1)
Dec.
Jan.
Feb.
90.1
66.7
95.2
85.5
84.8
90.1
79.4
76.9
79.4
56.2
57.5
76.9
52.9
53.8
73.5

might be due to rubber leaves are fully matured prior to
mid-January, followed by total leaf losses. In December,
rubber undergoes up to 6 months of annual latex
harvesting, with concomitant nutrient losses, but the lipid
and protein content was increased when entering February,
because before leaves fall from rubber trees, the protein
content transfer to rubber tree that make up the main
source of nutrients returning to the soil.
The fatty acid analyzing was found both saturated
fatty acids; palmitic acid, stearic acid and unsaturated fatty

Figure 1 Curing curves for the NR without lignin in each
month.

acids; oleic acid, leoeic acid. The high content of saturated
fatty acid was affected on crystallization of NR as
nucleating agents. The unsaturated fatty acids could be
acted as plasticizers in NR as shows in Table 2
3.2 Cure characteristics
From Table 3, comparing the effects of non-rubber

3.3 Crosslink density from swelling behavior
When rubber and filler are mixed, it could be
interacted in such a way that good solvent can only
partially dissolve the rubber. The results on adding lignin
in NR composite is shown in Figure 2.

content variation on cure characteristics without lignin in
each month. It was found that in February with high
content show a fast cure time and cure rate index. This may
contribute to lipid content and proteins content consist of
nitrogenous amino acids act as accelerator and also
increase the crosslink density [16]. It can be seen clearly
in Figure 1 on curing curves for the NR in each month.
Comparing the Lignin loading it was found that
scorched time (ts2) and cure time (tc90) increased
according to lignin content. Due to lignin contains
hydroxide compounds [17]. Lignin could be delayed
vulcanization of rubber for its radical scavenging effect,
because lignin contains the hindered phenol.

Figure 2 Crosslink density of rubber composite.
Figure 2 clearly shows that the crosslinking density
of rubber composite on the month of high non-rubber
content was induced high crosslink density consistent with
mechanical properties. When comparing the amount of
lignin, it was clearly seen that crosslink density increased
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with lignin loading 3 phr. This is due to the chemical

From Figure 4 The tensile strength of NR/lignin

interactions between NR and lignin. Nevertheless,

composites showed that February had a high tensile

increasing content of lignin particles more than 3 phr was

strength which was consistent with the Percentage of

decreased the crosslink density. This might be due to the

nitrogen (N%) that had an effect on cross-linking increased

poorer dispersion and strong agglomeration of lignin

and protein was found to enhance the tensile strength of

particles in the NR matrix. This forces inhomogeneous

the natural rubber [18]. The result is consistent with the

crosslinking and reduces the interfacial area between filler

raw rubber properties. Compared between filled and No

and rubber. In addition, It is clear that the crosslink density

filled lignin. It was found that when adding lignin, the

correlates well with the tensile strength and 100%

tensile strength increased. But when adding lignin content

modulus, 300% modulus.

more than 3 phr. The tensile strength is decreased due to

3.4 Mechanical properties

the poor distribution of lignin and adhesion between lignin

a)

b)

with rubber matrix is poor.
Figure 5 shows elongation at break of NR and
NR/lignin. The addition of lignin in NR matrix cause to
reduce elongation at break due to its NR molecules were
inhibited the movement with existing of lignin in the

Figure 3 Effects of season tapping and lignin on modulus
a) 100% modulus b) 300% modulus

matrix. Therefore, the elasticity of NR matrix was reduced
with lignin loading as shown lower elongation at break of
NR/lignin composites compare to NR. And hinder the

Figure 3, it was found that in February have 100%

movement of the rubber molecular chain. Moreover, the

and 300% modulus is high according to high non-rubber

varying of lignin content indicated that elongation at break

content which Percentage of nitrogen (%N). The nitrogen

tend to decrease with lignin loading.

found in the dry rubber comes mainly from proteins and
amino acids. Othman et al. showed that some amino acids,
such as arginine, cause the formation of crosslinks,
increasing the elasticity module of the rubber. When
compare, filled and no filled lignin. It found that adding
lignin, the 100% and 300%modulus increased due to lignin
restrict the movement of the rubber molecular chain.

Figure 5 Effects of season tapping and lignin on elongation
at break of NR/lignin composite.

Figure 4 Effects of season tapping and lignin on tensile
strength of NR/lignin composite.
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NR without lignin. Effects of the lignin content of 3 phr
would enhance various properties of the NR/lignin
composites, such as 100%, 300% modulus, elongation at
break and tensile strength. It was also found that the scorch
and cure times of the NR compounds slightly decreased.
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Effect of Carbon Nanotubes and Graphite Hybrid Filler on mechanical and conductive
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Abstract
Carbon nanotubes (CNTs) and graphite (GP) can be used as hybrid filler to reinforce natural rubber
nanocomposites. Natural rubber (NR) was mixed with CNTs/GP via melt mixing process. Mechanical, electrical
conductivity and morphological properties were investigated. It was found that CNTs/GP hybrid filler caused
enhancement of the tensile strength of natural rubber composites. Also, fine dispersion of GP and CNTs composites was
observed. This might be due to agglomeration of CNTs is prevented by the GP particles and shows good dispersion in
natural rubber matrix. In addition, it was found that the CNTs/GP composite exhibited higher electrical conductivity than
the NR/CNTs and NR/GP composites.
Keywords: Natural rubber; carbon nanotubes; graphite; hybrid filler.
and good properties would be interesting. In this work,
1. Introduction

graphite (GP) was used as the secondary filler to hybridize

Natural rubber (NR) is biosynthesized polymer that

with CNTs. That is, the NR–CNTs/GP hybrid filler

has excellent mechanical properties including high

composites were prepared by melt mixing method. The

elasticity and flexibility. Also, natural rubber is an electric

aims were to improve some properties of the material

insulator in nature. Electrical conductivity of NR can be

including thermal stability, electrical conductivity, and

improved by incorporation of conductive filler such as,

mechanical properties. It is hypothesized that the layers of

metal powders, conductive carbon black (CCB), and

graphite may hinder the CNTs agglomeration and hence

carbon nanotubes (CNTs). The carbon fillers could

finely dispersed in the NR matrix. This may lead to

transform NR from insulator to conductive material with

improvement of the mechanical properties and electrical

outstanding

mechanical

conductivity of material. Furthermore, GP aggregates may

properties [1]. The CNTs typically causes reinforcement

connect among the CNTs bundles and support the CNTs

of rubber but the highly agglomerate is found due to

pathway to carry the electron charges along the natural

interactions among polar functional groups on CNTs

rubber matrix.

flexibility,

elasticity

and

surfaces via hydrogen bonds and Van-der Waals attraction
[2, 3]. This might be enough to enhance electrical
conductivity and mechanical properties of the NR/CNTs
composites. Therefore, filler dispersion in rubber matrix

2. Experimental
2.1 Materials

needed to be improved. Hybridization between primary

Natural rubber (NR) in the form of air dried sheets

costly fillers (CNTs) and the secondary filler with low cost

(ADS) was manufactured by Vonbundit Co. Ltd. (Surat
Thani, Thailand). The multi-wall carbon nanotubes
(NC7000) with 9.5 nm diameter and 90% purity, were
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manufactured by Nanocyl S.A. (Sambreville, Belgium).

Mechanical properties in term of tensile strength

Graphite (GP) with 6 μm in size was purchased from Thai

and elongation at break of the samples were investigated

Carbon & Graphite Co. Ltd. (Ang Thong, Thailand). Zinc

using a universal tensile testing machine (Tinius Olsen,

oxide (ZnO) activator was manufactured by Global

Co., Ltd., Honey Crock Lane, UK). The tests were carried

Chemical Co. Ltd., (Samut Prakarn, Thailand). Stearic

out with 200 mm/min cross-head speed at room

was manufactured by Imperial Chemical Co. Ltd.,

temperature, according to ISO 527.

(Pathum Thani, Thailand). 2,2'-Dithiobis-(benzothiazole)

2.3.2 Morphological properties

(MBTs) accelerator was manufactured by Flexsys Inc.,

Scanning electron microscopy (SEM) using Quanta

(Termoli, Italy). Sulfur (S) curing agent was manufactured

250 (Thermo Fisher Scientific, Massachusetts, USA) was

by Ajax Chemical Co. Ltd., (Samut Prakarn, Thailand).

used to characterize the morphological properties of

2.2 Preparation of rubber composites

composites. Each specimen was first cryogenically

The NR composites were prepared by using an

fractured in liquid nitrogen to create a fresh cross-sectional

internal mixer (Brabender VR GmbH & Co. KG, Duisburg,

surface. Then, the samples were coated with thin gold

Germany) at 60 oC and a rotor speed of 60 rpm. The

under vacuum before SEM examination.

chemicals and mixing schedule are shown in Table 1. The

2.3.3 Electrical properties

mixing was started by mastication of NR for 1 min and

Electrical properties of the unfilled and filled

then fillers were added and mixed for another 6 min. After

rubber vulcanizates, in terms of electrical conductivity

that, the other chemicals including ZnO, stearic acid and

were measured at room temperature using an LCR meter

MBTS were stepwise added for each 1 min and eventually,

(Hioki IM 3533, Hioki E.E. Corporation, Nagano, Japan)

sulfur curing agent was added and continued mixing for

in the frequency range from 1 to 105 Hz. with a 5 mm

another 2 min to reach a total mixing time of 12 min.

electrode diameter. It is noted that the electrical

Afterwards, the compound was dumped and passed

conductivity (σ) was calculated using eqs. (1)

through the 1 mm nip of an open two-roll mill (Charoen

σ=

Tut Co. Ltd., Samut Prakan, Thailand). Then, the

!
ρ

=%

d

& ∗(

(1)

compound was kept at room temperature for 24 hours.
Vulcanized rubber samples were prepared by compression
molding at 160°C with The respective cure time of each

Where Rp is resistance d and A refer to the sample
thickness and the area of an electrode, respectively ρ is

sample.
Table 1 Ingredients and mixing schedule for preparation of

the volume resistivity

NR-CNTs/GP hybrid composites.
Volume (phr)

Time
(min)

Natural rubber

100

1

Graphite

10

Carbon nanotubes

3

6

Zinc oxide

5

1

Stearic acid

1

1

MBTS

1

1

2.5

2

Rubber / chemicals

Sulfur
2.3 Characterization

2.3.1 Mechanical properties

3. Results and Discussion

COMP-O7

155

Figure 1 SEM micrographs of (a) Gum NR, (b) NR-GP10,

Figure 2 Tensile strength (a) and elongation at break (b) of

(c) NR-CNTs3 and (d) NR-CNTs3/GP10 composites at

the gum NR, NR-GP10, NR-CNTs3 and NR-CNTs3/GP10

magnification of 10k

composite.

Figure 1 shows SEM images of gum NR, NR-

Figure 2 shows tensile strength of gum NR, NR-

GP10, NR-CNTs3 and NR-CNTs3/GP10 composites. It is

GP10, NR-CNTs3 and NR-CNTs3/GP10. It is seen that,

seen that the gum NR vulcanizate (Figure 1(a)) shows only

addition of GP, CNTs and CNTs/GP affected on

the white spots of ZnO particles dispersed in NR matrix.

reinforcement of the tensile strength (Figure 2(a)) but

In Figure 1(b) and 1(c), the agglomerates of GP and CNTs

decreasing of elongation at break (Figure 2(b)). That is, the

are clearly seen in the NR-GP10 and NR/CNTs3

NR-GP, NR-CNTs and NR-CNTs/GP composite exhibited

composites, respectively. However, it is clear that finer

higher tensile strength than gum NR vulcanizate. This is

dispersion of GP with smaller aggregates is in the NR-

due to reinforcing effect of the GP and CNTs fillers.

CNTs3/GP10 composite (Figure 1(d)). Therefore, the

Furthermore,

hybridization of CNTs and GP prevents the GP and CNTs

exhibited the highest tensile strength. This result matches

agglomeration. Dispersion of GP could be improved and

well

the formation CNTs pathways of the CNTs–GP linkages

measurements (Figure 1). Furthermore, lower elongation

might be created in the NR matrix.

at break with the addition of filler might be due to smaller

the

the

NR-CNTs/GP

morphological

hybrid

properties

composite

from

SEM

agglomerate to cause lower failure locations in rubber
composites.

Figure 3 Electrical conductivity of gum NR and NR
composites with CNTs3, GP10 and CNTs3/GP10 hybrid
filler, measured at 100 Hz.
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Figure 3 shows electrical conductivity of gum NR
and NR composites with CNTs3, GP10 and CNT3/GP10
hybrid filler, measured at 100 Hz. It can be seen that the
electrical conductivity of gum NR gave the lowest
electrical conductivity. Addition of filler (GP, CNTs and
CNTs/GP) caused to enhance the electrical conductivity of
NR composite. Furthermore, the CNTs3/GP10 hybrid filler
composite gave the highest electrical conductivity. This is
due to very good distribution of GP and CNTs filler in NR
matrix, resulting in improved electrical conductivity
network to cause connected network allows electron
transport throughout the NR matrix.
4. Conclusion
The

NR/CNTs3

NR/GP

and

NR-CNTs/GP

composites were prepared by melt mixing method. It was
found that the GP/CNTs hybrid filler gave finer dispersion
of GP and CNTs in NR matrix. The tensile strength and
electrical conductivity of the NR-CNTs/GP hybrid
composite also exhibited the highest value. This is due to
very good distribution of GP and CNTs fillers in NR
matrix.
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Abstract
Hydrogel absorbents for dye removal applications were prepared from gelatin 15 % w/v and Montmorillonite (3,
5 and 6 % w/v) using Freeze-drying technique and crosslinked by 1 % v/v glutaraldehyde. Basic blue 9 (Methylene blue)
was selected as dye model. The synthesized bio-composite hydrogels were characterized by digital microscope. Solid
remain was also studied. Adsorption properties were measured by UV-VIS spectroscopy. Kinetic of sorption was
estimated by using pseudo-first order and pseudo-second order models, and sorption isotherm by using Langmuir and
Freundlich equations. The results were found that hydrogel absorbents had high water resistance for all formula. Porosity
sizes were decreased with increasing of Montmorillonite contents. The adsorption behavior of the hydrogel absorbents
based on pseudo-second order and Langmuir models. Adsorption capacity was increased with increasing of
Montmorillonite. It is suggested that the hydrogel absorbents can be used for wastewater treatment in industry.
Keywords: Freeze-drying, Gelatin, Hydrogel absorbent, Montmorillonite
1. Introduction

Hydrogel is a material which has three-dimensional

Nowadays, the growth of various industries led to

structure and outstanding properties on water absorption.

environment problem. Printing industry is one of the

Some types of hydrogel can absorb water up to 600 times

industries

Wastewater

of body weight and allow various molecules diffusion such

contained dyes will negatively affect the ecological

as water, oxygen, carbon dioxide and protein. Hydrogel

balance and human health. Thus, proper and effective

can be produced from synthetic polymer which obtained

wastewater treatments are necessary before drain away

from

from factories. Generally, there are many wastewater

polymethacrylic acid, and polyethylene oxide) or natural

treatment methods [1] such as Ozone treatment, Chemical

polymer (e.g. Cellulose, Starch, Chitosan, and protein).

coagulation, Ion exchange, and Membrane filtration.

There are many applications of hydrogel such as

However, these methods are complicated and expensive.

packaging materials, soft lens and superabsorbents, etc.

which

polluted

wastewater.

petrochemicals

(e.g.

polyacrylamide,

Some factories neglect to implement wastewater treatment

Absorbent is a material which can absorb other

required by Wastewater Quality Standards. Development

molecules. Activated carbon is the most widely used of

of hydrogel absorbents from natural polymer is an

absorbents, but there are limitations in terms of usage and

alternative process for wastewater treatment. It is low cost,

high cost. Many researchers are interested in cost and

easy to find and biodegradability. It can be made into

materials that can be replaced such as wheat shells,

hydrogel forms which produced by a freeze-drying

immobilized laccase, coconut husk, tea leaves, fly ash,

process. This process causes a large amount of porosity

clay, sand, etc. Clay (e.g. kaolin, montmorillonite,

and efficient adsorption [2].

bentonite, and silica nano-sheets) was the most interested
materials in using for dye removal because of low cost,
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easy to find and effectiveness in ion exchange [3].

Chemical Industry Co.,Ltd. Glutaraldehyde (Grade II,

However, these absorbents are difficulty in management

25% in H2O) was obtained from Sigma-Aldrich, Inc. Basic

for dye removal. This led to development of hydrogel

blue 9 (Dye content 95% wt) was purchased from Loba

composite materials from polymer and clay, which are low

Chemie Pvt. Ltd. and Sodium benzoate was supplied by

cost, high strength, and adsorption capacity in some types

CARLO ERBA Reagents S.A.S.

of dye. A research of S. Meijuan, et.al which studied on
properties of hydrogel composite absorbents from gelatin
with Montmorillonite and crosslinked by glutaraldehyde

2.2 Preparation of hydrogel absorbent
Montmorillonite was dispersed in distilled water at

solution, found high effectiveness in Crystal violet dye

90°C by mechanical stirrer according to proportion in

adsorption.

Table 1. Sodium benzoate 0.1% w/v and Gelatin 15% w/v

Montmorillonite is one of the substitute materials

were dissolved in suspension. Subsequently, the solution

because of high surface energy, effectiveness in

was poured into mold (3 ml for rectangle shape) and

adsorption, and cation exchange capacity [5]. However, it

refrigerated for 30 min to allow the formation of solid

has very small particles and difficult separation from

hydrogels. The solids were then kept in deep freezer at

substances [6]. Thus, there is application in using

-40°C for 1 day and freeze-dried for 2 days to generate the

Montmorillonite with biopolymer to produce hydrogel

porous dried hydrogels. The porous samples were

composite superabsorbent [7].

crosslinked by immerging in glutaraldehyde 1% v/v for 4

Gelatin is the protein compounds from collagen

hours at room temperature. After washing with distilled

extraction which is a composition of connective tissue in

water for three times and drying in convection oven for 8

bones, skin, and ligaments of animals. Gelatin can be

hours, the hydrogel absorbents were received and kept in

melted when heated and forms as a gel when cooled.

desiccators.

Gelatin is the biodegradable polymer, which is
inexpensive cost, widely used and renewable materials. In
addition, gelatin can also be applied for absorbents because
gelatin has side groups that have polar and non-polar as in

Table 1 Porosity size and percentages of solid remain of
hydrogel absorbents.
Formula

MMT/Gel
(w/w)

Porosity size
(µm)

M3G15
M5G15
M6G15

1:5
1:3
2:5

182 ± 50
106 ± 27
76 ± 15

the research of Bajpai, A.K [8]. Moreover, gelatin can be
used as gelling agent to stabilize materials.
From the above research data, to improve the
difficulty in separation of absorbents from the adsorbate
and cost, the hydrogel absorbents from natural polymers as
gelatin and Montmorillonite by freeze-drying and
crosslinked by glutaraldehyde solution were prepared.
Kinetic and isotherm of sorption of Basic blue 9 on the
hydrogel absorbents were investigated.

Solid remain
(%)
1 hr
24 hr
94 ± 2 94 ± 1
97 ± 2 97 ± 4
95 ± 3 94 ± 1

2.3 Characterization of the hydrogel absorbents
Porosity size of hydrogel absorbent surfaces was
characterized by Digital microscope (Dino-Lite, Anmo
Electric Co., Ltd).
2.4 Solid remain

2. Experimental Methods
2.1 Materials
Gelatin (Commercial grade, 160 bloom) was
purchased from UNION CHEMICAL 1986 Co.,Ltd.
Montmorillonite (Mac-Gelâ, minimum dry particle size
(pass 200 mesh) = 80%) was obtained from Thai Nippon

Samples (2x2x0.7 cm3) were weighed and immersed
in 100 ml distilled water per specimen for 1 and 24 hours
at room temperature. After drying in an oven, the samples
were weighed in order to calculate percentages of solid
remain as follow (Eq. 1). Solid remain test was repeated
for three times.
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% Solid remain = Md/Mi x 100

(1)

where qe and qt are the amounts of dyes adsorbed (mg

where Md is dry weight of swollen hydrogel after
immersed and Mi is initial dry weight of the hydrogel.

g-1) at equilibrium and at time t (min), t is time (min) and
k1 is the pseudo-first order rate constant (min-1). The plot
between log (qe-qt) versus time gives a linear relationship

2.5 Adsorption batch test

of the pseudo-first order. The values of rate and k1 were

The adsorption of Basic blue 9 by hydrogel absorbents

obtained from slope.

was studied by a batch adsorption method. The effects of
various

parameters,

namely

the

amount

t/qt = (1/k2qe2) + (1/qe)t

of

(4)

Montmorillonite and concentrations of Basic blue 9 were

where qe and qt are the amounts of dyes adsorbed (mg

experimentally explored. Basic blue 9 at concentrations of

g-1) at equilibrium and at time t (min), t is time (min) and

10, 100, 500, 800 and 1000 mg L-1 were prepared for 25

k2 is the pseudo-second order rate constant (min-1). The

ml per specimen and stirred at room temperature for 2

plot between t/qt versus times gives a linear relationship of

hours and then, left standing for 24 hours. Residual Basic

the pseudo-second order. The values of rate and k2 were

blue 9 after adsorption was sampled and measured by UV-

obtained from slope.

VIS spectrophotometer (BlueStar B) at 668 nm.
Adsorption percentage of absorbent was calculated as
follows (Eq.2). The calibration curve of standard solutions
of Basic blue 9 was measured at concentration period of 110 mg L-1 in which the values of absorbance were in the
range between 0.03-1.65. The linear equation was

2.7 Adsorption isotherm
Sample was added into Basic blue 9 at 10 mg L-1 and
stirred by using equilibrium time from 2.6. Concentrations
of Basic blue 9 were varied at 100, 500, 800 and 1000 mg
L-1. Residual Basic blue 9 after adsorption was measured
by UV-VIS spectrophotometer (BlueStar B) at 668 nm.

obtained y = 166.9X-0.030, R2 = 0.999.

The adsorption isotherms were analyzed by fitting them to
% Adsorption = (Ci-Cf)/Ci x 100

(2)

Langmuir and Freundlich isotherm models which
expressed as (Eq. 5-6).

where Ci and Cf are intitial concentration (before
adsorption) and final concentration (after adsorption) of

Ce/qe = (1/KLqm) + Ce/qm

(5)

Basic blue 9, respectively.
where Ce is the equilibrium concentration of solution

2.6 Adsorption kinetics
Basic blue 9 at 800 mg L-1 was prepared for 25 ml per
specimen. First, hydrogel absorbents were added into
Basic blue 9 with stirring and the liquor was collected at 5,
10, 30, 45, 60, 90, 120, 180, 240, 300 360, 420 and 480
min. The systems were left standing for 1440 min before
the last sampling. The collected liquors were measured by
UV-VIS spectrophotometer (BlueStar B) at 668 nm.
Adsorption kinetics was fitted with two simplified models
including pseudo-first order and pseudo-second order to
describe the adsorption processes. Pseudo-first order and
pseudo-second order models equations are expressed as
follows (Eq. 3-4).
log (qe-qt) = log qe – k1t/2.303

(mg L-1), qe is the equilibrium adsorption capacity per unit
weight of hydrogel absorbents (mg g-1), KL is the
Langmuir constant related to the energy of adsorption (L
mg-1), qm is maximum adsorption capacity per unit weight
of hydrogel absorbents to form a complete monolayer
coverage (mg g-1). The constant values can be determined
from slope and the intercept of linear relationship between
Ce/qe versus Ce.
qe = KFCe1/n
(6)
where qe is the equilibrium adsorption capacity per unit
weight of hydrogel absorbents (mg g-1), KF and n are the
Freundlich constants related to adsorption capacity and

(3)

adsorption intensity, respectively. The values of KF and n
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were calculated from slope and intercept of linear
Adsorption (%)

100

relationship between logce and logqe. In case of 1/n » 1
indicates that adsorption rate depends on concentration of
solution. However, 1/n < 1 indicates that the difference
between adsorption in low concentration and high

95
90
85
80
75
M3G15

concentration are insignificant (concentrations change is
ineffective the adsorption rate).
3. Results and Discussion

L-1) on hydrogel absorbents.
45

Porosity size was measured by digital microscope

that porosity size depends on amount of Montmorillonite,
higher Montmorillonite contents leading to less size of
porosity. This is caused by more solid contents resulting in
obstructing the expansion of porosity.

40

Adsorption capacity (mg/g)

Table 1 (20 points were measured). The results are shown

M6G15

Figure 1 Adsorption percentages of Basic blue 9 (100 mg

3.1 Morphology of hydrogel absorbents
(magnificent = 90X). Mean sizes of porosity as shown in

M5G15
Formula

35
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15
10
5
0
0

500

1000

1500

2000

Time (min)

3.2 Solid remain
Solid remain of hydrogel absorbents crosslinked by
glutaraldehyde are shown in Table 1. Solid remain of all

Figure 2 Adsorption capacity of Basic blue 9 at 800 mg
L-1 on M5G15.

formula are insignificant difference. The results suggested
that all formula can be used for wastewater treatment due
to high water resistance property.
3.3 Adsorption batch test
The adsorption of hydrogel absorbents at 24 hours was
studied by adsorption batch test. The effects of
Montmorillonite contents and concentrations of Basic blue
9 were experimentally explored at room temperature. The
results were determined by UV-VIS spectrophotometer at
668 nm. The results show that adsorption capacity depends
on Montmorillonite contents as shown in Figure. 1.
Adsorption percentages are increased with increasing of
Montmorillonite contents. The adsorption equilibrium
time was studied from relationship between contact times
and adsorption capacity of Basic blue 9 at initial
concentration of 800 mg L-1. M5G15 was selected to use
in this experiment. The results were determined by UVVIS spectrophotometer at 668 nm. Equilibrium adsorption
time was found at about 1440 min as shown in Figure. 2.

3.4 Adsorption kinetic
For study on adsorption kinetics, pseudo-first order
and pseudo-second order models were fitted to the
experiment which described the adsorption processes.
Basic blue 9 at 800 mg L1 was used at room temperature.
Pseudo-first order is plots between log (qe-qt) versus time.
The values of pseudo-first order rate were shown in Figure.
3 (a) that k1 obtained from slope. The plot of t/qt versus
time gives a linear relationship of pseudo-second order.
The values of pseudo-second order rate are shown in
Figure. 3 (b) which k2 and qe are obtained from slope.
These results show that the adsorption process base on
pseudo-second order model due to correlation coefficient
(R2) is closer to 1 more than pseudo-first order model and
indicates that the adsorption rate of dye depends on the
concentration of dye and the adsorption of Basic blue 9
into absorbents is due to chemical interaction.
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1.6
y = -0.001x + 1.350
R2 = 0.8590
k1= 23.9812 min-1
qe = 0.0023 mg g-1
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Figure 4 Effect of dye concentration on adsorption
y = 0.026x + 3.982
R2 = 0.9520
k2= 38.4615 min-1
qe = 0.0009 mg g-1
0

250

500

capacity of M5G15 for Basic blue 9.
a)

500

750 1000 1250 1500 1750

400

time (min)
Ce/qe

300

Figure 3 (a) Pseudo-first order and (b) Pseudo-second

y = 0.048x + 0.857
R2 = 1.000
KL= 0.0467
qm = 20.83 mg g-1

200

order models for the adsorption of Basic blue 9 onto

100

M5G15.
0
0

5

10

15

20

25

Ce (mg/L)

3.5 Adsorption isotherm
The influence of initial dye concentration adsorption
capacity of M5G15 is shown in Figure. 4. The result shows

b)

1.4
1.2

that adsorption capacity dramatically increased from 0.5 to

1.0

20.0 mg g-1, as the initial dyes concentration increased
concentration.

0.8

logqe

from 10 to 800 mg L-1, and slightly increased after this

0.6
0.4

y = 0.490x + 0.071
R2 = 0.9130
KF= 0.5166
n = 2.0408

0.2

Mechanism of adsorption processes were identified
by two types of isotherm model, namely the Langmuir and
the Freundlich isotherms. Figure. 5 shows the Langmuir

0.0
-0.2
-0.4
-0.5

coefficient (R2) equal to 1 for Langmuir isotherm, while

0.5

1.0

1.5

2.0

2.5

3.0

logCe

(a) and the Freundlich (b) isotherm models of Basic blue 9
on M5G15. The results show that the correlation

0.0

Figure 5 Langmuir (a) and Freundlich (b) adsorption
isotherms of Basic blue 9 on M5G15.

2

correlation coefficient (R ) equal to 0.9130 for Freundlich
indicates this adsorption process according to Langmuir

4. Conclusion

isotherm model which has maximum adsorption capacity,

Hydrogel absorbents can be successfully formed by

qm (mg of dye per g of hydrogel absorbents) was 20.83 mg

the combination of gelatin and Montmorillonite. The

g-1. The fact of Langmuir isotherm suggested the

absorbents exhibited high water resistance for all formula.

monolayer coverage of dye on the surface of M5G15.

Adsorption percentages of the absorbents were higher than
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80 % at concentration of Basic blue 9 of 100 mg L-1. The
adsorption efficiency depended on the content of

Nukeaw, J. J. Appl. Polym. Sci. 2012, 1, 1-9.
2.

Kang, S.; Zhao, Y.; Wang, W.; Zhang, T.; Chen,

Montmorillonite. Equilibrium adsorption time was found

T.; Yi, H..; Rao, F.; Song, S. J. Appl. Surf. Sci.

at 1440 min. The adsorption kinetics was followed the

2018, 1, 203-211.

pseudo-second order model indicating that the adsorption
between hydrogel absorbents and Basic blue 9 was due to

3. Liu, Y.; Zheng, Y.; Wang, A. J. Environ. Sci. 2010. 4,
486-493.

chemical interaction. In case of isotherm models,

4. Meijuan, S.; Xuman, W.; Caining, Z.; Xiaoxiao, L.;

Langmuir model was fitted meaning that hydrogel

Xiao, L.; Qing, L. Basic Sciences Journal of Textile

absorbents were covered by dyes as monolayer on the

Universities. 2018, 2, 140-145.

surfaces. The maximum adsorption capacity of M5G15
was at 20.83 mg g-1. From these results, it can be suggested
that hydrogel absorbents suited for dye removal in
wastewater treatment.

5. Khedr, M.A.; Waly, Al.; Hafez, Al.; Ali, H. Aus. J.
Appl. Sci. 2012, 6, 216-226.
6. Kang, S.; Zhao, Y.; Wang, W.; Zhang, T.; Chen, T.;
Yi, H.; Rao, F.; Song, S. Appl. Surf. Sci. 2018, 1, 203211. 7. Bajpai, A.K. Polymer. Int. 1994, 1, 315-319.

Acknowledgement
This

research

7. Zhang, L.; Wang, L.; Wang, A. Ind. Eng. Chem. Res.
was

financially

supported

by

Department of Chemistry and Faculty of Science, King
Mongkut’s Institute of Technology Ladkrabang (KMITL).
References
1.

Kaemkit, C.; Monvisade, P.; Siriphannon, P.;

2014, 1, 2497-2502.
8. Bajpai, A.K. Polym. Int. 1994, 1, 315-319.
9. Hayeeye, F.; Sattar, M.; Chinpa, W.; Sirichote, O.
Coll. Surf. 2016.
10. Wang, W.; Zhao, Y.; Bai, H.; Zhang, T.; Galvan, V.
I.; Song, S. Carbohydrate Polymer. 2018, 1, 1-26.

COMP-P5

163

Effect of Polyethylene Glycol on CO2 Permeation in the Partially Hydrolyzed
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Abstract
In the present work, effect of polyethylene glycol (PEG) (Mw 400) incorporation with partially hydrolyzed ethylene
vinyl acetate (p-EVA) on CO2 and CH4 permeabilities and CO2/CH4 selectivity were investigated. In order to synthesize
the p-EVA, EVA containing 33%wt of vinyl acetate was partially hydrolyzed. Thereafter, PEG-400 was added at 5, 10
and 15%wt loadings to obtain the blended p-EVA/PEG membranes. Fourier transform infrared spectroscopy
(FT-IR) in Attenuated Total Reflectance (ATR) mode was carried out to confirm the chemical bonds from partially
hydrolysis reaction. Thermal and mechanical properties of membranes were also determined using differential scanning
calorimeter (DSC) and universal testing machine (UTM), respectively. Permeation of pure gases, CO2 and CH4, through
the neat EVA, p-EVA and the blended p-EVA/PEG membranes were measured at ambient pressure and 25°C. DSC
analysis indicated that PEG did not influence crystallinity of EVA. Mechanical properties of p-EVA were improved in
comparison with those of the neat EVA. However, these properties were insignificantly changed after addition of PEG.
The obtained results of gas permeation revealed that the blended p-EVA/10PEG exhibited the highest CO2 permeability,
as compared with other membranes. Additionally, the p-EVA/10PEG also had a good CO2/CH4 selectivity.
Keywords: polyethylene glycol, ethylene vinyl acetate, blend membrane, permeability, CO2/CH4 selectivity
vehicles and electricity generation.2 Nevertheless, the

1. Introduction
In the present, energy consumption of the world

presence of large amounts of CO2 in biogas can be limited

comes from fossil fuels (coal, oil, and natural gas).

its

potential

applications.

Therefore,

an

efficient

However, the tendency will be changed because of

methodology to separate CO2 from biogas was developed

resource expiration. Biogas is one of the renewable energy

for CH4 purification.

resources. It is obtained by anaerobic digestion process of

Polymeric membranes for gas separation are

organic matter (sewage, animal by-products, agricultural,

tremendously interested candidate owing to its advantages

1

industrial and municipal solid waste).

over conventional processes, including simplicity, cost

Biogas is a mixture of different gases mostly

effective and low environmental impacts.3 Typically, gas

composed of methane (CH4) 60-70%, carbon dioxide

permeation passed through the membrane can be

(CO2) 30-40% and trace of other gases, such as hydrogen

explained by solution-diffusion mechanism, which the

sulfide (H2S), siloxane and moisture. CH4 is a necessary

pressure gradient was used as a driving force to permeate

gas that can be utilized for household applications, fuel

gas from upstream to downstream. Nevertheless, in this
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work concentration gradient is conducted to be a driving
force because of cost effectiveness and ease to handle.
Generally, the traditional membrane materials,
such as polyimide (PI) and cellulose acetate (CA) have not
provided the requirements in terms of high CO2
permeability and selectivity.4 Therefore, the structure and
polarity of membrane are an important factor to improve
the gas permeability and selectivity of the membranes.
In the previous work, PEG has been blended with
various types of polymers to improve the properties of gas
separation. For instance, Yoshino et al. added PEG to
polyimide membranes and revealed that the blend
membranes exhibited a high CO2/N2 selectivity owing to
the afﬁnity of PEO segments with CO2 molecules and thus
5

resulted in high solubility-selectivity.

2.1 Materials
EVA, Escorene® LD 783.ND (%vinyl acetate
content = 33, melting point = 57.8 °C) was purchased from
ExxonMobil Chemical Co., Ltd. PEG, CARBOWAX™
SENTRY™ 400 (density = 1.1255 g/cm3, boiling point =
>200 °C) was a product of Dow Chemical Co., Ltd. The
KOH, xylene, toluene and dichloromethane were
purchased from CARLO ERBA Reagents Co., Ltd. CO2
was purchased from Thai Industrial Gases Co., Ltd
(Thailand), CH4 was purchased from Guangdong Huate
Gas Co., Ltd (China) and He was purchased from Praxair
Co., Ltd (Thailand). All of the gases have 99.99% purity.
2.2 Synthesis of partially hydrolyzed EVA

In addition,

Approximately 25 g of EVA pellets were dissolved

Amooghin et al. reported the effect of molecular weight of

in 250 ml of xylene. Under reflux at 100 °C, the polymer

PEG on CO2 permeability. It was implied that PEG with

solution was stirred using a magnetic bar until

high Mw has a higher polar density in main chain that led

homogeneously. After cooling to 80 °C, 32 ml of alcoholic

to an enhancing the strong interaction between ether group

KOH solution was added and then reaction was continued

of PEG and CO2 molecules. However, it was founded that

stirred for 3 h at 100 °C. Subsequently, the solution was

the crystallinity in blend membrane was increased due to

then poured into excess amount of methanol to obtain

high Mw PEG with the content higher than 10%wt. In

precipitation and washed repeatedly by methanol and

contrast, PEG with low Mw acts as the plasticizer, then

distilled water. Eventually, precipitated polymer was dried

would cause a decreasing in crystallinity, resulting in an

at 50 °C in an air oven for 16 h to remove moisture and

6

increase molecular mobility of polymer chains.

residual solvent.

In this study, EVA, containing 33%wt of vinyl
acetate was chosen to prepare membranes for CO2/CH4

2.3 Blend membrane preparation
2.3.1 Partially hydrolyzed EVA blending with PEG by

selectivity. This is because EVA at 33%VA has a high
carbonyl functional group that facilitates strong interaction

solution blending
The blend membranes were prepared by dissolving

with CO2 molecules. However, its physical appearance is
sticky together with weak mechanical properties.

3

g

of

partially

hydrolyzed

EVA

(p-EVA)

in

The purpose of this work aimed to improve

toluene/dichloromethane (85:65 v/v). The solution was

mechanical properties of EVA at 33%VA by partially

stirred under 50 °C with reflux condenser until

hydrolysis reaction. Thereafter, the CO2 permeability of

homogeneous solution was obtained. Then PEG was added

p-EVA was enhanced by adding PEG with low Mw (400

and stirred for 3 h. Afterwards, the solution was poured on

g/mol) at 5, 10 and 15%wt loadings.

a glass plate. After 18 h of solvent evaporation at room
temperature, the resulting polymeric film was removed
from the plate and dried at 50°C in an air oven for 12 h.

2. Experimental Methods
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Figure 1 Schematic diagram of permeation test setup
degree of crystallinity of EVA was calculated following
2.3.2 Membranes fabrication

equation 2.

Dense membranes of the neat EVA, p-EVA and
∆Hf ×100
∆H0f

×

100
% of polymer in the sample

p-EVA blended with various loadings of PEG at 5%wt

% Crystallinity =

(p-EVA/5PEG), 10%wt (p-EVA/10PEG) and 15%wt

Where ΔHf is the enthalpy of the melting, ∆H0f is the

(p-EVA/15PEG) were fabricated using compression

enthalpy of 100% crystalline of PE (293 J/g).7

(2)

molding machine at 180 °C for 10 min. The membranes

Tensile properties of samples were examined

were prepared with thickness ranging from 50- 60 μm,

according to the ASTM D882 with a gauge length of 25

measured with a micrometer.

mm using a universal testing machine (UTM, model LR
5K, LLOYD). The testing conditions as follows: load cell

2.4 Membrane characterization and testing
The complete reaction of p-EVA membrane after
partially hydrolysis reaction was approved on carbonyl
index (C.I.) using Fourier transform infrared spectroscopy
(FTIR, IRTracer-100) in Attenuated Total Reflectance
(ATR) mode in the wavenumber of 600-4000 cm-1 and C.I.
is calculated as equation 1.

C.I.

(1)

15 %wt were measured with the same condition as
described above.
Thermal properties of EVA in the p-EVA and its
membranes,

reported.
The gas permeability of all membranes was
measured using a permeation test setup that shown
schematically in Figure 1. The flow rates of the feed gas
under ambient pressure and operating temperature at 25 °C.

After that, FTIR spectra of p-EVA/PEG at 5, 10 and

blended

strength, elongation at break and Young’s modulus were

(CO2 and CH4) and the carrier gas (He) were 30 ml/min

Area under absorbance peak at 1714 cm-1
Area under absorbance peak at 720 cm-1

=

of 100 N at cross head speed of 100 mm/min. Tensile

including

glass

transition

temperature (Tg), crystalline melting temperature (Tm),
crystallization temperature (Tc) and degree of crystallinity
(Xc) were evaluated via a differential scanning calorimeter
(DSC, model 204 F1, NETZSCH) under a nitrogen
atmosphere. The samples were heated from -100°C to
100°C with heating and cooling rate of 10°C/min. The

These gases separately controlled by mass flow controllers.
3. Results and Discussion
3.1 FTIR analysis
FTIR spectra of all membranes and PEG were
characterized

using

Fourier-transform

infrared

spectroscopy (FTIR), as depicted in Figure 2. Spectrum of
p-EVA was noticed that peak intensity of C=O stretching
at 1700 cm-1 was greatly reduced. On the other hand, O-H
stretching at 3300-3500 cm-1 was slightly observed. This
is because after hydrolysis reaction some acetate groups
were transformed to hydroxyl groups. Additionally, the
peak at 1120 cm-1 was appeared, which is assigned to the
ether group from addition of PEG into the p-EVA. Thus,
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this is confirmed an existence of EO units of PEG in the
blend membranes. However, the intensity at 1120
cm-1 of p-EVA/15PEG was declined owing to breeding of
PEG through the membrane surface during fabrication
process.

Figure 2 ATR spectra of EVA, p-EVA, p-EVA/5PEG, pEVA/10PEG, p-EVA/15PEG and PEG
3.2 Mechanical properties
Figure 3 shows tensile properties, e.g. tensile
strength, %elongation at break and Young’s modulus of
EVA, p-EVA and p-EVA blended with various loadings of
PEG. The results shown that tensile strength and Young’s
modulus of p-EVA were greater, whereas %elongation at
break was lower as compared with those of neat EVA. The
obtained results are in good agreement with FT-IR analysis
that the hydrogen bonding of -OH groups were exhibited
after hydrolysis reaction. Furthermore, addition of PEG at
5, 10 and 15%wt loadings into p-EVA led to a negligible
decrease in tensile strength and Young’s modulus. On the
other hand, %elongation at break was slightly increased
because of plasticizer effect of PEG.
Figure 3 Tensile properties of EVA, p-EVA and its
blended membranes with various PEG loadings
3.3 Thermal properties
The

neat

EVA,

p-EVA,

p-EVA/5PEG,

p-

EVA/10PEG and p-EVA/15PEG were determined for
thermal properties using DSC and the results are listed in
Table 1. From the result, low glass transition temperature
(Tg) of neat EVA is observed at -40.0°C. It revealed the
rubbery state of the membrane at room temperature.
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Additionally, it was found that Tg was increased after

However, it was noticed that CO2 permeability was

partially hydrolysis reaction due to the hydrogen bonding

dramatically increased, as compared with CH4. This is

between polymer chains. In contrast, Tg was dramatically

because the presence of ethylene oxide (EO) units from

decreased after addition of PEG into the p-EVA since PEG

PEG in the membrane matrix performed the strong

possessed as the plasticizer, leading to ease of chain

interaction with CO2 molecules and possessed in CO2

8

mobility. Moreover, it was illustrated that Tm, Tc and Xc

solubility. Hence, the accumulation of CO2 concentration

of EVA in p-EVA were higher than those of neat EVA.

at upstream of the membrane was obtained. Then the

This is suggested that the lamellar thickness was increased

increment of CO2 molecule diffusion passed through the

along with higher temperature of crystallization that

membrane. In the other word, its resulted from

corresponds to the increase in crystallinity of p-EVA.

concentration gradient effect.

However, Tm, Tc and Xc of EVA in blended p-EVA/PEG
were in the same range (63-65°C, 54-58°C, 7-9%,
respectively). This is because PEG was added in small
amount and p-EVA/PEG blends are also immiscible blend.
Thus, the addition of PEG could not interfere the
crystallization of EVA in the blend membranes.
Table 1. Tg, Tm, Tc and degree of crystallinity (Xc) of EVA
in the membranes
Formula

Tg
(°C)

Tm
(°C)

Tc
(°C)

Xc
(%)

EVA
p-EVA
p-EVA/5PEG
p-EVA/10PEG
p-EVA/15PEG

-40.0
-17.5
-52.0
-53.5
-54.9

46.5
64.8
65.0
63.8
64.0

32.5
54.0
57.1
56.8
57.2

2.5
5.8
6.4
6.6
5.6

3.4 Gas permeability

Figure 4 Gas permeability of EVA, p-EVA and blended pEVA/PEG membranes
Nevertheless, when increasing amount of PEG to
15%wt caused the decrement of both gases permeation.
This might be attributed to breeding of PEG to the

EVA, p-EVA and p-EVA blend with PEG at 5, 10

membrane surface and its acts as surface barrier.

and 15%wt loadings were tested to evaluate the

Consequently, gases molecule could not permeate easily

permeation of CO2 and CH4. As can be seen in Figure 4,

through the membrane.

CO2 permeability of p-EVA was lower, as compared to

Additionally, as can be seen (Figure 5) that the

that of neat EVA membrane. This is because of the

CO2/CH4 selectivity of p-EVA is lower than neat EVA.

formation of hydrogen bonding, resulting in an increasing

However, the CO2/CH4 selectivity of neat EVA, p-

of crystallinity. Therefore, the diffusion pathway of gases

EVA/5PEG and p-EVA/10PEG were similar trend.

was obstructed.

Therefore, it might be concluded that CO2 permeability

Moreover, addition of PEG at 5, 10 and 15%wt

was improved by addition of PEG into the blend

loadings into the p-EVA revealed that CO2 and CH4

membrane. However, the selectivity of membranes was

permeability values were increased due to an increment in

not significantly changed with the presence of PEG.

free volume, leading to facilitation of gas diffusivity. In
other words, PEG can act as plasticizer and diffuse its
molecules between the chain segments of p-EVA, and
produce additional intermolecular space.9
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selectivity of blended membranes were not significantly
different, as compared to neat EVA.
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Abstract
Nowadays, carbon dioxide (CO2) concentration in the atmosphere is rising and is the main cause of global
warming. One solution to mitigate the greenhouse effect is carbon sequestration through the use of plant-based materials.
Many industries such as automotive have adopted to this problem by using natural fiber as reinforcement of polymer
matrix composites for parts of different functions. There are already a number of commercial products made from natural
fiber reinforced composites. However, most of these fibers are needed to be cultivated. Pineapple leaf fiber (PALF) can
be extracted from waste pineapple leaves. PALF also has very good mechanical properties comparable to other
commercial natural fibers such as flax, kenaf and hemp. In order to promote the use of PALF, it is important to understand
the relationship between composite fabrication technique and its mechanical properties. From fundamental principles of
fiber reinforced composites, thick fiber reinforced composite parts prepared with many thin random in the plane (2D)
sheets and one thick random in three dimensions (3D) sheet should have different mechanical properties. In this research,
short PALF will be used to reinforce epoxy to produce thick laminated composites. Composites prepared from 2D random
in plane sheets and one 3D orientation of nonwoven short PALF sheet with contents of 10, 20 and 30 percent by weight
will be compared based on mechanical, morphological and thermal properties. Flexural test, observation under a scanning
electron microscope (SEM) and heat distortion temperature (HDT) of the composites were performed or determined and
the results compared.

Keywords: Pineapple leaf fiber, Pineapple leaf fiber reinforced epoxy resin, random in the plane, random in three
dimensions, laminated composites

1. Introduction
The global warming causes temperature of the

resources. Many countries response to global warming
by reducing emission, use of renewable energies such as

climate system to rise. It is well-known that greenhouse

solar,

wind,

biomass

and

geothermal.

Carbon

gases such as carbon dioxide and methane are gases that

sequestration is one of the solutions to moderate the

absorb and emit radiant energy within the thermal

global warming problem. This is a process which

infrared range. In the near future, the rising sea levels

atmospheric carbon dioxide is capture in the long-term

and ocean acidification will be resulted from these heat

storage. In Japan, the carbon footprint label on a product

waves. Humans will see indirect effects as scarcity of

is the main factor which influences a customer decision

food and energy from decrease crop yields and

of buying. Many industries such as automotive are using
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natural fiber as reinforcement in their productions.
Because the carbon is the main component of natural
(a)

fiber so carbon is sequestered in the products for longterm storage.
Nowadays, the natural fibers such as flax, hemp
and jute can be found in commercial fiber product and

(b)

are already applied as main components in the
production of bio-composites. In Thailand, various
types of plants can provide natural fibers which are
abundantly

available

both

naturally

and

Figure 1. Random orientation of fiber in the plane (a)
and random in three dimensions (b).

from

agricultural industries. Pineapple leaf fiber (PALF) can

2. Experimental

be extracted from waste pineapple leaves. In contrast to
other natural fibers such as flax and hemp, PALF does

2.1. Epoxy resin

not require much resources for utilization. Moreover,

Modified Epoxy resin (YD565) and hardener (TH7525)

PALF has high cellulose content and low microfibrillar

were obtained from Aditya Birla Chemical (Thailand)

angle. So, mechanical properties of PALF such as

Ltd.

Young’s modulus is relatively high and close to that of
S-glass fiber which is widely used in polymer

2.2. PALF
Pineapple leaves were obtained from Ban Yang

composites.
Laminated composite materials are attractive

District, Amphoe Nakhon Thai, Phitsanulok Province,

material in composite industry. This is because

Thailand. Pineapple leaf fiber (PALF) was prepared

laminated products are simple to use and the thickness

from fresh leaves by a milling technique. Fresh

of product can be easily controlled. The laminate

pineapple leaves were cut into 6 mm in crosswise plane

process is just stacking of fiber sheets.

It may be

of leaf. After that, the cut leaves were feed into disc

imagined that for thin laminated sheet, the fibers would

milling machine which fiber bundles were distributed in

align randomly in a plane while they would align

water media. Whole ground leaf (WGL) was obtained

randomly in 3 dimensions in the thick sheet (Figure 1).

after drying. WGL is consist of PALF and non-fibrous

This could lead to some differences in thick composites

material (NFM). PALF was separated from WGL by dry

made from many thin laminates and one thick sheet.

milling and sieving.

In this research, short PALF will be used to
reinforce epoxy to produce thick laminated composites
from 2D random in plane sheets and one 3D orientation
of nonwoven short PALF sheet with PALF content of
10, 20 and 30 weight percent. The effect of short fiber
content and laminate thickness on composite properties
are investigated.

2.3. Nonwoven sheet
The short PALF was dispersed in water. After
that the fiber was picked up in a silk screen. Nonwoven
sheet was obtained and was dried in a hot air oven at 80
C for 24 hours.
2.4. Composite preparation
The nonwoven sheets of PALF were cut into size
of specimen following to ASTM D790-03 (flexural
testing) and ASTM D648-07 (HDT). The PALF sheets
were prepared with fiber contents of 10 20 and 30
percentage by weight. Epoxy resin and hardener
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(100:35) were mixed into the homogeneous mixture.
The bubble of mixture was eradicated by vacuum. After
that the PALF sheets were dipped in the mixture. The
trapped bubbles in the nonwoven sheet were removed by
vacuum again. The composites were cured in a mold at
80 C for 4 hours. The composites are coded according
to its PALF contents as PALF10, PALF20 and PALF30.
Neat epoxy is coded as PALF0.

Figure 2. Fracture surface of epoxy composites which is
fiber random in plane (a) and random in three
dimensions (b).

2.5 Characterizations

For composite prepared with thin layers in which

Flexural testing (Instron 5569, High Wycombe,
UK): The specimens were prepared in size 12x120 mm2
from composite plates of 3 mm thick. Flexural
properties were measured with a universal testing
machine following to ASTM D790-03 with a span
length and a strain rate of 48 mm and 1.28 mm/min,

the fiber was aligned randomly in the plane, layered
structure can be visualized as outlined in Figure 2a while
random arrangement in three dimensions is seen in
Figure 2b
.
3.2 Mechanical properties

respectively. 5 kN load cell was used. The flexural

Figure 3 displays stress-strain curves of epoxy

stress – strain curves were recorded for the study of

composites reinforced with nonwoven sheets in

failure behavior.

Flexural strength, modulus and

different contents along with that of neat epoxy

maximum strain were calculated from the stress-strain

(PALF0). The stress-strain curve shows that composites

curves.

have brittle behavior.

Heat

distortion

temperature

(HDT):

The
140

specimens were prepared in a similar size to that for

120

flexural testing. HDT was measured according to ASTM

100

Sample deflection was recorded as a function of
temperature.
Scanning electron microscope (SEM): The
morphology of cracked specimen which had been
flexural tested specimens was studied with a scanning
electron microscope. The composite surface was also
observed.
3. Results and Discussion
3.1 Fracture surface
Bending fractured surfaces of epoxy/PALF
composites are shown in Figure 2. The pull-out areas of
fiber are seen both in Figures 2a and 2b.

Stress (MPa)

D648-07. Sample was heated at the rate 2 C/min.

80

PALF0
PALF10
PALF20
PALF30

60
40
20
0
0.00

0.02

0.04

0.06

0.08

0.10

Strain

Figure 3. The stress-strain curve of epoxy composite
with different fiber contents.
For composites with fiber contents of 10 and 20
percent by weight, the slope increases with increasing
fiber content.

The calculated modulus is shown in

Figure 4. Composite with PALF reinforcement content
of 30 percent displays two steps fracture. Flexural
strength goes down when epoxy is filled with fiber. This
is because the interaction between fiber and epoxy is not
good as seen through the pull-out of fiber in Figure 2b.
However, when the fiber content was increased further,
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140

Figure 5. Therefore, it can be concluded that the

120

optimum content of PALF is 20 percent by weight.

100

Stress (MPa)

the flexural strength recovered and grew up as shown in

4.5

Flexural Modulus (GPa)

4.0

80

3.5

40

3.0

20

2.5

PALF0
PALF20
2SPALF20
4SPALF20
10SPALF20

60

0
0.00

2.0

0.02

0.04

0.06

0.08

0.10

Strain

1.5
1.0

Figure 6. The stress-strain curve of epoxy composites

0.5

prepared from different numbers of laminate.

0.0
PALF0

PALF10

PALF20

PALF30

Figure 4. Flexural modulus of epoxy composite with
different fiber contents.

significantly different when the number of sheets is
increased as shown in Figures 7 and 8. So, the fiber

140

arrangement does not have much effect on the composite

120

Flexural Strength (MPa)

The flexural modulus and strength are not

mechanical properties. This is possibly because the fiber

100

is not aligned in the Z-direction or it is out of plane due

80

to its considerable length.
60
40

4.0

20
0
PALF0

PALF10

PALF20

PALF30

Figure 5. Flexural strength of epoxy composite with
different fiber contents.
In the next part, effect of number of sheet
layers will be presented. Fiber content was fixed at 20
percent while the number of layers was varied at 2, 4 and
10 layers. The stress-strain curves are shown in Figure
6. All composites show brittle behavior.

Flexural Modulus (GPa)

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

F0
PAL

20
20
F20
F20
ALF
ALF
PAL
PAL
2SP
4SP
10S

Figure 7. Flexural modulus of epoxy composite
prepared from different numbers of laminate.
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Flexural Strength (MPa)
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Effect of Ammonium Polyphosphate Content on Properties of Sawdust/Poly(Butylene
Succinate) Composites
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Abstract
Effect of ammonium polyphosphate (APP) content on mechanical, flame retarding, thermal and morphological
properties of sawdust/poly(butylene succinate) (PBS) composites was studied. The composites were prepared at sawdust
content of 30 wt% and APP contents of 10, 20 and 30 phr. Incorporating sawdust into PBS resulted in the reduction of
tensile strength, elongation at break, impact strength, thermal stability and flame retardancy but the improvement of tensile
modulus. Tensile strength, elongation at break, impact strength and thermal stability of the composites were deteriorated
with increasing APP content while tensile modulus was increased. Flame retardancy of the composites was improved
with the addition of 20 and 30 phr of APP.
Keywords: PBS, Sawdust, APP, Mechanical properties, Flame retardancy
1. Introduction

polymer composites. APP is nontoxic and smoke

As a result of growing environmental awareness,
poly (butylene succinate) (PBS) has attracted increasing
interest in various industrial applications due to its
biodegradability,
chemical

melt

resistance

processability,
(1).

However,

thermal

and

using

this

suppressant (6).
The objective of this study was to investigate the
effect of APP content on mechanical, thermal, flame
retarding and morphological properties of sawdust/PBS
composites.

biodegradable polymer for substituting traditional nonbiodegradable polymers is restricted due to its relatively

2. Experimental methods

high cost. Many attempts have focused on making PBS
composites by adding lignocellulosic fillers which are low
cost, renewability and biodegradability (1-4). Sawdust is
one of lignocellulosic fillers obtaining from wood
industries. Using sawdust as reinforcing fillers in the
biodegradable polymers benefits to the environment and
also

adds

value

biodegradable

to

the

polymers

sawdust.
reinforced

However,
with

the
the

lignocellulosic fillers are flammable materials which could
limit their applications (5). Generally, flame retardants are
often preferred to provide low flammability to polymeric
materials because the use of flame retardants compromises
between cost and properties. Ammonium polyphosphate
(APP) is a very efficient flame retardant mainly used in

2.1 Materials
PBS (FZ71PD) was purchased from PTT MCC
Biochem Co., Ltd., Thailand. Sawdust (Albizia lebbeck
Benth) was obtained from Huathalae Sawmill, Nakhon
Ratchasima, Thailand. APP (Exolit AP 765, average
diameter of 8 μm) was supplied by Clariant Chemical
(Thailand), Co., Ltd.
2.2 Sawdust preparation
Sawdust was sieved using 40-60 mesh screen (425600 µm). Then the sawdust was dried in an oven at 60°C
for 24 h.
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2.3 Composite preparation

3. Results and discussion

Composition and their designation of PBS and PBS

From Figure 1 and 2, with incorporation of sawdust,

composites are shown in Table 1. The composites were

tensile strength, elongation at break and impact strength of

prepared by using a twin screw extruder (Brabender, DSE

PBS were decreased due to poor compatibility between

35/17D). The themperature profile was 125, 130, 135 and

sawdust and PBS matrix and agglomeration of sawdust in

140°C and the screw speed was 20 rpm. The test specimens

PBS matrix (1). However, tensile modulus of sawdust/PBS

were molded by an injection molding machine (Tederic,

composite was higher than that of PBS as displayed in

TRX60C).

Figure 2 indicating the ability of sawdust to impart greater
stiffness to the composite (7). Tensile strength, elongation

Table 1. Composition and their designation of PBS and
PBS composites.
Sample

at break and impact strength of the composites were
slightly reduced with increasing APP content. This was

PBS

Sawdust

APP

(wt%)

(wt%)

(phr)

PBS

100

-

-

the other hand, tensile modulus of the composites

Sawdust/PBS

70

30

-

improved with increasing APP content. APP was a rigid

10APP

70

30

10

small particle enhancing the stiffness of the composites (9).

20APP

70

30

20

SEM micrographs of tensile fractured surface of

30APP

70

30

30

PBS composites are shown in Figure 3 (a)-(d). It can be

because of the lack of adhesion between APP and PBS
matrix and agglomeration of APP in PBS matrix (8). On

seen that not only holes which left after sawdust pull out
2.4 Composite testing
Tensile properties of PBS and PBS composites
were examined according to ASTM D638 using a
universal testing machine (Instron, 5565) with a load cell
of 5 kN and a crosshead speed of 20 mm/min.
Izod impact strength of PBS and PBS composites
was performed according to ASTM D256 using an impact
testing machine (CEAST 9050). Notched impact strength

from PBS matrix but also gap between sawdust and PBS
were observed as shown in Figure 3 (a). Moreover, the
agglomeration of APP was found with increasing APP
content as shown in Figure 1 (c)-(d). This indicated the
poor compatibility between fillers and PBS matrix leading
to the reduction of the tensile strength, elongation at break
and impact strength of PBS composites.

was tested with impact energy of 2.7 J.
Flammability of PBS and PBS composites was
investigated by a vertical burning test according to ASTM
D3801. At least five specimens were examined for each
testing.
Morphologies of tensile fractured surface of PBS
composites were examined using a scanning electron
microscope (SEM, JEOL JCM-6010). The samples were
coated with gold before examination.
Thermal behaviors of PBS and PBS composites
were analyzed using a thermogravimetric analyzer
(Mettler Toledo, TGA/DSC1). Thermal decomposition of
each sample was examined under nitrogen atmosphere.
The specimens were heated from room temperature to
800 °C with a heating rate of 10 °C/min.

Figure 1 Tensile strength and elongation at break of PBS
and PBS composites.
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protective layer separating the composite from heat and
oxygen (8).
Table 2. UL-94 classification and char residue of PBS and
PBS composites.

Figure 2 Tensile modulus and impact strength of PBS and

Char

Sample

UL-94 classification

PBS

V-2

0

Sawdust/PBS

NC*

8.39

10APP

NC*

10.98

20APP

V-2

15.69

30APP

V-0

19.20

PBS composites.

residue (%)

*NC: No classification, complete combustion of the specimens

TGA curves of PBS, sawdust and sawdust/PBS
composite are shown in Figure 4 and their char residue are
listed in Table 2. Decomposition temperature of PBS was
405.67°C. Sawdust showed three stages of decomposition
process. The 1st weight loss step was due to evaporation of
moisture at temperature of 63.72°C. The 2nd weight loss
step and the 3rd weight loss step were caused by
hemicellulose degradation and cellulose degradation,
respectively (10). Char residue of sawdust was 19.52%.
Figure 3 SEM micrographs of PBS composites (a)

Sawdust/PBS composite showed three weight loss

sawdust/PBS (100x), (b) 10APP (1000x), (c) 20APP

temperature at 278.62, 355.63, and 397.50°C due to

(1000x) and (d) 30APP (1000x).

decomposition of hemicellulose, cellulose, and PBS,
respectively. Thermal stability of PBS was reduced with

UL-94 test results of PBS and PBS composites are

the incorporation of the sawdust due to low thermal

listed in Table 2. Sawdust/PBS composite was not

decomposition temperature of sawdust. Lee and Wang

classified

(2006) also observed similar results in bamboo fiber/PBS

in

UL-94

classification

indicating

that

sawdust/PBS composite was a flammable material. The
composite with 10 phr of APP was also not classified in
UL-94 classification because APP content was not enough
to form sufficient char protective layer during the
combustion (8). This suggested that higher loading of APP
was required to increase the flame retardancy of the
composite. With the incorporation of APP at 20 and 30 phr,
PBS composites were classified as V-2 and V-0,
respectively. This indicated that APP improved flame
retardancy of the composites since APP produced char

composites (11).
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might accelerate thermal decomposition of polymer matrix
(13, 14). The weight loss temperature of PBS in the
composites continuously decreased with an increase in
APP content. Char residue of the composites increased
with APP content thus this resulted in enhanced flame
retardancy. Dorez et al. (2003) also found that adding APP
led to the reduction of thermal stability but the increment
of residue of flax fiber/PBS composites (5).
4. Conclusion
With the addition of sawdust, tensile strength,

Figure 4 TGA curves of PBS, sawdust and sawdust/PBS
composite

elongation at break, impact strength, thermal stability and
flame retardancy of PBS were decreased whereas tensile
modulus was improved. Increasing APP content led to the
reduction in tensile strength, elongation at break, impact
strength and thermal stability but the increment of tensile
modulus of sawdust/PBS composites. Flame retardancy of
the composites was improved when 20 and 30 phr of APP
were added. Morphology results were corresponded with
the mechanical properties of the composites.
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Abstract
In this study, the composites of acrylate polymer with treated longan shell powder were investigated. They were
synthesized by free radical polymerization. The samples were prepared from methyl methacrylate (MMA), butyl
methacrylate (BMA), and different amounts (0, 2, 4, 6, 8 %w/w) of treated longan shell powder (TLSP) using benzoyl
peroxide (BPO) as an initiator and polyethylene glycol diacrylate (PEGDA) as a crosslinker. The successful alkaline
treatment was confirmed by Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy
(SEM). It was found that composites show ability to absorb organic solvents which are toluene, ethyl acetate and
hexane. Their abilities are in the range of 0.22-3.82 g/g. In addition, the composite containing 4% LSP shows higher
absorption capacity than all P(MMA-co-BMA) with TLSP significantly. Its toluene and ethyl acetate absorption
capacities were 3.73 g/g and 3.10 g/g, respectively. All results confirm that the varied TLSP contents affect the ability
of solvent absorptions.

Keyword: poly(methyl methacrylate-co-butyl methacrylate) (P(MMA-co-BMA)); Longan shell powder (LSP);
Alkaline treatment; absorption

more attention for use as absorbents. This is due to their

1. Introduction
Water pollution is one of the most serious

high oil absorbency, good absorption selectivity for water

problems which can impact the environment and human

and oil, and outstanding oil-retention performance 4.

health. It is partly caused by oil and solvents that spill over

Acrylic ester resins are one of the most interesting

the sea and water sources. This problem has been solved

candidates because they have high oil retention capacity

by many methods such as oil booms, in situ burning, oil

and excellent cycle performance 5. They can be prepared

skimming

and

from acrylate monomers such as methyl methacrylate,

absorbent materials . Among these, absorbent materials

butyl acrylate, butyl methacrylate, lauryl methacrylate,

are getting more attractive because of their cost-

stearyl methacrylate, etc. 6. In this research, it focuses on

effectiveness, high absorption efficiency, and easy

the preparation of acrylic ester resin absorbents from

vessels,

membrane-based

filtration,

1

2

operation . An ideal absorbent material should have high

methyl methacrylate, and butyl methacrylate as co-

absorption capacity, suitable pore size and volume, easy

monomers.

accessibility, ease of regeneration, cost effectiveness,

In recent years, composite materials have been

environmental friendliness, simple processing procedures

investigated with the aim of improving mechanical

3

and high selectivity . Nowadays, polymer-based materials,

properties and oil absorption capacity. Composite

resins with self-swelling characteristics, have been gained

materials comprise of natural fibers in a polymer matrix,

COMP-P11

181

which are called hybrid composites 7. These materials

supplied by RCI Labscan. Absolute ethanol was supplied

often have economic and environmental advantages that

by QRec. Toluene was supplied by Fisher Scienetific.

make them attractive to be used on petroleum–based

Hexane and ethyl acetate were supplied by RCI Labscan

material 8. The examples of natural fibers are rice husk,

Limited.

corn straw, corn fibers, fir fibers, cotton, cattail fibers,
milkweed floss, kapok fibers, etc 9.When compared with

2.2 Alkaline treatment
The longan shell was washed three times with tap

the synthetic polymers, natural fibers have lower cost and
better biodegradability. In addition, they can float on water
surface which is beneficial for collection. Moreover, their
structures can be chemically modified to improve
compatibility and enhance absorption capacity

10

. This

research will be focused on using longan shell for
composites preparation to improve the absorption capacity
of

oil

and

solvent

of

cross-linked

poly(methyl

methacrylate-co-butyl methacrylate). Longan shell is
composed of cellulose, lignin, and a few flavonoids, which
are suitable for use as an oil absorbent

11

. It is an

agricultural waste and a byproduct from agricultural
industry in Northern Thailand without any reasonable
utilization. Before mixing with polymer, the Longan shell
was powered and treated by alkaline treatment. This
treatmentis one of the simple methods to partly remove
lignin, wax, hemicellulose and oils of fiber which lead to
an increase of activity of cellulose to react with polymer
matrix 12.

water followed by distilled water to remove the impurities
and dried at 60 ºC for 48 hr. Then, the samples were ground
by Jar mill and sieved by using 120-mesh sieve. The
longan shell powder were then soaked and stirred in 5 wt%
sodium hydroxide solution for 4 hr. The mixtures were
adjusted pH to 7 by 5 wt% hydrochloric acid, filtered,
dried under sunlight, ground into powder and dried at 60
°C until constant weight.
2.3

Synthesis of P(MMA-co-BMA) composites
MMA, BMA, BPO, PEGDA and LSP (0, 2, 4, 6,

8 %w/w) were mixed together and flowed with N2 gas for
10 min. Then, the mixture was heated up to 70 °C under
continuous stirring for 35 min. After that it was poured to
a mold and continued polymerizing in the oven at the same
temperature for 4 hours. The composites were then
purified by immersion in absolute ethanol for 24 hr to
remove excess monomers and dried at 50°C until constant
weight.

This research aims to study the absorption capacity
of acrylate resins based on crosslinked poly(methyl

2.4 FTIR

methacrylate-co-butyl methacrylate) and TLSP which is

The structures of the LSP before and after treatment

an inexpensive material and waste from agricultures. The

were studied by Fourier transform infrared spectroscopy

resins were characterized for their properties and evaluated

(FTIR, Bruker) in the range of 400 – 4000 cm-1. The

for their absorption capacity of selected solvents.

samples were mixed with KBr and prepared into pellets
and measured the absorbance with the 24 numbers of

2. Experiment

scanning and resolution of 4.

2.1 Chemicals
Longan shell was obtained from Banhong District
Lamphun (Thailand). The two monomers, methyl
methacrylate (MMA) and butyl methacrylate (BMA) and
crosslinking

agent,

polyethylene

glycol

diacrylate

(PEGDA) were purchased from Sigma-Aldrich. The
initiator, benzoyl peroxide (BPO), was supplied by Fluka
Chemical Corp. Sodium hydroxide analytical grade was
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2.5 Morphology
The surface morphology of LSP, TLSP and
composites was characterized by using a scanning electron
microscope (JSM-IT300) at an accelerating voltage of 15.0

0%

2%

4%

8%

6%

kV. The samples were coated with gold before testing.

Figure 1. Physical appearance of composites before
2.6 Absorption capacities study

absorption with different amount of TLSP (0, 2, 4, 6 and 8
2

The composites were cut into 1x1 cm

and

%wt by weight of total monomers.

immersed in 3 organic solvents (toluene, ethyl acetate,

3.2 Structures of LSP

hexane) and water until in equilibrium. All samples were

The FT-IR spectra of LSP before and after alkaline

weighed before and after immersion in solvents. The

treatment are shown in Figure 2. The strong band at 3340

absorption capacities of solvents were calculated by the

cm-1, the medium band at 2851 cm-1 and the weak band at

following equations:

897 cm-1 are attributed to O-H stretching, aliphatic C-H
Qe =

me - 𝑚𝑜

stretching andlinkage bonding, respectively. There is

𝑚𝑜

the presence of hemicellulose in LSP

13

. In addition, the

where Qe is absorption capacity in the unit of grams of

hemicellulose characteristic was shown in the band at 1736

solvent per grams of sample, mo and me are mass of

cm-1 and 1246 cm-1 refer to C=O stretching of

composites before and after solvent absorption

unconjugated

2.7 Statistical methods

respectively

carbonyl

group

and

acetyl

group,

14

. The lignin characteristic vibrations were

The data was analyzed by one-way ANOVA of

contributed to two parts. The band at 1620, 1458 and 827

variance and Tukey’s multiple comparisons test, by using

cm-1 are refer to aromatic structure of lignin. Besides, the

Graph Pad Prism version 6.00 (Graph Pad Software, La

vibration band at 1423 cm-1 is attributed to the stretching

Jolla, CA, USA). The results were reported as mean ± SD

of methoxy group (-O-CH3)

and statistically significant of data differences were

cellulose structure at 1159 cm-1 and 1385 cm-1 are

specified with P<0.05.

attributed to asymmetric bridge and C-H deformation,

15

. The bands to confirm

respectively in cellulose and hemicellulose. Furthermore,
3. Results and discussion

the band at 1319 is referred to C-H vibrations of cellulose
16

.

3.1 Physical appearance of composites before and after

After alkalization, band at 1736 cm-1 which is

absorption of solvents.

characteristic band of C=O stretching of ester group in

The dried composite appearances with different

hemicellulose disappear and intensity of 3340 cm-1 which

concentrations of TLSP are illustrated in Figure 1. It was

is O-H stretching peak increases, suggesting that hydroxyl

clear that increasing amount of TLSP caused an increasing

groups are exposed after alkalization 17 .
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darker brown.

90
80

85

TLSP

C-H
O-CH3

C-H

75
70

Transmittance [%]

95

LSP

O-H
3500

C=O
3000

2500

2000

1500

1000

500

Wavenumber cm-1
D:\Master degree\FTIR\LSP U.0

LSP U

D:\Master degree\FTIR\LSP T.0

LSP T

14/9/2560
14/9/2560

Page 1/1

COMP-P11

183

Figure 2. FT-IR spectra of LSP before and after alkaline
3.4 Adsorption studies

treatment.

The absorption capacities of P(MMA-co-BMA)
3.3 Surface morphology

with the various amounts of TLSP for toluene, ethyl

To confirm the success of alkaline treatment, the

acetate, hexane and water absorption are presented in

LSP surface before and after alkalization was investigated,

Figure 4. It shows that, the adding of TLSP slightly

as shown in Figure 3 (a) and Figure (b) respectively. After

decreases the absorption capacities of toluene and ethyl

alkalization, the TLSP surface is rougher than before

acetate. It can be suggested that increasing of the TLSP

alkalization and porosity increases. This due to some part

content might decrease the hydrophobic groups of the

. The surfaces of

composites18. The results show that the composite with

absorbents with different concentrations of TLSP are

4% LSP exhibits higher absorption capacity than that of all

presented in Figure 3 (d) to Figure 3 (g). Among all

P(MMA-co-BMA) with TLSP significantly (P<0.05).

of hemicellulose was leached out

18

compositions, P(MMA-co-BMA) with 4%wt TLSP shows
the highest interface between polymer and TLSP.
(a)

4. Conclusion
In summary, the P(MMA-co-BMA) with LSP for

(b)

solvent absorption were prepared. The successful of
alkaline treatment was confirmed by FTIR spectra and
SEM image. The increasing amount of LSP reduced
absorption capacity of solvents. The optimum amount of
(d)

(c)

(e)

TLSP of composite materials was 4% for toluene and ethyl
acetate absorption. This study shows that an inexpensive
material and waste from agricultures could be incorporated
with synthetic polymer and utilized in the development of

(f)

(g)

Figure 3. SEM images: untreated LSP (a), TLSP (b),
P(MMA-co-BMA) (c), P(MMA-co-BMA) with 2, 4, 6
and 8%wt of TLSP (d-e)

Figure 4. Effect of TLSP content on absorption capacity
of P(MMA-co-BMA) (P<0.05)

a high value-added product for solvents absorption.
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Effects of polyethylene glycol on curing and flow behaviors of EPN/PPGDE/CTBN epoxy
system for screen printing technique
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Abstract
Epoxy resins are widely used in many applications including adhesive materials. Generally, the properties of epoxy
adhesives in their uncured condition are determined primarily how easily the adhesive can be processed, applied, and
cured. Therefore, the aim of this research is to study the rheological properties and the curing behavior of epoxy adhesive
used for screen printing technique. The curing behavior and flow behavior of epoxy adhesive consisting of epoxy resin
matrix based on epoxy novolac (EPN) and polypropylene glycol diglycidyl ether (PPGDE) resins, carboxyl-terminated
butadiene acrylonitrile (CTBN) acting as a toughener, diamine hardener, and polyethylene glycol(PEG400, MW 400)
with various concentration (0-5 wt%), were studied via a differential scanning calorimetry (DSC) and rheology,
respectively. The curing behavior of the epoxy system with PEG400 was significantly enhanced. The non-isothermal
DSC studies showed that the onset temperature and peak temperature of epoxy adhesive tends to increase when the amount
of PEG400 increased. Moreover, the experimental data of curing behavior of all systems correlate with autocatalytic
model and it was found that the activation energy increased when PEG400 increased. The flow behavior of the epoxy
system with PEG400 was shear-thinning behavior, and the viscosity increased when the amount of PEG400 decreased.

Keywords: Epoxy, PEG, Curing behavior

1. Introduction

of epoxy resins by rubbers for improvement of crack

Epoxy resins adhesives are the thermosetting

resistance.3 They reported that mixing of liquid rubber and

materials widely used in coating, adhesive, insulating,

epoxy reduce toughness of epoxy resins. Therefore, the

flooring, laminating, casting, and structural applications

liquid rubber has to chemically bond with the epoxy resin

because of their highly cross-linked network structure.1-2

to improve toughness of epoxy resins. Ramos D. V. et al.

However, thermoset epoxy is brittle due to its highly

(2005) studied composites that were prepared using epoxy

crosslink which causes the lack of toughness. Thus, epoxy

resin (ER), carboxyl-terminated butadiene acrylonitrile

is required to enhance the flexibility and toughness. One

copolymer (CTBN) in different proportions. The pre-

of the most successful methods for increasing toughness of

polymer of CTBN and epoxy resin was prepared by pre-

epoxy resin is the addition of a liquid rubber, such as

reaction and using tri-phenylphosphine as catalyst.4 The

butadiene acrylonitrile copolymer, to the uncured epoxy

pre-reaction of CTBN with the epoxy resin in the presence

resin.1

of a catalyst would provide a chemical bond between the
In order to enhance the compatibilization and

dispersed rubber phase and the matrix, leading to a better

interfacial adhesion between epoxy and liquid rubber.

toughening effect.5 Shi M. et al. studied CTBN-EP

Ratna, D., and Banthia, Ajit K. (2004) studied toughening

prepolymer to further improve the toughness, it was found
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that it resulted in good toughness and curing when adding
2.1 Materials

20 phr CTBN modified epoxy resin.6
In the process of screen printing, rheological
properties and viscosity are the important properties of
uncured epoxy formulations with regard to most adhesive
applications because it can determine primarily how easily
the adhesive can be processed, applied, and cured.1
However, the epoxy resin is generally a viscous fluid
and the process need a liquid fluid for screen printing.
Therefore, lowering the viscosity is needed for applying
process. For reducing the viscosity, adding diluent is
one of the most common method using to decrease
viscosity and improve the processability by weakening
the interaction between the resin molecule. There are
several diluents to decrease the viscosity of epoxy
resin.1, 7 Polyethylene glycol (PEG) is one of the common
diluent used to modify epoxy systems because it contains
many ether groups and having dipole interaction existed
between PEG chain and ester group in epoxy network.
Yang, C., and Yang, Z.-G. (2012) studied the effect of
ethylene glycol, diethylene glycol and PEG with different
molecular weights (200, 300, 400) on the viscosity of
epoxy resin (E51) to achieve low-viscosity epoxy resin.8
The results showed that the viscosity of the resins modified
with ethylene glycol, diethylene glycol, and PEG200

The materials used in this research are epoxy resins,
carboxyl-terminated butadiene-acrylonitrile (CTBN), and
poly(ethylene) glycol (PEG). Epoxy resins are kindly
supplied by Aditya Birla Chemical (Thailand) Ltd. It
consists of epoxy phenol novolac resin (EPN, eq. epoxy =
172.7 g/eq.) as multifunctional epoxy resin

and

poly(propylene glycol) diglycidyl ether (PPDGE, eq.
epoxy = 455 g/eq.). Poly(ethylene) glycol (PEG, average
mol wt = 400 g/mol), 1,3-phenylenediamine (m-PDA) as
amine curing agent and triphenylphosphine as catalyst
were purchased from Sigma-Aldrich chemical company.
2.2 Sample Preparation
EPN is mixed with PPGDE for 15 minutes at room
temperature to provide epoxy mixture. Then, the mixture
was mixed with CTBN until the homogeneous mixture
was obtained. After that, the mixture of epoxies-CTBN
was mixed with 1 w/w% of triphenylphosphine as a
catalyst for pre-reaction at 190°C for 2 hours. After prereaction was cooled down to 60°C, PEG was added and
mixed with epoxy-CTBN adhesive systems for 15
minutes. Then, the mixture was mixed with m-PDA at a
stoichiometric molar balance of hydrogen of amine to
epoxide ring of 1:1 and stirred at 60°C for 5 minutes.

decreased due to their flexible molecules; however, the
viscosity of resins modified with PEG300 and PEG400
increased due to the chain entanglement.

8

2.3 Curing kinetic model fitting
This research determines the kinetic parameters of

Moreover, the knowledge of rheological and curing

thermal curing by DSC technique in which it is a

behavior of the resin systems is particularly necessary for

conventional method to monitor curing kinetics.9 The

the process. In this study, we studied the rheological

interesting parameters are pre-exponential factor (A),

properties and the curing behavior of epoxy systems

activation energy ( Ea ) and reaction order (n).

consisting of epoxy resin matrix based on epoxy novolac
(EPN) and polypropylene
(PPGDE)

resins,

glycol

diglycidyl

carboxyl-terminated

ether

butadiene

Calculation of degree of cure and rate of reaction,
the degree of cure at time (t) from isothermal cure was
defined as

acrylonitrile (CTBN) acting as a toughener, diamine
x(t) =

hardener, and polyethylene glycol (PEG, average mol wt

2. Experimental

(1)

HT

= 400 g/mol) with various concentration (0-5 wt% of
epoxy resin) to use for screen printing technique.

H(t)

when H(t) is the heat of reaction at a certain time evaluated
by Simpson’s rule.
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Therefore, the rate of reaction at time can be
determined following Eq. (2).

plotted for evaluating Ea and lnA values from slope and

dx(t) dH(t) / dt
=
dt
HT

(2)

In this research, the rate of reaction at time can be
determined by using numerical method.

followed by equations below:

2.4 Characterization

The curing behavior of the epoxy systems was
evaluated by a differential scanning calorimeter, DSC822e

Firstly, an Arrhenius equation as shown in Eq. (3)
is used to show the rate constant depending on
temperature.

Mettler-Teledo. 5-10 mg of samples were sealed in the
aluminum pan. The samples were heated from 25°C to
250°C with a heating rate of 10°C/min under a nitrogen

dx

= Aexp(-

dt

dx

intersection of graph, respectively.

2.4.1 Curing behavior and kinetic parameters

Determination of kinetic parameters can be

where

From Eq. (7), graph lnk(T) versus 1/T can be

Ea

)f(x)

(3)

RT

flow rate of 50 ml/min. In order to study isothermal curing
reaction and kinetics, the first step was the investigation of

is the rate of reaction or curing rate, x is the

dt

non-isothermal curing curve in order to select appropriate
isothermal curing temperature.

extent of curing or degree of cure, A is a pre-exponential
factor, Ea is the activation energy, R is the gas constant
(8.314 kJ kmol-1 K-1), T is the temperature, and f(x) is the
reaction model.

The rheological testing for viscosity and shearthinning behavior of the adhesive were performed by the
rheometer (AR-G2, TA instruments). A 25 mm diameter

The reaction model which was visually inspected
isothermal

2.4.2 Rheological Properties

reaction profile

was

recommended

by

Vyazovkin et al.10 and this research considered autocatalyzed reactions type from their recommendations,
which is known as Šesták-Berggren kinetic models as
shown in Eq. (4).

parallel plate was used, and the instrument settings were as
follows: viscosity was measured as a shear rate ramp
mode, a gap of 1000 micrometers, temperature of 25°C
and varying shear rate of 0.1 - 1000 s-1
3. Results and Discussion

m

f(α) = x (1- x)

n

(4)
3.1 Flow behavior of epoxy systems

Kinetic parameters determined by the kinetic
model11 in which Eq. (3) and Eq. (4) were combined was
shown in Eq. (5)

The viscosity of PEG modified epoxy with various
PEG content were plotted as a function of shear rate as
shown in Figure. 1. The viscosity decreased when the

dx

= k(T)x

m

(1 - x)

n

(5)

dt

amount of PEG400 increased. The flow behavior of epoxy
systems can be classified as Newtonian behavior at low

where k(T) is the rate constant. The k(T), m and n can be

shear rate. When the shear rate is higher than 100 s-1, the

calculated by MATLAB program and Ea can be

viscosity decreases with increase in shear rate, exhibiting

determined from Arrhenius’s equation:

a shear thinning behavior. Moreover, it could be noticed

E
k(T) = Aexp(- a )
RT

that increase in the amount of PEG400 tended to show
(6)

shown Newtonian behavior.12 With 5 wt% PEG400

Taking natural logarithm to Eq. (6).
E
lnk(T) = lnA - a
RT

Newtonian behavior due to the influence of PEG that

modified epoxy systems, the percentage of flexible chain
(7)

increased, which caused the viscosity to greatly decreased.
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Table 1 DSC result of PEG400 modified epoxy systems
PEG ratio
(wt%)
0
1
5

Tonset
(°C)
107.98
114.72
118.99

Tp
(°C)
157.95
163.95
162.84

∆𝑯
(J/g)
270.24
298.84
325.67

Tg
(°C)
129.20
111.91
116.28

Figure 1. Viscosity of epoxy system depends of shear rate
3.2 Curing behavior by non-isothermal DSC
The initial curing reaction of epoxy system at
different amount of PEG400 by the non-isothermal DSC
measurements was shown in Figure. 2 and Table 1. For

Figure. 2. Curing behavior of PEG400 modified epoxy

neat epoxy (0 wt% PEG400), the result shows the initial

systems with heating rate of 10°C/min

curing reaction at onset temperature (To) of 107.98 oC, the
highest reaction at peak temperature (T p) of 157.95 oC,
heat of reaction (∆H) of 270.24 J/g and glass transition
temperature (Tg) of 129.20 oC. After PEG400 was added,
the glass transition temperature decreased, and heat of
reaction increased due to the effect of PEG chain
incorporating into the network of epoxy system, in which
it resulted in increase the mobility of network and decrease
the cross-link density of the network.8 While, the glass
transition temperature after increasing the amount of
PEG400 tended to increase, it could indicate that the dipole
interactions acted as physical crosslinking site, resulted in
decreasing the mobility of network chain.8 Moreover, this
result revealed that the suitable curing temperature should
be used in this research is in the range of 130 - 160oC.

3.3 Curing behavior by isothermal DSC
The curing behavior of epoxy was investigated by
isothermal DSC at the curing temperature in a range of 130
– 160oC. Table 2 shows the curing time of PEG400
modified

epoxy

at

different

isothermal

curing

temperatures. When the curing temperature increased, the
curing time decreased. Moreover, when the amount of
PEG400 increased, curing time increased, as expected. For
instance, the curing time at 150 °C of modified epoxy
systems with 0, 1, and 5 wt% PEG400 were 21.49, 22.33,
and 32.31 min, respectively. This result has been studied
in detail by Wan T. et al. (2012). They found that the
smaller the PEG molecule is, the higher the cure
temperature and the faster cure time and the complete cure
time of epoxy resins will be. It suggests that the cure rate
decreased when the molecular weight of PEG increased.13
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Table 2 The curing time of PEG400 modified epoxy at

activation energy tended to increase with increase in

various isothermal curing temperatures

PEG400 due to steric hindrance from PEG chain.

PEG ratio
(wt%)
0
1
5

Curing time at 100% conversion (min)
130°C
140°C
150°C
160°C
29.1
27.2
21.49
19.09
27.1
25.33
22.33
19.39
37.42
35.49
32.31
20.07

The result of isothermal DSC of epoxy were used
to determine the degree of cure (x) and curing rate of epoxy
with different amount of PEG400 at different isothermal
conditions by numerical method. The kinetic parameters,

Moreover, it can reduce the free volume movement of the
epoxy system resulting in more energy to create bonds.
Therefore, it requires higher activation energy to create
network of epoxy systems. Furthermore, the increase in the
concentration of PEG leads to an increase in the activation
energy of viscous flow due to the increased entanglement
of the polymer chains.15
4. Conclusion

k, m and n, were evaluated by fitting the data (cure rate and

The flow behavior of epoxy systems can be

degree of cure) with kinetics equation as shown in Eq. (5)

classified as shear thinning behavior at high shear rate. The

via MATLAB (MathWorks R2018b) program. The results

viscosity of PEG modified epoxy system tended to

of fitting data are shown in Table 3.

decrease when the amount of PEG400 increased. The glass
transition temperature and heat of reaction increased when

Table 3 Kinetic parameters of PEG400 modified epoxy

PEG400 increased, and the activation energy also

evaluated by kinetic equation

increased. Moreover, the cure time increased when the

PEG ratio
130°C
k
n
m
140°C
k
n
m
150°C
k
n
m
160°C
k
n
m
Ea

0 wt%

1 wt%

5 wt%

amount of PEG400 increased and curing temperature

0.06863
0.8621
0.1245

0.08222
0.9273
0.109

0.07443
1.089
0.1101

decreased. The kinetic parameters, k, m and n of epoxy

0.1082
1.034
0.1765

0.1162
1.047
0.119

0.1025
1.153
0.1128

0.1652
1.131
0.1323

0.1551
1.131
0.1312

0.1186
1.248
0.06526

Manufacturing Corporation (Thailand) Ltd.

0.2233
1.186
0.1571
57.62

0.2048
1.194
0.1274
43.97

0.2056
1.468
0.1493
46.20
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