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Message from the President
PCT-10: Polymers for a balance between Bio, Circular
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Assoc. Prof. Dr. Pranee Phinyocheep
President of the Polymer Society of Thailand
and PCT-10 Chair
The Polymer Society of Thailand (PST) was established since 1999 by a group of Thai academic and industrial
polymer scientists for knowledge exchange and collaboration among Thai and international polymer scientists in both academic
and industrial sectors. PST annually organizes the International Polymer Conference of Thailand (PCT) in order to bring people
from universities, governmental and industrial sectors to share their knowledge and innovations. The young generations will
also have their opportunity to meet the well-known polymer scientists and to express their ideas and achievements.
This year, our community faces unprecedented disruption from global COVID-19 pandemic, then the Tenth
International Polymer Conference of Thailand (PCT-10) is organized as an online conference. It aims at the dissemination of
the most recent advances in polymer science and technology commonly practiced among technocrats. The theme of this
conference, related to polymers for a balance between Bio, Circular and Green Economy for Thailand 4.0, embraces the areas
of polymer and environment disciplines, with special emphasis on the bio-based polymers for replacement of conventional
synthetic polymers. Six scientific sessions are being arranged, which are Advanced and Functional Polymers, Polymers for
Bio-Circular-Green (BCG) Economy, Biomedical Polymers, Rubbers/ Elastomers, Polymer Blends and Composites and
Polymer Processing and Engineering, with a special panel discussion in the topic of “Polymers in the New Economy and
Sustainability”.
PCT-10 would like to present a new session, Polymers for BCG Economy, which corresponds to the BCG model of
Thai government and is included in Thailand 4.0 plan. In addition, a panel discussion about Polymers in the New Economy and
Sustainability will expand the knowledge in this topic. It is expected that further collaboration between universities, government
and industrial sectors will fulfill a balance between Bio, Circular and Green Economy for the benefit of mankind.
Two honorable Plenary Speakers will lead the Conference; Prof. San H. Thang from Monash University, Australia
and Assoc. Prof. Voravee Hoven from Chulalongkorn University, Thailand. The PCT-10 is also pleased to have 4 Keynote
speakers from abroad; Assoc.Prof. Myungeun Seo from Korea Advanced Institute of Science and Technology (KAIST), Korea,
Prof. Alain Durand from Université de Lorraine, France, Asst. Prof. Elvin Blanco from Houston Methodist Research Institute,
United States, Assoc.Prof. Chia Chin Hua, from Universiti Kebangsaan, Malaysia and 7 Thai Keynote speakers; Dr. Atitsa
Petchsuk, Dr. Nispa Seetapan and Dr. Sasitorn Srisawadi from National Metal and Materials Technology Center (MTEC),
Assoc. Prof. Rangrong Yoksan from Kasetsart University, Asst. Prof. Ekwipoo Kalkornsurapranee from Prince of Songkla
University, Hatyai Campus, Ms. Jutarat Panmai from Innovation group, Prof. Pranut Potiyaraj from Chulalongkorn University.
Additionally, two invited speakers; Dr. Romain Milotskyi from Institute of Science and Engineering, Kanazawa University,
Japan and Dr. Anisa Mahomed from Aston University, 25 oral presentations and 35 poster presentations will make the
Conference fulfilled with scientific ambience.
In addition, I would like to deeply state special thanks to valuable supports for Gold sponsors from the PPT Global
Chemical Public Company Limited and the SCG Chemicals, Silver Sponsor from National Research Council of Thailand and
the Bronze sponsors from Richtech Paint Co., Ltd.; S.M. Chemicals Supplies Co., Ltd, HORIBA (Thailand) Limited and Bara
Scientific Co.Ltd and. My deepest gratitude goes to all speakers, poster presenters and audiences who participate through this
online conference.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 during this difficult time to organize this PCT-10 Conference.
Finally, I wish the PCT-10 Conference a fruitful success, and hope that with the current situation of confinement and
physical distancing measure, you enjoy sharing and exchanging scientific knowledge via online platforms.
I also wish all of you and your family have good health and strength and pass through the situation of local and global
difficulties.
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PLENARY-1

Reversible addition-fragmentation chain transfer (RAFT) polymerization:
recent advances and applications
San H. Thang AC
School of Chemistry, Faculty of Science, Monash University
Clayton Campus, VIC 3800, Australia
Phone +61 3 9905 1351; Email: san.thang@monash.edu
Current Position(s): Professorship position at Monash University, School of
Chemistry

Research Interest(s):
Polymer chemistry, specifically the areas of polymer design and synthesis by living
free radical polymerization processes

Abstract
Reversible addition-fragmentation chain transfer (RAFT) is considered to be one of the most versatile reversible
deactivation radical polymerization (RDRP) protocols. Since the discovery of RAFT in 1998, it becomes a par excellence
method of choice by chemists the world over in their research and development of making better polymers. Benefiting
from its livingness and robustness, well-defined homo-, gradient, diblock, triblock, star polymers and complex polymeric
architectures with controlled molar mass, low dispersity, as well as various functionality have been constructed, all these
could be applied in wide-ranging fields including polymer therapeutics, drug delivery, biosensors, plastic solar cells,
microelectronics, desalination membranes, cosmetics, lubricants, surfactants, paints, inks and adhesives, etc. With the
continuous research improvement, main achievements have focused on the development of new RAFT techniques such
as elegant initiation methods (e.g., photo, enzyme, redox and ultrasound) and their applications in many different fields.
This lecture summarizes the current advances in major bright spot of novel RAFT techniques as well as their applications
over the recent few years. Applications describing in this talk included but not limited to the use of RAFT in the preparation
of polymers for optoelectronics, block copolymer therapeutics, and star polymer rheology control agents.
Keywords: RDRP, RAFT, Radical Polymerization, Complex Polymeric Architectures, Polymer Applications.

-----------------------------------------
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PLENARY-2

Post-polymerization Modification of A Single Pentafluorophenyl Ester-containing Polymer:
From Nanocarriers to Nanoreactors
Voravee Hoven
Department of Chemistry, Faculty of Science and Center of Excellence in Materials and Bio-interfaces
Chulalongkorn University, Pathumwan, Bangkok 10330 Thailand
Phone +66 2218 7627, Fax +66 2218-7598, E-Mail: vipavee.p@chula.ac.th
Current Position(s): Associate Professor, Department of Chemistry, Faculty of
Science, Chulalongkorn University, Thailand

Research Interest(s):
Polymer-hybrid materials for biosensing and biomedical applications, polymeric
hydrogel for therapeutic and diagnostic applications, Polymeric nanoparticles as
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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.
Also, sequential post-polymerization modification of PPFPA with benzylamine and n-isopropylamine were
performed to generate amphiphilic random copolymer capable of self-assembly into micellar nanoreactors for ThiaMichael addition between trans-4-methyl-β-nitrostyrene and alkyl thiol compounds. Up to 100% conversion for all thiols
were achieved at room temperature within 24 h in the absence of catalyst. This investigation demonstrates that customized
nanoreactors for diversified chemical reaction may be developed upon a variation of nucleophilic modifiers used for postpolymerization modification.
Keywords: polymer precursor, micelles, self-assembly, drug delivery, catalysis
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Abstract
Post-polymerization modification involves chemical transformation of existing polymers to impart new chemical
functionality. Synthetically challenging polymers can be produced from readily accessible polymer precursors with
control of degree of modification. The post-polymerization modification route is often the only way to obtaining target
polymers with desired architectures and nanostructures by converting the tailor-made precursors. By adopting advanced
organic chemistry enabling selective and regiospecific functionalization, we envision that synthesis of new functional
polymers with unprecedented combinations and creating higher added-value plastics will be possible.
Typically, a post-polymerization modification reaction installs new functionality by activating an existing
functional group in the parent polymer. In this talk, I will highlight our recent accomplishments on defunctionalization,
where a programmed loss of functional groups from the polymer precursor allows us to reveal space and functionality
that have been hidden. Enhancement of microporosity by in situ removal of trimethylsilyl group during Friedel-Crafts
alkylation and synthesis of polypropylene and its block copolymers by post-polymerization deoxygenation will be given
as representative examples.

Keywords: post-polymerization modification, defunctionalization, polymer synthesis
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Abstract
The increased awareness in sustainable development and circular economy concept leads to growing interests in
utilizing bio-based degradable polymers, especially poly(lactic acid) (PLA). Although PLA has excellent mechanical
properties, its brittleness, low heat stability and lack of functionality limit its use in certain applications. In this work,
functional biopolymers have been synthesized by introducing various groups, such as vinyls, hydroxyls and amides to the
structures of poly(lactic acid-co-glycidyl methacrylate) (PLA-co-GMA) copolymer. PLA-co-GMA was synthesized via
a ring-opening polymerization using Tin octoate as a catalyst. The copolymers were further modified and fabricated to
obtain unique architectures and functionalities, e.g. polymeric hollow micro-/nano-beads, and polymeric materials with
desirable absorbability and thermo-responsive properties. The hallow beads were prepared by a suspension crosslinking
or phase inversion emulsification (PIE) of PLA-co-GMA, whose properties are tunable by varying the copolymer
contents, temperature and time of the reaction. Absorbable PLA copolymers were prepared by radical grafting of
polyacrylamide (PAM) onto (PLA-co-GMA)-b-PEG backbone. The materials show a remarkable increase in the water
uptake capacity of up to 1300%. The gel strength at a frequency of 0.1 Hz was drastically improved to 46.3 MPa. In
addition, thermo-responsive materials were achieved by grafting poly(N‐isopropylacrylamide‐co‐hydroxyethyl
methacrylate) (P(NIPAM-co-HEMA)) onto PLA-co-GMA backbone. The resulting copolymers show a lower critical
solution temperature (LCST) in a range of 28-30.5 C, which was increased with an increase in the NIPAAm feeding
content, starting from 80% weight feeding. The equilibrium swelling behavior of P(LLA-co-GMA) g-P(NIPAAm-coHEMA) was optimized at 10% feeding of the copolymer with a NIPAAm : HEMA ratio of 16:1. The highest equilibrium
swelling was obtained at 1200%. These functional copolymeric materials have high potential for use in various fields,
especially cosmetic and biomedical applications.
Keywords: Functional polymers, Poly(lactic acid-co-glycidyl methacrylate), absorbable, crosslinkable, thermoresponsive
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Abstract
Over the past few decades, polymer-based drug delivery constructs have made enormous strides towards
improving the pharmacokinetics and reducing the toxic side effects of chemotherapeutics [1]. Nanomedicine platforms
have seen a widespread and aggressive application in cancer diagnosis and treatment. This is owed primarily to impaired
vasculature in tumors that leads to higher site-specific accumulation of drugs/imaging agents/genetic material. Of note,
enhanced vascular permeability in diseased tissues due to endothelial dysfunction is also present in several cardiovascular
diseases. Our objective is to exploit this phenomenon for systemic, nanoparticle-based drug and gene delivery in heart
failure [2], atherosclerosis, and pulmonary arterial hypertension (PAH). Local drug delivery strategies to the heart are
limited by rapid drug washout and damage to the myocardium. Our work also focuses on using the pericardial sac
surrounding the heart for sustained nanoparticle drug and gene delivery – converting the pericardial space into a local,
drug-eluting reservoir that allows therapeutics to go straight to the myocardium [3].
Keywords: Cardiovascular disease, polymer nanoparticles, biomaterials-based drug delivery, gene delivery
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Abstract
In a number of biomedical applications, an important challenge is related to the possibility of controlling the
availability of some active molecules both in space and in time so as to get the most efficient action.
Indeed, some active molecules lack of solubility in the biological medium. Alternatively, it may be relevant to
regulate the amount of some molecules in time so as to avoid certain undesirable side effects. Other applications require
inducing the preferential accumulation of the drug in the neighborhood of some specific organs with the aim of
increasing efficiency and selectivity.
Encapsulation of active molecules in micro- or nanoparticles with well-controlled characteristics like shape, size
distribution and surface coverage, may be a way to address the previous challenges. Elaboration of convenient
polymeric particles can be achieved by the use of specific processes involving intermediate emulsification steps and
using polymers which exhibit biocompatibility. It is then necessary to carry out chemical modification of some
biopolymers or to take the opportunity of spontaneous complexation to obtain and control their accumulation at
interfaces. This is of fundamental importance for ensuring colloidal stability. In addition, encapsulation efficiency and
kinetics of drug release also depend on such considerations.
Several examples of recent works on that topic will be given and commented.
Keywords: Polysaccharide, Micro- and Nanoparticles, Encapsulation, Emulsion.
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Abstract
This talk briefly discusses the unusual properties of hydrogel polymers and how these are processed and
ingeniously adapted for applications such as breast implants, burn dressings, chronic wound dressings, soft contact lenses,
tissue engineering scaffolds and many more medical and industrial applications.
Hydrogels are three-dimensional hydrophilic polymer networks, either natural or synthetic in origin, capable of
imbibing large amounts of water or biological fluids but do not dissolve due to the presence of crosslinks. The water
contained within a hydrogel strongly influences its behaviour. This water governs the unique mechanical, surface and
permeability properties that give hydrogels the interface compatibility with living tissues.[1]
A characteristic advantage of hydrogels is that their properties can be tailored by modifying the ratio of the
comonomers to obtain different degrees of hydrophilicity. Hydrogels can be formulated to have a similar water content
to body tissue and thus also have the ability to transport nutrients and waste. On the contrary, a disadvantage intrinsic to
hydrogels is their low mechanical strength, although this can be overcome by altering the degree of crosslink or by
forming interpenetrating networks. Importantly, hydrogels can be tailored to behave as “smart” materials that are
environment- or stimuli-sensitive. These hydrogels may for example, change their degree of swelling reversibly and
reproducibly in response to temperature, pH, light, etc. This gives hydrogels enormous potential as drug delivery vehicles.
[2][3]
Aside from composition, equally critical to ensuring hydrogels have the desired properties are the processing
conditions to produce the final product. In general, the process involves free-radical polymerisation of solubilised
multifunctional vinyl monomers in the presence of a relatively small amount of crosslinker. It is important to note that
the initial stage of hydrogel processing involves the mixing of solids and liquids that may vary significantly in volume
and have a wide range of physical properties. The conditions required to produce a homogenous liquid mix thus need to
be carefully determined. Polymerisation is then initiated through either chemical catalysts, heat, irradiation or
photoradiation amongst other initiation systems. The choice and conditions of these influence the final product property
as much as composition. The physical aspects of processing also need to be considered, for example for smaller hydrogel
medical devices, such as soft contact lenses, there is a choice between traditional techniques, such as spin-casting, mouldcasting and lathe-cutting as well as the patented CibaVision Lighstream technology based on ultraviolet radiation. On the
other hand, for larger medical devices such as chronic wound dressings, rolls of hydrogel can be produced by combining
high throughput liquid coating on a specified substrate in combination with ultraviolet curing. The hydrogel can then be
laminated, slit and die cut to specification. Thus, effective processing requires a carefully determined specific set of
conditions to produce a final product that meets both the design specifications and regulatory requirements.
Keywords: hydrogels, biomaterials, drug delivery, transport, processing.
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Abstract
Graphene has recently gained its usage interest in development of novel polymer composites. Theoretically,
combining graphene, which possesses several unique properties, with polymeric materials should extend their
applications beyond traditional limits. However, to obtain composites with desired properties, graphene must be well
dispersed and distributed in the polymer matrix. Some strategies for blending graphene with polymeric materials were
then investigated. It was known that preparing composites by direct melt mixing of small amount of graphene with
polymer matrix may not be a good choice comparing with the blending of graphene/polymer masterbatch with neat
polymer. Techniques for preparing masterbatch through melt mixing and solvent mixing were studied on several
polymers. The composites were then prepared into end-use products by several methods, for example, fiber spinning, 3D
printing. The properties of these products were reported.
Keywords: polymer composites, graphene
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Abstract
Many research attentions have been focused on the utilization of agricultural lignocellulosic biomass for the
production of value-added products due to its highly abundance, biocompatibility and biodegradability. One of our major
research focuses is to extract nanocellulose from lignocellulosic biomass and further used it to produce value-added
functionalized materials. Conventional acid hydrolysis method was used to isolate cellulose nanocrystals (CNC) from
holocellulose of oil palm empty fruit bunch (EFB) fibres and kenaf core wood. While two different homogenization
systems, i.e., high speed blender and Silverson mixer, were used to defibrillate holocellulose to produce cellulose
nanofibrils (CNF) [1].
The CNF produced showed rapid adsorption behavior towards cationic dyes, in which the adsorption
equilibrium was achieved within 1 min of contact time. This can be due to the high surface area and surface functionalities
of the CNF. In additional, by preparing CNF with different hemicellulose contents, we confirmed that hemicellulose is
the major contributor in determining the adsorption performance of CNF. Maximum adsorption capacity of the CNF was
122.2 mg/g [1].
The produced CNF was used as template to synthesis CNF-silver nanocomposites via in situ synthesis of AgNPs
approaches. The produced mixture was freeze-dried and turned into aerogels. The nanocomposites showed significant
enhancement in the detection of Rhodamine B (RhB) in aqueous solution due to surface-enhanced Raman scattering effect
(SERS) of the immobilized AgNPs clusters. The CNF–AgNPs nanocomposite showed sensitivity for detecting RhB at
different concentration levels, ranging from 5 × 10-3 M to 5 × 10-7 M [3]. In addition, the nanocomposites exhibited a
notable catalytic effect on the degradation of RhB in the presence of sodium borohydride. These may find applications in
sensors, water purification and smart materials The produced CNF was also used as template for the formation of silver
nanoprisms (AgNPRs) using silver salt, sodium borohydride, and hydrogen peroxide. The AgNPRs-CNF was found to
be higher in sensitivity in the detection of organic compounds due to its greater surface plasmon resonance (SPR) [3].
Keywords: Adsorption; Catalysis; Cellulose; Nanocellulose; SERS
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Abstract
BCG (Bio-Circular-Green) economy model has been proposed to drive the Thai economy forward and to release
Thailand from the middle-income country trap, based on sustainable development: environmental protection, economic
growth, and social equity. Thailand is an agricultural country full of various types of economic crops, including cassava,
which is not a staple food for Thai people, but mostly exported as animal feed. The conversion of cassava into
thermoplastic materials is an alternative to enhance its value (Bio economy). The resulting thermoplastic starch (TPS)
can be melted and recycled, causing a reduced amount of waste during processing (Circular economy). In addition, TPS
at the end of life is susceptible to biodegradation and composting (Green economy). Nevertheless, TPS alone is difficult
to be exploited owing to its high moisture and water sensitivity and poor mechanical properties. Blending with
biodegradable polyesters, such as poly(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) is an
approach to overcome the limitations of TPS, and meanwhile to reduce the cost and enhance the biodegradability of those
biodegradable polyesters. However, the properties of the final blends are relevant to their compositions, which in turn
microstructures. The relationship between microstructure and properties of some TPS-based blends and composites will
be demonstrated in this presentation. The weight fraction of TPS to biodegradable polyesters and the addition of third
components, e.g., natural fibers [1], clay [2], oligo(lactic acid)-g-starch [3], and chitosan [4,5], are found to affect the
morphological characteristics and other properties of the obtained materials.
Keywords: Thermoplastic starch, poly(lactic acid), poly(butylene adipate-co-terephthalate), extrusion, morphology
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Abstract
The global transition from fossil fuel-based plastics to bio-based feedstock alternatives remains slow (2% of the
production volume of petrochemical polymers in 2018) [1]. However, the potential is much higher, but the low oil prices
and a lack of political support are currently hampering this growth. The recent progress in the elaboration of new
functional biomass derived materials shows that the renewable side of these materials does not guarantee the sustainable
development [2]. In contrast, reaction/process design and waste minimization play a key role here. In the previous research
of our group a successful employment of ionic liquids based solvent systems allowed direct synthesis of various cellulose
thermoplastic derivatives in batch conditions. In particular, low toxic 1-ethyl-3-methyl-imidazolium acetate (EmimOAc)
shows not only great cellulose dissolution properties, but also acts as a catalyst for the transesterification of cellulose
using vinyl esters, without the requirement for any additional catalyst [3,4]. In this study, reactive extrusion (REX) was
used as a fast and direct method for microcrystalline cellulose transesterification with vinyl laurate as acyl donor in
EmimOAc system using DMSO as a co-solvent in order to continuously produce cellulose thermoplastics. It was
demonstrated that cellulose laurate can be synthesized with different degree of substitution (DS) and high reaction
efficiency (RE). The low amounts of solvent during the process provides high cellulose concentration (20 wt%) mild
chemical modification within minutes of reaction and without depolymerization of the cellulose backbone. Temperature
was found to have a significant influence on the reaction kinetics and the DS, particularly during the first seconds of the
reaction. To examine the sustainability of the process E-factor was employed for two different reaction systems. Thermal
and processing properties of obtained cellulose laurates were investigated and it was found that the samples with DS of
2.5 and higher can be easily extruded showing low melt viscosity values. EmimOAc was recovered and reused for
subsequent cellulose transesterification exhibiting high catalytic activity.
Keywords: Cellulose, Chemical Modification, Reactive Extrusion, Ionic Liquids, Sustainability
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Abstract
Food industry is under current challenges in order to meet consumer demands for healthy food products.
However, most healthy foods are inferior in texture and taste which influence on consumer acceptance. To develop
healthy foods with desired texture, food structure design, one of food materials science & engineering approach, is
therefore applied through the proper selection of food ingredients and processes.
Food, a complex material, commonly contains mixtures of water, biopolymers and low molecular weight
components. Interaction among food ingredients and microstructure of food system can have an impact on food texture.
For this purpose, one of our R&D projects focuses on the application of fundamental material science and engineering
to improve texture of healthy and specialty foods, low-fat and gluten-free for example. In view of food production,
extrusion cooking technology has become popular in food industry since it is a continuous, and high temperature and
short time process with low processing cost. It has capability to transform food material into extrudate products with
different shape and texture under high shear and pressure [1]. Extrusion texturization can be achieved by controlling
cooking process of food material within extrusion barrels and structure formation under flow of the molten material
along extruder die. For this purpose, we have investigated the use of extrusion process to improve functional properties
of native starch without using any chemicals for the preparation of clean label food products. Additionally, the
development of anisotropic fibrous structure of plant protein, i.e. resemble to meat, is being under investigation due to
the trend of “flexitarian” consumption.
Keywords: Food, structure, texture, extrusion
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Abstract
Typically, natural rubber (NR) offers a wide range of applications because of its exceptional high elasticity.
However, most of additive manufacturing (AM) technologies for polymeric materials were developed for thermoplastic,
thermoset, and synthetic elastomeric polymers [1], [2]. There is no commercially available AM techniques for the NR,
mostly due to its unique mechanism of vulcanization. The vulcanization process is necessary to form crosslinks
between NR chains which greatly improve material elasticity and tensile strength. As a result, pre-vulcanized NR latex
is required as a feedstock for stereolithography (SLA) process to additively manufacture highly elastic parts [3]. The
NR latex feedstock contains 50-60 wt.% of water which is highly reflective to UV laser beam used in the SLA process.
As a result, the laser irradiation process yields a lower energy absorption in the feedstock. To increase the laser
irradiation efficiency, N330 carbon particle was added to alter the energy absorption behavior in this study. When the
SLA feedstock is exposed to the UV laser beam (at the wavelength of 355 nm,) the addition of 1 and 3 phr (parts per
hundred rubber) of N330 increased the laser absorbance by 117% and 405%, respectively. It was also reported that
conductive carbon particle was added to the NR latex [4], [5] and sheets [6] to increase electrical conductivity of the
rubber samples. In this study, the SLA feedstock was newly formulated to incorporate the conductive carbon particle
for better laser absorbance and electrical conductivity. Effects of surfactants and dispersants on a formation of
conductive network of the carbon particle were investigated though transmission electron micrographs. An addition of
15 phr of conductive carbon particle has increased the conductivity significantly. It can be concluded that the carbon
particle-filled SLA feedstock can improve AM processability and electrical conductivity of additively manufactured
rubber.
Keywords: Additive manufacturing, Carbon black, Composite material, Natural rubber, Stereolithography
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Abstract
Natural Rubber is the second largest agricultural export product of Thailand, after rice. Over 1.2 million people
involve in the natural rubber plantation. The about 36% of global natural rubber production is from Thailand which leads
Thailand to the largest natural rubber producer. There was high demand of natural rubber in year 2012 such that many
countries increased natural rubber plantation areas. But after the year, the demand was slowed down, natural rubber price
was dropped. As a result, an oversupply of natural rubber was in the market. In 2019, production quantity of natural
rubber in Thailand was 4.74 metric tons covering the domestic consumption of 0.77 metric tons, the export number of
4.07 metric tons, and the total stock number in country of 0.83 metric tons.
Since mid of 2019, our company has launched the research project aiming to increase competitiveness of
Thailand natural rubber in the global market. The project involves in the whole process of natural rubber, from plantation
to natural rubber end users. Four development areas have been researching and operating. First, Market Research, to
find needs of natural rubber users and supply chain both in Thailand and international market. Second, Quality and
Innovation Development, to create more value offerings of natural rubber to market as compared to other countries. To
name a few, Mooney-controlled rubber sheets, low smell rubber, and ammonia-free NR latex have been developed. Third,
Natural Rubber Packing Development and Inventory Management, to cooperate on central warehousing setting up in
Trang province. Forth, Development of NR Trek® and NR Packing® Software, for natural rubber manufacturing
working system and traceability system. Not only technological development, but also marketing is a key factor to
commercialize NR products. In this presentation, factors affecting company research-to-market product will be shared.
Keywords: Natural Rubber, NR Trek®, NR Packing®, NR Traceability
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Abstract
It is well known that natural rubber has been widely used as a raw material to develop various industrial and
engineering products due to its unique properties (i.e., high abrasion, elasticity, and tear resistance) and eco-friendly nature.
However, there are many industrial competitors of those natural rubber products in the market globally. Creating value
addition to natural rubber through scientific research by making innovative products is a great opportunity for the new
entrepreneurs to establish startups with comparatively lower competition. In this technical session, we will discuss an
approach of natural rubber towards transdermal patch1-2, slow releasing, wearable radiation shielding3, flexible
piezoelectric4 materials and shape memory polymer developed from thermoplastic natural rubber5. For technology
implementation and execution, we need to focus more on the way of applying the basic scientific and technical knowledge
in various applications. It includes medical, agricultural and forensic applications. The scientific background behind these
technologies will be presented in details.
Keywords: natural rubber, thermoplastic natural rubber, innovation, new value, applications

.
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Abstract
The isothermal and non-isothermal crystallization kinetics of short branched (SBPP) and linear isotactic
polypropylene (L-iPP) were investigated by Synchrotron small/wide angle X-Ray scattering/diffraction (SAXS/WAXD)
and differential scanning calorimetry (DSC). SBPP samples contain few amount of 1-butene randomly placed onto
polypropylene chains and L-iPP was used for comparison. Three polymer samples were used having similar molecular
weights around 233k, 283k and 236k g/mol with polydispersity index about 7.7, 7.3 and 6.8 and the melt ﬂow rates (MFR
under 230°C/2.16 kg) are 16, 12 and 18 g/10 min for L-iPP and two SBPP denoted by V30G, MT12-s and MT18-s,
respectively. DSC results for the non-isothermal crystallization process show that the crystals of SBPP grow slower
(MT12-s < MT18-s) than the crystals of L-iPP. The SBPP gives lower crystallinity than that of L-iPP. Avrami, Ozawa
and Mo models were used to analyze the non-isothermal crystallization kinetics. The fitting results indicates that only
Avrami and Mo models can give linear lines. From Avrami results, the crystal dimention for V30G is closed to 3D while
SPBB exhibits more likely toward 2D. The analyses of the non-isothermal crystallization processes indicate an increment
in crystallization rate with increasing cooling rate. But at any cooling rate, L-iPP crystallizes more quickly than the SBPP.
In addition, the melt isothermal crystallization behavior was investigated for SBPP and L-iPP by means of simultaneous
small-angle X-ray scattering SAXS/WAXD measurements using synchrotron radiation source at Nakhon Ratchasima.
The electron density correlation function was calculated to estimate the lamellae with long period of ca. 18 (V30G) and
24 (MT12-s and MT18-s) nm were formed and stabilized. SBPP has thicker amorphous region than L-iPP while the
crystal thickness are about the same. These results suggest that the short branch defects cannot incorporate into the
crystalline structure of isotactic polypropylene but should be excluded to the amorphous region. The degree of crystallinity
determined by WAXD also give smaller values for SBPP as MT18-s (31.03) < MT12-s (31.32) < V30G (46.24).
Keywords: polypropylene, SAXS/WAXD, DSC, crystallization.
1. Introduction

PP resins through physical or chemical methods. As

As one of the most widely used polyolefin
materials,

isotactic

polypropylene

(iPP),

firstly

synthesized by Natta et al.[1,2] possesses attractive features
like high strength, excellent chemical resistance, good
process ability and reasonable price.[3] However, the
applications of PP have been limited due to its poor impact
strength, especially at low temperature. There are
numerous attempts to improve the impact properties of

isotactic poly(1-butene) (iPB), with a similar molecular
structure to iPP, has some advantages compared to iPP,
copolymerization of 1-butene units to iPP chain in random
pattern might be a possible method to improve properties
of iPP. In this work, G-resin (SINOPEC) which is the
commercial thermoplastic brand of iPP containing some
amount of 1-butene will be investigated for the effect of
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short branch defects on the crystallization characteristics
of

isotactic

polypropylene.

G-resin

high

Isothermal crystallizations of V30G, MT18- s and

transparency and relatively low soluble content for food

MT12- s were investigated using BL1. 3W beamline of

package and medical articles. The chemical confinement

Synchrotron

effect of 1-butene co-monomers on the crystallization

Ratchasima, Thailand. The 2D- SAXS patterns were

behaviors of statistical copolymers should be an important

recorded by the CCD Mar SX165 detector.

[4]

issue for polyolefin products.

exhibits

2.3 SAXS/WAXD

In this report, we employ

Light

Research

Institute,

Nakhon
SAXS

measurement was performed at the sample- to- detector

differential scanning calorimeter (DSC) and synchrotron

distance ( SDD) of about 4. 5 m.

Small/Wide

butadiene-styrene block copolymer (SEBS) with d = 32.8

Angle

(SAXS/WAXD)
morphological

to

X-ray
study

changes

Scattering/Diffraction

the

of

crystallization

commercial

iPP

Styrene- ethylene-

and

nm was used as a standard material for calibrating the

and

scattering angle. The WAXD measurement was performed

poly(propylene-co-1-butene) samples.

at the SDD of about 0. 2m, where the calibration was
carried out by 4-bromobenzoic acid with a spacing of 0.47

2. Materials and methods

nm. The X- ray wavelength was ﬁxed at 0. 150 nm. An
ionization chamber installed in front of the sample holder

2.1 Samples

and a photodiode attached in front of a beam stop were

All polymer samples were kindly provided by
Beijing Research Institute of Chemistry and Industry,
SINOPEC, China. MT12- s and MT18- s G- resins have
some 1-butene defects whereas V30G is isotactic PP used
for comparison.

The melt ﬂow rates (MFR under

230°C/ 2. 16 kg) are 16, 12 and 18 g/ 10 min for V30G,
MT12- s and MT18- s, respectively.[ 5] Molecular weight
and molecular weight distribution determined using GPCIR5 ( Polymer Char with infrared detector. and the results
are Mn (PDI) = 30,407 (7.68), 38,567 (7.33) and 34,753
(6.81) g/mol for V30G, MT12-s and MT18-s, respectively.

used to monitor the beam intensity before and after the
sample, respectively. The samples were filled into the
sample cell with Kapton windows. During the isothermal
crystallization experiment, the samples were heated from
room temperature to 200°C and held for 5 min to
completely eliminate any possible crystalline phase. After
that, the samples were quenched to 132°C ( crystallization
temperature)

with cooling rate 4°C/ min.

SAXS

measurements were carried out at different crystallization
times ( 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 min)
with the exposure time of 120 s. The 2D- SAXS patterns
were reduced to 1D-SAXS profile by circularly averaging

2.2 DSC

the 2D patterns using the SAXSIT program. SAXS data
The melting temperature ( Tm) , crystallization

temperature ( Tc) , enthalpy of crystallization ( ∆Hc) and
percentage

crystallinity

of

polypropylene

were

investigated using NETZSCH DSC204 F1 Phoenix
calibrated with indium sample. The weights of all samples
used for DSC measurements were 6- 10 mg loaded using
aluminum

pans.

Samples

for

non- isothermal

crystallization were heated from 50°C to 200 °C and hold
for 5 min to erase the previous thermal history. Then the
samples were cooled down to 50°C at various cooling rates
(5, 10, 15, 20, 25 and 30 °C/min). All measurements were
done under nitrogen atmosphere.

were analyzed using the 1D- electron density correlation
function using SasView 4.2.1 to determine the parameters
of semi-crystalline morphologies of all samples.
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3. Results and discussion

3.2 SAXS
The melt isothermal crystallization behavior was

3.1 DSC

investigated for SBPP and L- iPP by means of

The characteristic data including crystallization

simultaneous small-angle X-ray scattering SAXS/WAXD

onset temperature ( Ti) , crystallization peak temperature

measurements using synchrotron radiation source at

( Tp) , and the enthalpy of crystallization ( ΔHc) are

Nakhon Ratchasima.

summarized in Table 1. Both the crystallization onset and

profiles of V30G, MT18- s and MT12- s at 132°C for

peak temperatures have a tendency shift to lower

different crystallization times are determine ( Figure not

temperature with increasing cooling rate. The half-time of

shown). The evolution of the first scattering peak of V30G

non- isothermal crystallization ( t0. 5) decrease with the

is the slowest indicating that V30G has longer induction

increasing cooling rates. Adding short branch defect

time compared to MT18- s and MT12- s. Considering the

causes slower crystallization. Next, Avrami, Ozawa and

overall data of all samples in the same Iq2 scale, the

Mo models were employed to analyze the non- isothermal

scattering peak of V30G is significantly higher than other

crystallization kinetics. The fitting results indicates that

samples implying larger amount of crystallinity of V30G

only Avrami (Figure 1) and Mo models (Figure 2) can give

compared to MT18- s and MT12- s. The crystallization

linear lines.

For Avrami model, Crystallization rate

proceeds rapidly at initial time (0-5 minutes). After about

constant (Z) is increased with faster cooling rate. Although

20 min, the scattering peak of V30G did not show any

the exponent ( n) shows scattered data in broader range, n

difference indicating that the crystallization process of

for V30G is larger than other samples at the same cooling

V30G seemed to be finished after 15 min whereas the

rate. For Mo model, the F(T) values are increased with the

slight increase in the intensity was observed for MT18- s

increase of relative crystallinity. The larger the relative

and MT12- s. The SAXS intensity of MT12- s is quite

crystallinity required to attain at a unit time is, the faster

constant at 40 min, but continues to change after 60

the required cooling rate will be.

minutes for MT18- s. The lamellar parameters can be

The Lorentz- corrected SAXS

In overall, DSC results for non-isothermal

evaluated using the 1D- electron density correlation

crystallization process show that the crystals of SBPP

function, 𝐾( ) . This method can be used to determine the

grow slower than L-iPP. This may be from the lower chain

long period (Lp), as shown in figure 3 and give 18 nm and

diffusion rate of SBPP due to the existence of butene

24 nm for V30G and MT18-s/ MT12- s. SBPP has thicker

defects.

of

amorphous region than L- iPP while the crystalline

crystallization than that of L-iPP. This might be related to

thickness are about the same. These resuls suggest that the

the higher nucleation ability of SBPP since the

short branch defects cannot incorporate into the crystal

crystallization process of both SBPP and L-iPP should be

structure of isotactic polypropylene but should be

nucleation-dominated. Avrami analysis indicates that The

excluded to the amorphous region.

SBPP

also

exhibits

lower

enthalpy

crystal dimension for V30G is closed to 3D while SPBB
exhibits more likely toward 2D. The analyses of the nonisothermal crystallization processes indicate an increment
in crystallization rate with increasing cooling rate. But at
any cooling rate, L-iPP crystallizes more quickly than the
SBPP. This implies that the non-isothermal crystallization
processes of SBPP and linear-iPP are diffusion-dominated,
in which the lower chain diffusion rate of SBPP results in
slower crystallization.
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3.3 WAXD

Table 1 Non-isothermal crystallization parameters

Depend on the condition, PP is capable of

Sample

Cooling rate
(°C/min)

Ti
(°C)

Tp
(°C)

ΔHc
(J/g)

crystallizing in three polymorphic forms, (monoclinic) ,

V30G

5

111.8

114.6

-99.1

 (pseudohexagonal), and  (triclinic), with - crystal

10

106.8

111.0

-97.9

being the most stable structure. The WAXD patterns of all

15

102.9

108.8

-95.1

20

99.5

106.9

-93.7

25
30

97.6
97.5

106.0
106.1

-98.3
-92.4

5

118.6

123.1

-69.9

respectively to the ( 110) , ( 040) , ( 130) , ( 111) , and ( 131)

10

112.4

119.6

-75.6

planes of  crystal. However, the diffraction peak at 2 of

15

108.2

117.0

-74.5

17. 1 appears for MT18- s and MT12- s indicating that the

20

102.3

114.4

-80.9

25
30

100.5
99.4

112.8
112.6

-78.2
-77.1

5

116.8

124.4

-74.4

10

115.3

121.5

-93.3

15

113.4

119.7

-73.1

where ∑ A is the summation of the peak area of the

20

112.3

118.3

-71.3

crystalline peaks and A is the peak area of the amorphous

25
30

110.3
109.4

117.1
116.0

-71.0
-70.2

PP samples are shown in Figure. 4. The diffractograms
indicate that the strong diffraction peaks located at 2 of
12. 2, 14. 5, 16. 1, 18. 5, 19. 0 and 22. 0, correspond

MT18-s

unit cell crystal of may be changed. The degree of
crystallinity can be calculated using the equation.[6]
∅

=

∑

MT12-s

(1)

∑

halo. The percent of crystallinity are 46. 2%, 31. 3% and
31.0% for V30G, MT12-s and MT18-s, respectively. This
result

suggests

that

1-butene defects

hinder

the

crystallization of iPP.

We thank SINOPEC ( China) for polymer samples and
IRPC Public Company Limited for GPC and DSC
measurement.

4. Conclusion
The isothermal and non-isothermal crystallization
kinetics of short branched (SBPP) and linear isotactic
polypropylene (L-iPP) were investigated by Synchrotron
small/wide

5. Acknowledgement

angle

X-Ray

scattering/diffraction

(SAXS/WAXD) and differential scanning calorimetry
(DSC). The crystallization of SBPP is slower and has
lower crystallinity than that of L-iPP. Avrami and Mo
models can give reasonable fitting for the non-isothermal
crystallization kinetics. The crystal dimension changed
from 3D toward 2D for branched samples. At the same
cooling rate, L-iPP crystallizes faster than SBPP. Based
on SAXS results, SBPP has thicker amorphous region than
L-iPP while the crystal thickness is about the same. The
degree of crystallinity determined by WAXD also has
smaller values for SBPP
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Figure 2 Mo plots of PP crystallization at different relative
Figure 1 Avrami plots of PP crystallization at different
cooling rates.

crystallization.
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Figure 4 WAXD diffractogram of PP samples.
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Abstract
Hydrogen as a clean fuel is one of new cornerstones of sustainable energy production in our modern society. To
mimic the most powerful catalyst in nature for H2 production, hydrogenase, plenty of compounds have been developed
to generate hydrogen gas in both organic and aqueous media. Water-compatible catalysts are strongly desired in order to
create green catalytic materials. Herein, we report the design, synthesis and characterization of novel nickel-based single
chain nanoparticles (SCNPs) constructed by discrete polymer chains to imitate hydrogenase enzymes. The polymer
backbone was first precisely modified with N-[2-(propylthio)phenyl]-2-pyridyl (NNS) derivatives and high molecular
weight-polyethylene glycol to provide an amphiphilic polymer. The SCNPs were manifested via a strong coordination
between two equivalents of NNS ligands and a uniequivalent of nickel ion within the hydrophobic compartment of the
assembled amphiphilic polymer, thereby giving compact water-soluble nanoparticles with the hydrodynamic diameters
(Dh) of ca.10 nm. Even though the avenue of catalytic SCNPs is in their infancy, the development in area is rather rapid.
The successful fabricated, hydrogenase-mimic, nickel-based SCNPs can potentially serve as a hydrogen evolution
catalyst.
Keywords: single chain nanoparticles, hydrogenase, water-soluble catalyst, enzyme-mimic nanomaterial
of ligands featuring N- and S-donor atoms.3-4 These

1. Introduction
A colorless, odorless and non-poisonous hydrogen

catalysts could serve as electrocatalysts or photocatalysts

gas plays a vital role as a green alternative energy source

efficiently performing the proton reduction to produce

to replace or subside the use of carbon-based fuel which is

hydrogen gas. Nonetheless, these molecular catalysts lack

1

the source of greenhouse gas production. Hydrogen

of water solubility or compatibility which may restrict

evolution could ordinarily be found in prokaryotic

their performance in catalytic hydrogen production in

organism via the hydrogenase enzyme, the most powerful

environmentally friendly medium containing proton

catalyst to produce hydrogen gas under ambient condition.

source such as water.

Hydrogenase can be divided into three sub-classes

Single chain nanoparticles (SCNPs) are a class of

2

polymeric nanoparticles which could work in a wide range

Recently, the active site structures of the enzyme have

of application such as sensors, drug carriers, and

been used as models for homogeneous catalysts such as

nanoreactors for catalyzes.5 SCNPs are fabricated by

those containing iron or nickel coordinating with a range

intramolecular interactions for example covalent bond,

consisting [Fe]-class, [Ni-Fe]-class and [Fe-Fe]-class.

ADFP-O3

23

hydrogen bond and metal-ligand complexation of a

2. Materials and Methods

discrete chain of polymer. The three-dimensional
macromolecules are conformed in the solution, which

2.1 Materials and reagents

provide the confined compartment inside these soft

All solvents and reagents for the synthesis were

matters. Furthermore, water-soluble molecules can be

obtained from commercial sources (Alfar Aesar, VWR

inducted to improve the solubility of polymer and to

International and Sigma-Aldrich) and used as received

improve the catalytic performance as hydrogen production

unless stated otherwise. Solid reagents were stored under

in

6-7

water.

Poly(pentafluorophenyl

acrylate)

an inert atmosphere of nitrogen in a glovebox, whist liquid

(poly(PFPA)) synthesized via a reversible addition-

reagents were stored in rota-flow ampoules under an inert

fragmentation chain transfer (RAFT) polymerization,

atmosphere of nitrogen. All solvents used in working-up

could be easily functionalized on its pendant positions to

steps for the synthesis of amine modifiers are analytical

obtain anticipated functional group(s) which serve(s) a

grade.

particular applications.

methyl)amino benzenethiol], tert-butyl(3-bromopropyl)

2-(2-pyridyl)benzothiazoline,

2-[(2-pyridinyl

carbamate, and pentafluorophenyl acrylate were prepared
according to or adapted from literature procedures.4, 8 All
solvents for the synthesis of pentafluorophenol acrylate
(PFPA) and poly(PFPA) were analytical grade and used as
received.

1,4

Dioxane

(anhydrous

99.9%)

and

pentafluorophenol (PFP) were commercially available
from Merck, Germany. Dichloromethane (DCM) was
dried over CaH2 and reflux under N2 atmosphere before
use.
Figure 1 Conceptual design of SCNPs by complexation
Herein, this research focuses on fabricating SCNPs
to imitate a hydrogenase enzyme, which can eventually
serve as a potent candidate for a hydrogen gas evolution
by using poly(PFPA) as a precursor polymer to be
modified with (NNS)2Ni as a foldamer and an active
catalytic center and Jeffamine M-1000 (an aminofunctionalized PEG with a molecular weight of ca. 1,000

4,4’-Azobis(4-cyanovaleric

acid)

(ACVA),

dicyclohexylcarbodiimide (DCC) and anhydrous N,N’dimethyl formamide (DMF, 98.8%) were obtained from
Sigma-Aldrich, USA. Acrylic acid (AA) was purchased
from Sigma-Aldrich, USA and distilled under vacuum
before

use.

4-Cyanopentanoic

acid

dithiobenzoate

(CPADB) was obtained from Santa Cruz Biotechnology,
USA. Jeffamine M-1000 was received from the Huntman
company.

This research aims to develop a novel catalytic material as

2.2 Synthesis of N-[2-(propylthio)phenyl]-2-pyridine
methamine (1)
To a solution of 2-[(2-pyridylmethyl)amino

a

benzenethiol] (1.02 g, 4.7 mmol) in THF (5 mL) was

Da) as a water-soluble moiety as illustrated in Figure 1.
water-soluble

polymeric

SCNP

which

consequently serve in a catalytic application.

could

added anhydrous K2CO3 (3.27 g, 24 mmol, 5 equivs). The
suspension was added bromopropane (1.3 mL, 14.2 mmol,
3 equivs) and stirred at RT for 16 h. After which time, the
suspension was quenched with water (20 mL). The mixture
was extracted thoroughly with DCM (3 x 10 mL). The
combined organic fractions were dried over anhydrous
Na2SO4 and evaporated under vacuo to give a crude
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product. The obtained product was further purified using a

extracted thoroughly with DCM (3 x 20 mL). The

column chromatography using ethyl acetate/hexane 1:8

combined organic fractions were dried over anhydrous

gradient to 1:4 as eluant. Yield 0.958 g (79%) as a light-

Na2SO4 and evaporated under vacuo to give an analytically

yellow viscous oil.

pure product as a light-yellow viscous oil yielding 1.02 g
(77%).

2.3 Synthesis of [Ni(NNS-Pr)2][ClO4]2 (2).
To a solution of N-[2-(propylthio)phenyl]-2pyridinemethamine (0.0524 g, 0.20 mmol) in acetonitrile

2.6 Synthesis of Poly(PFPA)
Poly(PFPA)

was

synthesized

via

RAFT

(15 mL) was added a solution of Ni(ClO4)2 ·6H2O

polymerization. Target degree of polymerization was set at

(0.183 g, 0.50 mmol)

The

100. Pentafluorophenyl acrylate (2 M) was dissolved in

solution mixture was stirred at RT for 2 h. After which

dioxane (2 mL) in a glass vial. Then, 1 mL of dioxane

time, the acetonitrile solution was layered with 15 mL of

containing initiator, ACVA (33.5 mg, 0.12 mmol), and

diethyl ether and stored at 4 °C for 3 days. Light purple

RAFT agent, CPADB (8.40 mg, 0.030 mmol) were added

crystalline powder was obtained as a pure product yielding

into the solution. Subsequently, the vial was sealed and

0.142 g (92%). Diffraction-quality crystals were grown

stirred under a nitrogen atmosphere for 30 min. Then, the

from a layered acetonitrile/diethyl ether at 4 °C.

vial was immersed in a preheated oil bath at 70 °C for 7 h.

in

acetonitrile

(1.0 mL).

The final solution was cooled down to RT and the product
2.4

Synthesis

of

N-[2-(3-(BOC-aminopropylthio))

phenyl]-2-pyridinemethamine (3)
To

a

solution

of

2-[(2-pyridylmethyl)amino

was precipitated in methanol and THF in methanol,
respectively. Pink powder product was obtained, yielding
0.985 g.

benzenethiol] (1.75 g, 8.1 mmol) in DMF (10 mL) was
added anhydrous K2CO3 (3.36 g, 24 mmol, 3 equivs). The

2.7 Preparation of amphiphilic polymer via post-

suspension

polymerization modification of poly(PFPA)

was

added

tert-butyl(3-bromopropyl)

carbamate (2.90 g, 12 mmol, 1.5 equivs) and stirred at RT

To a Schlenk tube was charged with poly(PFPA)

for 24 h. After which time, the suspension was quenched

(100 mg, 0.45 mmol, 100 equivs of PFP groups). The

with water (100 mL). The mixture was extracted

polymer was dissolved in 0.5 mL of anhydrous THF prior

thoroughly with DCM (3 x 20 mL). The combined organic

to the addition of a solution of N-[2-(aminopropylthio)

fractions were dried over anhydrous Na2SO4 and

phenyl]-2-pyridinemethamine (4, 5.67 mg, 0.020 mmol, 5

evaporated under vacuo to give a crude product. The

equivs) in 0.5 mL of anhydrous THF. The solution mixture

obtained product was further purified using a column

was stirred at 50oC for 2 h. After which time, Jeffamine M-

chromatography by ethyl acetate/hexane 1:8 gradient to

1000 (460 µL, 0.49 mmol, 105 equivs) was added into the

1:1. Yielding 2.57 g (85%) as a light-yellow viscous oil.

resulting solution mixture and stirred for further 2 h at
50oC. Once the time elapsed, the solution was dialyzed in

2.5

Synthesis

of

N-[2-(aminopropylthio)phenyl]-2-

pyridinemethamine (NNS-PrNH2, 4)
To a solution of N-[2-(3-(BOC-aminopropylthio))

THF and water for a period of 4 days. The product was
freeze-dried under vacuo overnight, yielding in a range of
80-90%.

phenyl]-2-pyridinemethamine (1.75 g, 4.7 mmol) in DCM
(10 mL) was added trifluoroacetic acid (3.6 mL, 47 mmol,

2.8 Formation of single-chain nanoparticles (SCNPs)

10 equivs). The solution was stirred at RT for 3 h. As time

To a 4 mL solution of amphiphilic polymer in water (1.5

elapsed, the solution was treated with a saturated NaHCO3

mg/mL) was added a solution of Ni(ClO4)2 ·6H2O (0.0568

solution to obtain a mixture of pH 11.0. The mixture was

mg, 2.5 equivs). The solution was stirred for 1 h. After
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which time, the solution of SCNPs was dialyzed against

Amphiphilic polymer was obtained by sequential

water twice to remove the non-coordinated Ni precursor.

modification of poly(PFPA) with two amine-bearing

1

Compound 1-4 were characterized by H and

modifiers, namely NNS-based amine 4 acting as a ligand

C{ H} NMR spectroscopy, ATR FTIR spectroscopy,

having hydrophobic entities, and Jeffamine M-1000 to

HR-MS, HPLC and elemental analysis. P1-P4 and

introduce hydrophilic entities as shown in Figure 2. The

13

1

SCNP1-SCNP4 were analyzed by

19

1

F{ H} NMR

modification via amidation was completed within 2 h at

spectroscopy, ATR FTIR spectroscopy, ICP-AES, DLS

50 °C, providing a new amphiphilic polymer having

and fluorescence spectrometry.

designated pendent groups.

3. Results and Discussions
In this work, we focus on the preparation of nickelbased SCNPs through the modification of poly(PFPA)
with functional compounds and the subsequent formation
of metal-ligand complexation to yield a potent nanocatalyst for hydrogen evolution by mimicking the active
site of hydrogenase enzyme. In addition, [Ni(NNSPr)2][ClO4]2 (2) was synthesized as a model compound of
an active site of enzyme-imitating SCNP. It is worth noting

Figure 3

that 1 was designed with a propyl substituent to resemble

spectra recorded during the sequential modification

the active site residing in the SCNP (vide infra). The
product 2 was immediately formed after the solution of 2
equivs. of 1 and an equiv. of Ni[ClO4]2·6H2O were mixed
as colour changed from yellow to dark red. Elemental
analysis verified that the structure of the novel compound
2 comprises of two ligands per one metal center. In the
light of the analogous structure precedented in literature,4
2 is expected to be in an octahedral arrangement with
propyl substituents on the ligands pointing away from the
metal centre. This implies that the bulky substituents in the
NNS-ligand derivatives would insert significant effect on
the steric and environment of the metal center.

19

F{1H} NMR (376.5 MHz, CDCl3, 298 K)

The extent of modification was monitored by
19

1

F{ H} NMR analysis. As shown in Figure 3(A), the

spectrum of poly(PFPA) shows 3 broad resonances of
fluorine at chemical shifts of δ -153, -156 and -162 ppm.
corresponding to the position a, b and c, respectively.
Upon partial modification with NNS-PrNH2, 4, the sharp
resonances of fluorine on free pentafluorophenol, the byproduct, at chemical shifts of δ -163, -164 and -170 ppm
labelled as d, e and f, respectively concurrently emerged
(Figure 3(B)) along with those characteristic peaks of
poly(PFPA)

which

modification

with

apparently
Jeffamine

disappeared
implying

that

after
all

pentafluorophenyl pendant groups of poly(PFPA) were
completely removed (Figure 3(C)). After being purified
by dialysis against THF and water, the resulting
amphiphilic polymer, P1 showed no fluorine signals. The
relative peak integration in the spectrum of Figure 3(B)
indicated that the degree of hydrophobic NNS (x) and
Figure 2 The post-polymerization modification of

hydrophilic Jeffamine (y) in P1 was 0.05 and 0.95,

poly(PFPA) with amine derivatives

respectively.
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In addition, P1 was characterized by ATR-FTIR as

This implies that the effect of self-assembly in amphiphilic

shown in Figure 4 The spectra of P1 shows two sets of

polymers outweighs the compactness exerted by the metal-

-1

signals at 2865 and 1650 cm , referring to alkyl groups on

ligand coordination in corresponding SCNPs. In addition,

Jeffamine and carbonyl amide stretching, respectively.

the amount of nickel ion incorporated in SCNPs was

Meanwhile, the signal at 1780 cm

-1

of carbonyl ester

measured by ICP-AES illustrating that ca. 70% and 60%

stretching totally disappeared, indicating the complete

of expected amount of Ni2+ was found in SCNP1-2 and

modification. Poly(PFPA) has been modified to obtain

SCNP3-4, respectively. The more densely packed

various percentage of substituents as shown in Table 1.

hydrophobic pocket of in SCNP3-4 may limit the access

Notably, P1-4 are totally soluble in water forming a

of Ni2+ to the binding sites as reflected in the lower

colorless solution.

percentages of coordinated Ni2+.
Table 1. The composition percentage and hydrodynamic
diameters

(Dh)

of

amphiphilic

polymers

and

their

corresponding SCNPs
Composition
No.

percentage
(NNS : Jeff)

Figure 4 ATR-FTIR spectra of poly(PFPA), 4, Jeffamine
M-1000 and P1

a

Dh of polymer Dh of SCNP Contraction
(nm)a

(nm)a

Percentage

1

5 : 95

12.0 (0.9)

9.5 (0.6)

20

2

10 : 90

12.1 (0.9)

10.1 (0.7)

17

3

16 : 84

11.8 (0.8)

10.2 (0.8)

14

4

25 : 75

10.5 (0.7)

10.0 (0.6)

5

The hydrodynamic diameter as determined by DLS.

The DLS results reveal that the Dh values of P1-4
are in a range of 10-12 nm. The Dh decreases with an
increase in hydrophobic composition of NNS (4) implying
that the self-assembly of amphiphilic polymer is highly
promoted via hydrophobic interaction (Table 1). To
construct SCNP1-4, each polymer (P1-4) was dissolved in
water in a diluted concentration at 1.5 mg/mL. Nickel
precursor was then added in excess to coordinate with the
pendent NNS ligands, resulting in the chain folding of
amphiphilic polymers. The excess amount of nickel was
removed through dialysis against water. By referring to the
model study, it is worth mentioning that the ligand to metal
ratio is also anticipated to be 2:1 in SCNP formation. The
Dh values of SCNP1-4 were found to be similar in sizes
within errors (ca. 10 nm., Figure 5 and Table 1). The
contraction percentage derived from the difference in Dh
values between the amphiphilic polymer and its
corresponding SCNPs (Table 1) was systematically
subsided as going from SCNP1 (20%) to SCNP4 (5%).

Figure 5 DLS profiles of P1 and SCNP1 in water
The formation of SCNPs could also be affirmed by
the fluorescence measurement of the organic dye,
Naphthalimide (NI) in the presence of amphiphilic
polymers and SCNPs. The signal of 70 μM NI in water
gave the highest emission intensity at 387 nm (Figure 6).
The significant decrease was observed when NI was added
to each P1-4 solution resulting in fluorescence quenched
as NNS modifiers could quench the intensity due to
photoinduced electron transfer (PET) by amine group.9 As
nickel coordinated with amine in SCNPs, the increased
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emission intensity was eminent. The investigation remarks
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Abstract
Water shortage has become increasingly serious issue worldwide, especially in rural areas. Fog-harvesting
devices or fog collectors are effective tools used for condensing water from moisture in the air for water supply. Metallic
mesh is commonly used in this application. In this work, a process for surface modification of Copper (Cu) mesh is
developed to enhanced its superhydrophobicity for enchantments in the water-collecting efficiency. The mesh is first
oxidized to generate hydroxyl groups on the surface, followed by AKD treatment. The chemical structures and
mechanisms of each treatment process are characterized by Fourier transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM) and water contact angle (WCA) measurements. The results show that in the oxidation step,
the density of hydroxyls on the surface increase with the reaction time and reaches a maximum value at 10 min. The
oxidation leads to a formation of needle-like and flower-like structures on the surfaces. The functional groups act as
templates for reacting with AKD, resulting in superhydrophobicity of the mesh. The mesh shows high water collecting
efficiency at 154 mg·hr-1·cm-2, which is suitable for fog-harvesting applications.
Keywords: Fog harvesting, superhydrophobicity, metal mesh, copper.
1. Introduction
Water shortage has become increasingly serious
issue worldwide, especially in rural areas. It was reported
that around 5-9.7 billion people or 52% of the world
population may live in moderate water stress conditions by
20501. There are many attempts to seek new water
recovery technology, for example desalination, or fog
harvesting technology. The fog harvesting or fog
collection is a promising concept for water collecting or
improving water sanitation in the area which piping system
is limited or difficult for installation. High mountain and
coastal areas are the main targets for this technology, due
to high humidity and air circulation. One example of
effective fog harvesting project is at the Atacama desert in
Peru. This tool can collect water from fog, with a capacity
of around 600 milliliter per day2.
Fog harvesting concept was inspired by the Namib
desert beetle, which can collect water from air for
surviving in the desert3. The reason behind this ability is

that the beetle have hydrophobic and hydrophilic patterns
on its wing which play an important role in promoting
water collection from the fog. This has been applied in
developing materials with similar characteristics4, 5.
Apart from the materials properties, design of fog
harvesting devices also a major factor in determining the
device’s efficiency. Mesh structures made from polymers
or metals are among high potential candidates. In
application, moisture droplets approach the vertical mesh
surface, colliding with the mesh structure, which leads to
increasingly larger droplets formation. When the volume
of water on the surface reach the critical value, gravity
force brings the water drop to flow down along the mesh
to the container. The void spaces are also important,
despite not playing any roles on the collecting of droplets.
They decrease the wind resistance, leading to more
collisions, and maintain high droplet flux6. To further
improve the device efficiency, surface modification of the
mesh to be superhydrophobic is essential.
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Copper mesh is widely used in industrial applications,

2.3 Fabrication of superhydrophobic copper mesh

such as filtration and membrane technology, due to its

The pretreated copper mesh was oxidized by

durability, low cost, and ease of surface modification or

submerging in 0.13 M ammonium persulfate (NPS) and

7, 8

functionalization . Copper mesh can be oxidized to form

2.5 M sodium hydroxide (NaOH) solutions by varying the

Cu(OH)2, producing hydroxyl groups on the surface by

contact time from 0.25, 0.5, 1, 5, 10, and 20 min. The mesh

chemical oxidation. Ammonium persulfate (NPS) and

was then cleaned with DI water and dried in a vacuum

sodium hydroxide (NaOH) are commonly employed as

oven at 70 ºC for 30 min. In the hydrophobic treatment, the

oxidizing solution. The hydroxylated surface can then

hydroxylated mesh was dipped in to a 10 wt% AKD

reacts with stearic acid or other fatty acids to promote

solution in THF for 1 min, and then dried in an oven at

hydrophobicity9.

110ºC for 2 hrs. Finally, the materials were washed by

Cu+4NaOH+(NH4)2S2O8→Cu(OH)2+2Na2SO4+2NH3↑-2H2O

chloroform solvent in an ultrasonic washer for 1 hr, to

(1)

completely remove unreacted AKD or its side products,
Alky ketene dimer (AKD) has been widely used in

and other remaining residues.

paper industries as sizing agent to provide cellulose fibers
hydrophobic properties. The compound is produced from
various type of fatty acids, which make its environmentally
10

friendly and can be used in food-contact applications .

2.4 Fourier transform infrared (FTIR) spectroscopy
Chemical structures and interaction of the materials
were characterized by Fourier transform infrared (FTIR)

In this work, a fog harvesting device is developed by

spectroscopy in an attenuated total reflection (ATR) mode,

employing modified copper mesh. The mesh is first

on a Nicolet iS5 spectrometer. All spectra were collected

oxidized to generate hydroxyl groups on its surface,

at a 2 cm-1 resolution, with 64 scans.

followed by reactions with AKD. Chemical structures and
properties of the materials with superhydrophobicity are
characterized. The fog harvesting efficiency of the device
is also assessed.

2.5 Water contact angle (WCA) analysis
Surface wettability of the samples were measured
in terms of water contact angle. The measurements were
conducted by employing an Optical contact angle

2. Experimental
2.1 Materials
Alkyl ketene dimer (AKD) compound was supplied
by Kemira. A copper mesh (mesh200) was purchased form
Anping Country Bolin metal wire mesh, China.
Ammonium persulfate was obtained from KemAus.
Chloroform, acetone and sodium hydroxide were
purchased from Carlo Erba Reagent.
2.2 Copper surface pretreatment
The copper mesh was treated by an oxidation
reaction to generate hydroxyl groups on its surface. The
mesh was first cleaned with acetone and deionized (DI)
water sequentially in an ultrasonic cleaner for 20 min, and
dried in a vacuum oven at 70 °C for overnight.

measuring and contour analysis systems (DCAT), and a
Dino-lite digital microscope. Water droplets with a 5 µl
volume were used for contact angle measurements.
2.6 Scanning electron microscopy (SEM)
Morphology of the samples was examined by a
scanning electron microscope (SEM).
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important role on the hydrophilicity enhancement of the

Fog harvesting efficiency of the treated mesh

mesh, but also acts as a template for grafting of

samples were assessed in a moisture-controlled chamber,

hydrophobic agent for further modification of the

in which a commercial ultrasonic aroma diffuser (2.4MHz)

materials, especially with alkyl ketene dimer (AKD),

was used as a fog generator. The copper mesh fog

which is specifically reactive towards hydroxyl fgroups11.

distance from the fog generator, with an angle of 45º, as
shown in Figure 1. The measurement was conducted for 1
hourr at room temperature. The total weight of the water
droplets collected in the container was recorded.

Water Contact angle(° )

harvesting device was place in the chamber at a 7 cm

140
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Figure 2 Surface wettability of Cu mesh, as a function of
oxidizing time.
Chemical structures and interactions of the mesh as
Figure 1 Schrematic of fog harvesting eficiency test.

a function of the oxidizing time were examined by ATRFTIR spectroscopy.

The spectrum of the mesh after

oxidation for 10 min is shown in Figure 3. Various
3.Results and Discussion

characteristic bands of OH stretching modes are observed.
The band located at 3565, 3426, and 3315 cm-1 are

3.1 Surface modifications of copper mesh
Surface wettability of the materials from each
modification steps was examined, in terms of water contact

assigned to the isolated or “free” hydroxyl groups, and
dimeric and multimeric hydrogen bonded hydroxyls,
respectively12.

angle (WCA). Effect of oxidizing time on the wettability

The compositions of these modes reflect the degree

of the mesh was investigated. The results, as shown in

of oxidation of the Cu mesh, resulting in different contents,

Figure 2, indicate that the WCA values largely decreased

and hence average distance between each hydroxyls

when the treatment time was increased, and reached 0° at

located on the surface13. The information can be obtained

10 min. When the treatment time was further increased,

from curve fitting of these vibrational modes, as a

however, the value became higher at 34° at 20 min. This is
likely because Cu was oxidized, generating hydroxyl
groups on the surfaces. The content of the newly generated
hydroxyls increases with the degree of oxidation, i.e. the
treatment time. This leads to an increase in the surface’s

function of oxidation time, as summarized in
Figure 4. The band areas of all hydroxyl species
show a sharp increase at 0.25 and 0.5 min of
oxidation times, indicating the formation of

hydrophilicity, which reaches a maximum value at 10 min.

hydroxyls at random placements. The contents of the

The further oxidation beyond 10 min, however, results in

dimeric and multimeric species increase faster than

a destruction of the hydroxyl groups, converting to CuO.

the monomeric counterpart, when the oxidation time

This is reflected by the decrease in the hydrophilicity of

was between 0.5 and 10 min, reflecting a generation

the mesh. The presence of hydroxyls not only play an
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Figure 4 Band area of the OH-stretching modes of
monomeric, dimeric, and multimeric hydroxyls of Cu
mesh, as a function of oxidation time.
Figure 3 Curve fitting of an FTIR spectrum of Cu mesh
after oxidation for 10 min.

mesh by physical absorption. These side products were

formation, as a result from higher degrees of

therefore removed by washing with chloroform.

oxidation. After 10 min of oxidation, however, a

WCA value and SEM images of the AKD-treated meshes

decrease in the band areas is observed, indicating a

before and after the solvent washing step were measured.

The

destruction of the hydroxyls, likely due to the

The results, as shown in Table 1, indicate that the

conversion to a CuO from. This agrees with those

WCA values of all meshes obtained from different

observed in the wettability results of the treated
materials, as previously discussed. Nevertheless, the
results confirm the presence of hydroxyls on the
surfaces of the mesh, at different compositions,
which can be utilized in reacting with AKD to
achieve super hydrophobicity.

14

The oxidized Cu meshes were further treated by
dipping in AKD solution to generate superhydrophobic

oxidation times increase after washing with chloroform, as
excess AKD and hydrolyzed AKD are washed out,
exposing the effective hydrophobic tails of the grafted
AKD on the surface. The reaction is similar to those
occurs in the treatment of cellulose fibers in paper
industries. The efficiency of grafting reaction is strongly
dependent on the content of hydroxyls on the mesh’s
surfaces, in which the highest efficiency is observed at 10
min of oxidation time.

surfaces. Effect of oxidation time on the AKD grafting

SEM images of the AKD-treated meshes before

efficiency was investigated by using Cu meshed obtained

and after washing with chloroform are compared in Figure

at different oxidation times. As the major objective of this

5. The treated mesh before washing show patterns of AKD

treatment is a ring-opening reaction of AKD by hydroxyls

crystalline domains of unreacted AKD. This was largely

groups on the Cu mesh’s surfaces, and generate grated

removed upon washing. At 10 min of oxidation time, the

structures with 2 hydrophobic tails pointing out of the

sample have the highest water contact angle (147º)

surface.

This leads to superhydrophobicity. However,

AKD is also reacting with water molecules, generating a
free non-grafting structure, which possesses much lower
hydrophobicity, compared to the grafted from. In addition,
unreacted AKD may also remain on the surface of the
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Cu(OH)2 mesh shows a collecting rate at 154 mg·hr-1·cm2

, comparable to that of bare copper mesh (104 mg·hr-1·cm-

2

) (WCA 128°). The results confirm that hydrophobicity of

the mesh play a key role in promoting the water collection
rate, as this. can draw water vapor to condense and being
captured as tiny droplets, which fall off to the container in
a fast rate. Although the hydrophilic mesh may be able to
draw water vapor to condense at similar rate, this occurs as
connecting water droplets wetting on the surface, which is
harder to deposit to the container. This becomes hindrance
in the fog collection cycle and clogging15. Thus, they

Table 1: WCA results of Cu meshes at defferent
oxzidation time, after AKD treatments, with and
without sovlent washing process
Oxidation

AKD coating

AKD coating

time (min)

with solvent

without solvent

washing

washing

20

144º±3

138 º±1

10

147º±3

142 º±1

5

140º±2

128 º±5

1

133º±1

130º±2

0.5

120º±2

140 º±3

0.25

137º±1

132 º±6

inhibit the fog collection and regenerate the fog harvesting
cycle and let it reevaporating. Consequently, The
efficiency of fog collector are lower16.

Water collected(mg·hr-1· cm-2)

Figure 5 SEM image and WCA of Copper mesh with
difference oxidized time

Water collection rate
1000
800
600
400
200
0

barecopper hydrophilic hydrophobic

Type of mesh
Figure 6 Water collection rate from different types of Cu
meshes.

3.4 Fog harvesting efficiency
The results on fog-harvesting efficiency of the
treated meshes are shown in Figure 6, in terms of water
collected rate (mg·hr-1· cm-2). The fog harvesting rate is
calculate by equation 1.
(
)
Fog collection rate=
(1)
(

)×

Where W=total weight of collected water (mg)
A= projected area of the mesh (cm2)
t = total fog collecting time (hour)
The resulting superhydrophobic mesh shows high
fog harvesting efficiency and generate fresh water
reservoir. Hydrophobic mesh (WCA 147º) can generate
highest rate of water collection (690 mg·hr-1·cm-2). The
fog harvest efficiency of the samples at each step of
treatment were compared. The hydrophilic (WCA 0º) or

4. Conclusions
A process for modification of surface of Cu mesh
was successfully developed by oxidizing the surface to
generate hydroxyl groups, followed by an AKD treatment.
After oxidation, hydroxyls are generated, whose content is
dependent on the oxidation time. A treatment of 10 min is
observed as an optimum condition. The functional groups
act as templates for reacting with AKD and exhibit super
hydrophobicity suitable for fog-harvesting applications.
The resulting superhydrophobic meshes have high water
collection efficiency, which can be applied for solving
water shortage problems, especially in remote rural areas.
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Abstract
LDPE films have been widely used as greenhouse covering for smart agriculture, due to their good mechanical
properties, low cost, and suitable optical property. The low hydrophobicity and lack of anti-microbial property of the
films, however, cause their surface to be easily covered by microorganisms or dusts. This leads to a deterioration in light
transmission of the films and microorganism contamination1. To overcome these problems, chitosan (CS), cyclic ketene
fatty acid derivative (CKFA), and glutaraldehyde (GA) were used to modify the surface of LDPE films to enhance the
hydrophobicity and anti-microbial property. To promote adhesion between the coating agents and surface of the innert
LDPE films, surface pre-treatment is required to generate surface roughness and polar functional groups. This is achieved
by treating with chromic acid at 75 ℃ for 30 min. CS was dissolved in acetic acid and then mixed with CKFA in
tetrahydrofuran (THF) at a CKFA/CS mass ratio of 1:2 at 80℃ for 1 h, with an addition of GA for 10 min. The mixture
was then coated on the acid-etched film by using a roller at different sizes. FTIR spectra showed that the newly-generated
polar groups after the acid-etching step play a key role in improving the adhesion between LDPE and the coating agents.
The chemical reaction between CKFA and OH groups of CS was confirmed by a presence of a band at 1747cm -1 of C=O
stretching mode of β-ketoester linkages. As a result from optimum conditions, LDPE film with a water contact angle of
121°± 2° was obtained, compared to original LDPE of 76°± 1°. The superhydrophobic films with a presence of CS on
the surface have high potential for use in various applications, such as greenhouse covering, food packaging, or pond
covering.
Keywords: Low-Density Polyethylene, Alkyl Ketone Dimer, Chitosan, Chromic acid etching, Crosslinking
1. Introduction

materials in plastic culture, especially in

greenhouse

4

Plastics are versatile materials widely used in

application . The main advantages of LDPE are its good

various applications. The annual world consumption of

mechanical properties, high chemical resistance, and

plastic materials in agricultural sector amounts to 2 million

optical properties, combined with competitive price5.

tons. Almost 50% of this amount is used in protected
cultivation (greenhouse, mulching, low tunnels, temporary
2

In

smart

agriculture

technology,

functional

greenhouse has been developed to improve production

coverings of structures for crops, etc.) . Remarkably,

quality, yield, and provide better conditions for plant

conventional plastics, which are non-degradable have been

growth by optimizing growth conditions, reducing plant

used widely in industry and agricultural sectors due to their

diseases, extending the growing season, and protecting

Low-density

plants from extreme weather changes6. Promising

polyethylene (LDPE) is one of the most consumed

developments in greenhouse covers includes UV-blocking

high

durability

and

3

performances .
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films, NIR-blocking films, fluorescent films, and ultra7

structure. Therefore, the pre-treatment of the LDPE film’s

thermic films . LDPE has been widely used as substrate

surface is essential to obtain good adhesion between the

for greenhouse covers. Within the long exposer period of

surface of LDPE and the functional materials13. Various

greenhouse in the environment, LDPE film’s surface is

techniques have been applied to modify LDPE surface,

usually covered with dust particles and microorganisms,

including chemical etching, corona discharge, plasma

which reduce the effectiveness of the plastic films by

treatment, photo grafting discharge, and photo grafting14.

limiting light transmittance to the crops inside. This leads

Among these, chemical treatment has attracted vast

a negative impact on the quality and productivity of crops

interests in recent studies. Etching of LDPE films in

8

by loss of sunlight for plant’s photosynthesis .
Anti-microbial property plays a crucial role in
producing clean films which can prevent microorganism’s

chromic acid is an effective technique to generate high
contents of polar functional groups and surface
roughtness14.

growth on the film’s surface. Moreover, films with super

In this study, a process for surface modifications of

hydrophobicity exhibit crucial properties, such as anti-

LDPE for use in smart greenhouse applications is

sticking, anti-contamination, anti-microbial, anti-snow,

developed. Essentially, chromic acid is employed to

and anti-ice9. Therefore, greenhouse covers films, which

modify LDPE to generate polar groups and improve

possess a combination of these properties can maintain

adhesion with the anti-microbial agent. CKFA was used to

their transparency, leading to good light transmission and

improve the hydrophobicity of CS before coating on

prolong the service lifetime of the films.

etched-LDPE films and glutaraldehyde was applied to

Chitosan is natural polymer obtained from the

improve the water-resistance of chitosan.

deacetylation of chitin, which possesses anti-microbial
property, non-toxicity, and biodegradability. It was

2. Experimental

reported that chitosan has a strong ability against grampositive and gram-negative microorganisms, due to its
cationic nature, which makes it possible to interact with the
10

2.1 Materials
LDPE films were prepared from commercial-grade

negative charges of microbial cell membrane . Therefore,

LDPE by a hot press machine at 190℃, at the following

chitosan can be used for coating on plastic films to perform

conditions: pre-heat 10 minutes, heat 5 minutes, and cool

anti-fouling or anti-microbial properties. GA or 1,5-

down to 27℃. The resulting LDPE films, with a thickness

penoldial (OHC-(CH2)3-COH) is one of the most effective

of 0.15 to 0.25 mm was cut into a size of 5×5 cm2. The

crosslinking agents for CS to reduce water absorption and

film samples were washed with acetone and distilled water.

improve the water-resistance of CS through a shift-based

Chromic acid was prepared by mixing potassium

11

reaction .

dichromate (K2Cr2O4), distilled water, and sulfuric acid

Cyclic ketene fatty acid derivative (CKFA) is

(H2SO4) at a mass ratio K2 Cr2 O7 /H2 O/H2 SO2 (5:10:159).

commonly used in the papermaking industry, as neutral

Low molecular weight CS was used as a natural

surface sizing agent to increase the hydrophobicity of

antimicrobial agent, with degree deacetylation (DD >75%).

papers. CKFA has received vast attention for use in the

2.2 Method

preparation of cellulose-based composite membrane or

Chromic acid-etching: LDPE films after the pre-

hydrophobic cellulose powder to improve the water-

cleaning step were etched by chromic acid at 75℃ for 15

12

resistance and photophobicity . To apply these materials

minutes, 30 minutes, 1 hour, and 2 hours in a water bath

in modification of LDPE surface and use as functional

with a temperature controller. After acid etching, the films

films, an effective coating process is necessary, as LDPE

were immediately washed with deionized water and

has poor adhesion property because of its nonpolar

ethanol, then dried at 60℃ for overnight.

ADFP-O5

37

Coating process: CS solution was prepared by

of LDPE films. Bands located at 840 cm−1 and 1250 cm−1

dissolving in acetic acid 2% at 80℃ for 30 minutes with

are attributed to sulfonic groups. Other new absorption

stirring. CKFA was dissolved in THF 50% at the same

modes in a region of 1500 cm−1 to 1800 cm−1 are mainly

temperature and stir until completely dissolved. The 2

assigned to olefinic double bonds and carbonyl groups,

solutions were then mixed at CS/ CKFA mass ratio of 1:2

such as ketones, aldehydes, and carboxylic acids, which

for 1 hour. The GA crosslink agent (0.12% of CS) was then

were generated as a result from oxidation reaction. A broad

added with continuous stirring for 10 minutes. The slightly

band covering a region of 3100 to 3600 cm−1 is

viscous solution was slowly coated on the LDPE films

corresponding to a presence of the hydroxyl group (OH) 15,

obtained from 30 minutes pre-treatment, by using a hand

14

coater with a roller of size number 3, 5, and 7 (24μ, 50μ,

when the etching time exposure is increased, indicating

80μ respectively). Finally, the films were allowed to dry at

that higher contents of hydroxyl and carbonyl groups are

80℃ for overnight, and washed with THF for 30 seconds

generated, leading to higher polarity or surface wettability

to remove the unreacted of CKFA.

of the films, which are essential in improving of adhesion

. The intensities of these characteristic bands increase

with other materials. The mechanisms of chemical changes
on these LDPE film’s surface from the chromic acid

2.3 Characterization
the

oxidation are proposed, as shown in Figure 2, in which

characterization of neat LDPE and the surface-modified

hexavalent chromium attack the chains of LDPE in acid

LDPE films. The spectra were recorded on a Nicolet iS-5

medium, forming chromium ester intermediates. These

FTIR spectrometer in an attenuated total reflection (ATR)

intermediates are then hydrolyzed to from alcohols.

FTIR

spectroscopy

was

employed

in

mode, at a nominal resolution of 2 cm by coadding 32

Finally, alcohols are converted to various carbonyls, such

scans. Surface wettability of the films were examined in

as aldehydes, ketones, and carboxylic acid, depending on

terms of water contact angle (WCA) by using water

the degree of oxidation14.

-1

droplets at ambient temperature, using a Dino-liter

FTIR spectra of LDPE film’s surface after 30 min

microscope for recording the droplet’s images. The

of chromic acid-etching are compared with those after

reported WCA values are average value from three

modifying with CS/CKFA/GA solution using a roller size

measurements made on different locations of the sample

number 7 (denoted by modified (R7) film), as shown in

surface. Mechanical properties of the films were measured

Figure 3. After the coating treatment, the film’s surface

in tensile mode by using a universal testing machine,

was covered by CS and CKFA, as evidenced by

according to the standard ASTM D-882 procedure. The

characteristic bands of CS at 1071 and 1032 cm−1 (C-O

samples were prepared at 10 mm width, 0.15 to 0.25mm

stretching mode), 1154 cm−1 (C-O-C bending vibration),

thickness, and 30 mm gauge length.

1379 , 1417, 1571, 1656 cm−1 (OH bending, C-H bending,
bending vibrations of the N-H (N-acetylated residues), and

3. Results and Discussion

C=O stretching of the amide I band respectively 16. The NH and OH stretching modes are observed at 3365 cm−1 17.

3.1. FTIR spectroscopy
FTIR spectroscopy was employed to identify the
existence of the modifying agents and chemical changes
on the LDPE surface. FTIR spectra of the chromic acidetched LDPE films, as a function of the treatment time are
shown in Figure 1. New characteristic bands are observed
as a result from the severe chemical reaction on the surface
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solution by coating with rollers with different sizes, i.e., 3,

Absorbance (%)

Absorbance (%)

5, and 7, are illustrated in Figure 4.

Wavenumber (cm )
Figure 1 FTIR spectra of (a) original LDPE film and
LDPE films after chromic acid treatments at; (b) 15min,
(c) 30 min, (d) 1 h, and (e) 2 h.

Wavenumber (cm-1 )
Figure 3 FTIR spectra of (a) untreated LDPE films, (b)
LDPE films after 30 min of chromic acid treatment, and
(c) the films after modifying with CS/CKFA/GA solution

Figure 2 Proposed mechanisms for chemical changes on
LDPE as a result from the oxidation reaction by chromic

Absorbance (%)

before washing, and (d) after washing.

acid.
The characteristic bands of CKFA are observed at
1720 (C=C) and 1847 cm−1 (lactone ring C=O). Also, the
bands at 2929-2872 cm−1 are assigned to the C-H

Wavenumber (cm-1 )

symmetric and C-H asymmetric modes of CKFA, which
are overlapped with those of original LDPE17. After

Figure 4 FTIR spectra of (a) untreated LDPE films, and

washing with THF, a new absorption band at 1749 cm−1,

the films after modifying with CS/CKFA/GA solution

associated with β-keto ester linkages from the reaction

using roller at different sizes: (b) modified (R3), (c)

between the hydroxyls of CS and the lactone ring of CKFA.

modified (R5), and (d) modified (R7).

Moreover, no absorption at 1847 cm−1, the characteristic

The spectra show that intensities of characteristic

band of unreacted CKFA was observed at

bands increase with the size of the roller, reflecting higher

the LDPE film’s surface18.

coating thickness.

The films prepared from a roller

Effect of thickness of the CS/CKFA/GA coated

number 3 show very weak intensities, indicating low

layer on properties of the materials is investigated. FTIR

coating efficiency, due to inappropriate viscosity and

spectra of LDPE films modified by the CS/CKFA/GA

adhesion strength of the coating solution. When the roller
size was increased to number 5, the band intensities were
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improved. However, this spectrum did not show the
increase in intensity of the CKFA band at 1749 cm . The
most effective coating procedure was achieved with a
roller size number 7 (80μ), which shows significantly high
intensity of the β-keto ester linkages.
3.2 Water contact angle (WCA)
Surface wettability of the films as a function of

140
121

Water contact angle (°)

−1

120

80

improvement in surface hydrophilicity after the treatment.
This reflects an increase in the content of functional groups
on the LDPE surface as a result from higher degree of

20

Untreated 30min-etched
LDPE

Modified
(Size 3)

Modified
(Size 5)

Modified
(Size 7)

Figure 6 Results on water contact angle (WCA) of original
LDPE film, the film after chromic acid etching for 30 min,
and those after coating treatment using rollers at different
sizes.
3.3. Mechanical properties
The tensile properties of the samples were shown in
Figure 7. The results reflect that after chromic acid-etching

90
76

71

70

67

66

for 15 min, 30 min, and 1h, the tensile strength of the films
62

60

are significantly similar, as the oxidative etching occurs as

50

very thin layer on the surface with no effect on bulk

40

property of the films. With long period of 2 h etching time,

30

the tensile strength slightly decrease, likely due to higher

20

degree of chain scissions of LDPE chains21. The tensile-

10
0

Untreated
LDPE

15min-etched 30min-etched

1h-etched

2h-etched

Time

Figure 5 Results on water contact angle (WCA) of original
LDPE film and those and after chromic acid treatment as a
function of etching time.
Surface wettability of the films after the coating

results suggest that an optimum modification procedure is
etching the films at 30 min before coating with
CS/AKS/GA solution.

Stress (MPa)

Water contact angle (°)

67

0

oxidative etching19.
80

76

40

contact angle (WCA), as illustrated in Figure 5. The results
to 71°±3° at 15 min and 62°±3° after 2 h, indicating an

87

60

chromic acid etching time was examined, in terms of water
show a decrease in the value from untreated film at 76°±1°

98

100

treatment using rollers at different sizes was examined, as
shown in. Figure 6. The improvement in hydrophobicity
was obtained after coating with the CS/CKFA/GA solution.
This is due to the reaction of CKFA with OH group of CS,
as confirm in FTIR results, combined with the bifunctional
group of GA can block an amino group of CS through siftbased reaction20. The contact angle increases significantly
from (67°±3°) for 30 min-etched to (121°±2°) for the
modified film using roller size number 7.

Strain (%)
Figure 7 The stress-strain curves of untreated film, the
film after chromic acid etching at different times, and those
after coating treatment.
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4. Conclusions

7.

Real, A. I., Journal of Plastic Film & Sheeting 2016,

A process for surface modifications of LDPE films

22 (2), 85-102.

for use in smart greenhouse applications is successfully
developed. LDPE surface was pre-treated by chromic acid-

8.

wettability of the film’s surface. The pretreated-films were
then coated CS/CKFA/GA solution using a hand coater.
The application of a roller size number 7, with 80 μ
thickness show best results compared to other sizes. FTIR
and WCA results shows that chemical reactions were
formed between CKFA and a hydroxyl group, reflected by
FTIR band at 1749 cm−1 of β-keto ester linkages. The film
possesses WCA of 121 °± 2 ° , a 45 ° improvement,
compared to untreated LDPE film. The tensile properties
results indicate that after etching in chromic acid for 30
min, the mechanical properties of the films are not
significantly different from untreated films. However, the
degree of surface functionalization is appropriate for
hydrophobicity improvements. The superhydrophobic
films with a presence of CS on the surface have high
potential for use in various applications, such as
greenhouse covering, food packaging, or pond covering.
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Abstract
Salicylaldehyde (SA) is one kind of organic compound derivatives distributed as a precursor for the synthesis of
several hazardous compounds, such as pesticides, insecticides, and antibiotics severely affecting on human health.
Apart from the conventional techniques, there have been rarely reported for salicylaldehyde detection via optical
methods. Based on the sensing approach, the Schiff-base formation of amine derivatives incorporating fluorophore is
the most crucial reaction for aldehyde detections. Herein, the novel fluorescence nanosensors have been developed for
selective salicylaldehyde sensing application in aqueous media. These nanosensors composed of helicene dyes as a
fluorophore-encapsulated in ethyl cellulose. In order to improve sensitivity and selectivity among aldehydes in aqueous,
the amphiphilic ethyl cellulose acts as permeable materials to encourage the well-induced simultaneous formation of
fluorescence Schiff-base of salicylaldehyde and generate the miscible nanomicelles for enhancing highly strong
fluorescent signal. As a result, this new fluorescence nanosensors offered the selective detection of salicylaldehyde over
formaldehyde. Additionally, the sensing method has large beneficial interest of simplicity, rapidity, good sensitivity and
selectivity.
Keywords: salicylaldehyde, fluorescence sensor, helicene dye, ethyl cellulose
1. Introduction

or Meadowsweet which is a local plant used as a bio-

Aldehyde compounds and their derivatives are one

organic food, and medicine due to its remarkably

important class of organic compounds comprising 2 main

effective inhibition effect on bacteria and fungi growth.5

parts; carboxaldehyde section (-CHO) as functional group

This compound plays therefore a substantial role in

and alkyl group which results in the distinction of their

environment, chemical industry and human health. On

physical and chemical properties, such as formaldehyde,

contrary, nowadays, many researches have been stated

acetaldehyde, propanal, benzaldehyde, salicylaldehyde,

that salicylaldehyde is a common constituent exposure of

etc. Generally, these compounds can be emerged through

toxic pesticides causing directly central and peripheral

free radical reaction of cellular lipid and act as the

nervous system and respiratory problems of human body

effective helpers for biological homeostasis in our

in case of consuming it too much into body by eating,

Moreover, in food industry, there are several

smelling, or touching.6 Moreover, SA could interact with

kinds of aldehydes employed for food ingredients and

the amino acids in our body and inhibit the human

food preservation. However, some aldehyde compounds

cellular growth. Furthermore, this compound is usually

are able to be investigated as carcinogens, allergens, and

widely used as a precursor to synthesize several

poisons affecting severely to human health when the

hazardous compounds and perhaps gains air pollution in

body.

1,2

synthesis process is over or too much contamination.

3,4

Salicylaldehyde (SA) is known as volatile

chemical industry.7 For instance, salicylaldehyde could
react with methyl acetylenedicarboxylate which would

important

porduce carbon monoxide (CO) as byproduct.8 Thus, the

component of buckwheat groats and Filipendula vulgaris

efficient sensing approach is of great significant interest

aromatic aldehyde

derivative

being

an
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and acquire much attention for specific detection of

which is miscible in aqueous media, along with

salicylaldehyde.

permeable parts for aldehyde sensing application.

Although

many

previous

research

have

demonstrated the various efficient conventional sensing
methods, such as chromatography techniques, atomic
absorption spectroscopy (AAS)

and ion selective

electrode (ISE), for qualitative and quantitative detection
of aldehyde compounds, these analytical techniques still
showed numerous drawbacks, for examples, costly
instruments, cumbersome sample preparation, and timeconsuming process. In order to

overcome these

unavoidable limitations, chemosensor has a vital role to

Figure 1 The important components of helicene dyes

play as an alternative detection method owing to its
inexpensiveness,

simplicity,

and

rapidity.

Besides,

Herein, we have focused on the preparation of the

chemosensory method would effectively demonstrate the

novel

physical and chemical changes by colorimetric and

fluorophore amphiphilic encapsulation of EC, resulting in

fluorescent sensing assays.9,10 Normally, the aldehyde

the enhancement of fluorescence response of dye-doped

detection

through

nanomicelle. As illustrated in Figure 2, the fluorescence

amine

helicene dye encapsulated in the natural ethyl cellulose to

derivatives acting as strong nucleophiles.11 Considering

form colloidal nanomicelle has been expected to

these features, oxime and imine or Schiff-base formation

selectively

is frequently used for aldehyde detections originating

salicylaldehyde would promote the strong fluorescent

groups,12

signal by the well-induced aggregation. As anticipated,

respectively, since they give an obvious change of color

this concept holds out tremendous promise of high

and fluorescence properties. Currently, among various

selectivity and sensitivity for salicylaldehyde sensing

sensors, the fluorescence sensor array is broaden-

application in aqueous media.

strategy

nucleophilic

from

is

addition

hydroxylamine

mostly
reactions

and

happened
of

various

hydrazine

fluorescent

detect

nanosensor

based

salicylaldehyde.

on

In

proposed

particular,

spectrum sensors with the most interest because of their
high sensitivity and low detection limits as well as lack of
sample-color interferences. In this work, Helicene dyes
are a class of polycyclic aromatic compounds with highly
promising

fluorescence

signal

properly

used

as

fluorophore in the optical sensing system. Notably, this
dye consists of hydrazine moiety as active site for
detection of aldehyde and [5]helicene based as a
fluorophore with great photostability, large extinction
coefficient, and a very large Stokes shift13 as shown in
Figure 1. However, as the result of insolubility of
helicene dyes in water, ethyl cellulose (EC) bearing the
hydrophilic hydroxyl sides and hydrophobic alkyl chain
is considered as good candidate for encapsulation of the
fluorescence dye which reliably form a colloidal micelle

Figure 2 The proposed fluorescence detections of
salicylaldehyde using EC@dye
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2. Materials and Methods

To evaluate the influence of pH, the mixture of 1:2
EC@dye (3.5%v/v) and SA solution (0, 50 µM in

2.1 Materials and reagents

DMSO) was added into various buffer solution (10 mM,

All reagents and solvents used in the synthesis

pH 4.0 and 5.0 acetate, pH 6.0, 7.0, 7.4, and 8.0

process were commercially purchased from Sigma-

phosphate buffer) under stirring for 15 minutes.

Aldrich Corporation, and Fluka Corporation and used

Afterward, the fluorescence responses were recorded

without further purification. For sensing experiments,

using fluorescence spectroscopy. (condition: 373 nm

ethyl cellulose and all solvents, including acetate buffer,

excitation wavelength, PMT 600 V)

was purchased from Sigma-Aldrich Corporation and
Tokyo

Chemical

Industry

(TCI).

Formaldehyde,

propanal, benzaldehyde (BA), 3-hydroxybenzaldehyde
(3-HBA), 4-nitro benzaldehyde (4-NBA), salicylaldehyde
(SA) were purchased from TCI Corporation.
Nicolet

FT-IR

spectrometer.

components with salicylaldehyde (SA)
The fluorescence signals of EC, helicene dyes,
acetate buffer pH 5.0, and EC@dye with and without SA

FT-IR spectra were obtained using a Thermo
Scientific

2.4 Fluorescence screening studies of EC@dye and its

Optical

(50 µM in DMSO) were recorded under conditions of
373 nm excitation wavelength, PMT 500 V.

spectroscopic studies were carried out on with Varian

2.5 Qualitative discrimination of aldehyde compounds

Cary 50 Probe UV-visible spectrometer and Varian

using helicene dyes and EC@dye nanosensors

Eclipse Probe fluorescence spectrometer. The sensitivity

Various

aldehyde

solutions

(formaldehyde,

and selectivity studies were performed in an analytical

propanal, BA, 3-HBA, 4-NBA, and SA, 250 µM in

quartz cuvette (path length = 1 cm) with Cary Eclipse

DMSO) were added to 1 mM helicene dyes and stir for

pulsed xenon lamp, 10.0/10.0 excitation/emission slit

15 minutes. Afterward, the fluorescence responses were

widths and 500 nm/min scan speed.

recorded using fluorescence spectroscopy. (condition:
373 nm excitation wavelength, PMT 700 V)

2.2 Encapsulation of helicene dyes in natural ethyl
cellulose

The stock of various aldehydes and volatile
organic compounds (formaldehyde, propanal, BA, 3-

2 mg/ml helicene dyes in dichloromethane (DCM)

HBA, 4-NBA, SA, hexane, cyclohexane, heptane,

was mixed with 1 mg/ml ethyl cellulose solution (EC) in

benzene, phenol, and acetone, 5 mM in DMSO solvent)

ethanol in the different ratio of ethyl cellulose and

were added to acetate buffer (10 mM, pH 5.0) containing

helicene dye (1:2 and 1:5). The final volume of solution

the different ratio of 1:2 and 1:5 EC@dye (3.5% v/v) and

was 5.00 mL. This nanomaterial was carried out by

stir for 15 minutes. After stirring, the fluorescence

stirring at room temperature for 30 minutes. In order to

responses

encapsulate dyes within the backbone of ethyl cellulose,

spectroscopy. (condition: 373 nm excitation wavelength,

25 mL MilliQ water was dropped into the solution in 0.7

PMT 650 V)

mL/s speed rate. Consequently, the helicene dyeencapsulated ethyl cellulose (EC@dye) were evaporated
to remove organic solvents out and then centrifuged the
solution to get rid of free helicene dyes. Finally, the
precipitates of nanomaterial were collected and dispersed
in 10.00 mL MilliQ water.
2.3 Optimization of pH in fluorescence detection system
for aldehyde sensing applications

were

recorded

using

fluorescence
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In this work, we proposed that the novel
fluorescence nanosensors based on helicene dye-
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hydrophilic and hydrophobic media and then enhanced
the signals, along with reducing the motions of helicene
structures as well.

encapsulated ethyl cellulose (EC@dye) have been
successfully developed for salicylaldehyde (SA) sensing
approach via Schiff-base formation with high sensitivity
and selectivity. The encapsulation of helicene dyes by
dropping-water methods was characterized by FT-IR, as
presented in Figure 3. According to FT-IR measurement,
the FT-IR spectra of nanosensor’s constituents depicted
the spectral overlapping of characteristic peaks of EC and
helicene dye, indicating that the encapsulation of
fluorophore dyes using ethyl cellulose was successful and
the interaction behaviors to form nanomicelles was

Figure 4 fluorescence spectra of EC@dye nanosensors

possibly occurred via physical adsorptions.

and their components with and without SA (50 µM in
DMSO)
To determine the optimum pH for SA detection
assay, after adding of SA solution to different pH values
of various buffer solutions (pH 4.0-8.0) along with
EC@dye nanosensors, the fluorescence signals was
obviously relative difference of chromatic transitions in
acid conditions. Especially, at pH 5.0, it pronounced the
highest relative intensity between nanosensors with and
without SA. Thus, the proper pH condition of SA
detection system of EC@dye was in 10 mM acetate

Figure 3 FT-IR spectra of EC, helicene dyes, and

buffer pH 5.0 as shown in figure 5.

EC@dye
The fluorescences of nanosensors and their
components were characterized in Figure 4. As a result,
the EC and buffer solvents have no fluorescence
responding. In contrast, helicene dyes as fluorophore can
emit the strong fluorescence signals at 455 nm. After
encapsulating with EC, the fluorescence was significantly
changed to the larger emission wavelength called
redshifted phenomenon. This situation could be predicted
that the chemical behaviors of helicene dyes within EC
would be more stable with strong fluorescence. Since
helicene dyes normally provided less fluorescence in
aqueous solvents, the crucially amphiphilic properties of
EC chains are able to certainly separate the phases of

Figure 5 fluorescence spectra (a) and plot of the
fluorescence signals at 536 nm (b) of 1:2 EC@dye in the
absence and presence of SA (50 µM in DMSO) as a
function of various pH for buffer solutions (10 mM); pH
4.0 and 5.0 acetate, pH 6.0, 7.0, 7.4, and 8.0 phosphate
buffer
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According to the numerous advantages of helicene

Moreover, the ratio of ethyl cellulose and excess

dye encapsulation by ethyl cellulose, we considered the

helicene dyes at 1:2 and 1:5 have been investigated to

permeablility properties of ethyl cellulose long-chain

prove the efficiency of SA detection. From the Figure 7b,

polymers

of

it shows a strong fluorescent response regarding to the

salicylaldehyde over other aldehyde compounds. Hence,

ratio of 1:2 based EC:Dye better than 1:5 based EC:dye

we had been comparing the qualitative analysis of

especially SA detection over other guests. Thus, the

aldehyde detections between helicene dyes before and

sensing application relied on the efficiency of attachment

after encapsulating with ethyl cellulose. As illustrated in

between the polymer chains and dyes of nanosensors.

for

filtrating

the

sensing

approach

Figure 6, after adding many kinds of aldehydes into the
helicene dye, the fluorescence responses would be
significantly changed. In other words, this fluorophore
dye has high sensitivity for aldehyde sensing, but there is
no well-selective property.

Figure 6 fluorescence spectra of 1 mM helicene dyes in

Figure 7 (a) fluorescence spectra and (b) relative

addition of various aldehyde compound (250 µM in

fluorescence intensity (I/I0) of 1:2 and 1:5 of EC:dye

DMSO)

(3.5%v/v) upon the addition of various aldehyde
compound (250 µM in DMSO) in acetate buffer (10 mM,

As a result of non-selective helicene dyes, we
proposed the chemical mechanisms of encapsulation
methods would assist to improve effectively the
selectivity in terms of the sensing assays and sometimes
to form the miscible colloidal nanomicelles for detection
of target molecules in aqueous media, like this case of
amphiphilic

ethyl

cellulose

which

can

induce

hydrophobic fluorophore dyes to dissolve in water. Upon
the studies of selectivity by the addition of many guests
into EC@dye solution, Figure 7a shows the enhancement
in the fluorescence intensity when SA was added. Other
volatile

guests

caused

insignificant

changes

in

fluorescence responses. The result appears the high
selectivity of SA sensing.

pH 5.0)

ADFP-P2

46

4. Conclusion

Cancellation of aggregation effects and determination

In summary, we have successfully developed the
new fluorescent nanosensor based on hydrophobic

of

salicylaldehyde

neurotoxicity.

Neuroscience

Research 2011, 71 (2), 168-177.

induced-fit encapsulation of permeable ethyl cellulose

7. Liu, M.; Deng, J.; Lai, C.; Chen, Q.; Zhao, Q.; Zhang,

(EC) and helicene dye as fluorophore for selective

Y.; Li, H.; Yao, S., Synthesis, characterization of

detection of salicylaldehyde (SA) under an imine or

conjugated oligo-phenylene-ethynylenes and their

Schiff-base formation between hydrazine group of

supramolecular interaction with β-cyclodextrin for

helicene dyes and aldehyde groups of SA increasing the

salicylaldehyde detection. Talanta 2012, 100, 229-

strong fluorescence response. As expected, our present

238.

research of salicylaldehyde sensor array may expand the

8. Gupta, R. K.; George, M. V., Reactions of dimethyl

application for determining and monitoring in domestic

acetylenedicarboxylate—X:

and industrial assay.

salicylaldehyde,
hydroxychalcones
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Abstract
This work is concerned with the fabrication and characterization of a tissue engineering scaffold targeted for use
in bone regeneration. The scaffold was designed to have an interconnecting porous structure and fabricated by natural
and degradable materials like silk fibroin (SF) (helping to stimulate cell adhesion and proliferation) and chitosan ((CS)
enhancing bone regeneration), cooperated with poly(vinyl alcohol)(PVA)(scaffold support) and a crosslinker (dimethyl
urea, DMU) to strengthen the physical property of scaffolds. Effect of DMU concentration was preliminarily observed in
CS/DMU scaffolds and then an appropriate concentration of DMU was chosen to fabricate in PVA/CS/SF scaffolds
(5:1.4:3.75 %w/v). The porous structure of the scaffolds was created by lyophilization after mixing the desired
compositions at 60C for 1 h, in order to obtain a homogenous mixture. In this work, scaffolds CS scaffolds were
crosslinked by DMU, it was found that 20 %w/w DMU promoted the high amounts of interconnecting porous structure
with pore size diameter between 50-100 µm. When, PVA and SF were added to the scaffolds, the mixture solution added
20 %w/w DMU still contained the interconnected porous structures with pore size diameter between 10-100 µm. The
results show that adding DMU into the scaffolds promoted regularity in the porous structure, while adding SF enhanced
the size of the porous structure with interconnecting structures as well as promoting improved flexibility in the scaffolds.
Due to its biodegradability, porosity and interconnectivity of this PVA/CS/SF/DMU scaffold, it has potential to be used
as a tissue engineering scaffold for dental bone regeneration.
Keywords: Tissue engineering, Scaffold, Silk fibroin, Chitosan
1. Introduction
In recent years, one material type that has gained a
lot of interest are tissue engineering scaffolds due to their
ability to provide regenerative signals to cells [1]. The
scaffolds can be produced from a variety of biomaterials
and manufactured using different fabrication techniques.
They have been used in the biomedical field in an attempt
to regenerate different tissues and organs in the body, such
as skin tissue regeneration, bone regeneration and dentistry
[2]. In dentistry, tooth damage or loss of tooth due to
periodontal disease - an inflammatory disease of gingival
that affects the surrounding tooth tissues and leads to their
destruction has been one of the most important problems
that cause patients to loss their dental bone [3, 4].

How fast the dental bone regenerates depends on many
factors related to genetics and age of the patients, disease
nutrition and medication [5]. Patients who lose their dental
bone and have wounds due to periodontal diseases may
feel uncomfortable and suffer from pain in their daily life
for a sustained period of time. Currently, there are
substances to help reduce the period of wound healing by
inducing bone regeneration, such as BMP (bone
morphogenic proteins), which is an expensive material.
Scaffolds for dental bone regeneration should be
biocompatible, biodegradable, non-toxic, and especially
help cell growth [6, 7]. There are materials that have been
fabricated into the bone scaffolds, such as silk fibroin [8,
9] and chitosan.
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Silk fibroin (SF) is a natural polymer used in many

2.2 Preparation of SF powders

medical applications. It is from the cocoons of the

Silk fibroin (SF) powders were preliminarily

domesticated silkworm (Bombyx mori), which consists of

prepared by removing silk sericin, a glue-like protein that

two main proteins of sericin (70%-80%) and fibroin (20%-

covers SF, using a degumming process. 20 g of silk

30%) [8]. SF consists of the recurrent amino acid sequence

cocoons were weighed and cut into small pieces and then

(Gly-Ser-Gly-Ala-Gly-Ala)n and has good properties such

added into 500 ml of deionized water (DI water) before

as excellent mechanical strength, biocompatibility, slow

heating at 100 ๐C for 4 hours to remove the silk sericin. SF

degradation rate and inflammatory response [8, 9]. SF

fibers was separated from silk sericin solution and then

protein structure consists of hydroxyl, carboxyl and amino

boiled in 1%w/v sodium carbonate (Na2CO3) for 4 hours

functional groups [9]. Chitosan (CS) is a natural polymer

before washing by deionized water (DI water) to remove

that is a linear polysaccharide consisting of β-(1-4)-linked

silk sericin. The dried SF fiber was dissolved in 5M lithium

d-glucosamine

[10].

bromide solution (LiBr) at 60 ๐C to digest into the form the

Chitosan is a derivative of chitin and is hydrophilicity [11],

SF solution. Then, SF solution was dialyzed to remove

has low toxicity, is biocompatible and biodegradable as

LiBr by changing the water every 12 hours for 3 days

well as possessing antibacterial properties.

before drying in an oven to obtain the SF powders.

and

N-acetyl-D-glucosamine

In the

literature, CS was reported to be able to form highly porous
scaffolds with interconnected pores that can help
proliferation of bone cells [12, 13]. When bone defects
caused by trauma, chitosan becomes one of the important

2.3 Preparation of PVA and CS solution
A PVA solution with a concentration of 5 %w/v
from PVA pellets was weighed and dissolved in deionized

commonly used scaffolds for treatment of damaged bone.

water at a temperature of 80 ๐ C for 4 hours. CS powders

It can help cell grow support cell proliferation and also

were dissolved in 0.1 M acetic acid and stirred at 60 ๐C for

improve mechanical properties, suitable for bone tissue

4 hours.

engineering [14,15]. In this research, CS and SF were,

The scaffolds of CS at 1.5 %w/v with different

therefore, chosen to fabricate into scaffolds incorporated

loadings of dimethyl urea (DMU, a crosslinker) was varied

with poly(vinyl alcohol) (PVA, a hydrophilic polymer).

from 5, 10, 15 and 20 %w/w. Were preliminarily

N’N-dimethyl urea (DMU) was used as a crosslinker to

fabricated, as shown in Table 1. DMU powders were

enhance the mechanical strength of scaffolds. The

added to the CS solution and stirred at 60 ๐C and then 1 mL

morphology, functional groups, percentage of swelling,

of the CS/DMU solutions were added into a 24-well plate.

and degradation of scaffolds were observed.

Finally, the samples were lyophilized for 24 hours to
promote porous structures. The prepared PVA, CS and SF

2. Materials and methods

solution was mixed in different ratios, PVA was varied
from 2.6, 3.6 and 5 %w/v, CS from 1.5, 4.2, and 1.4 %w/v

2.1 Materials.

were fabricated in the presence of 20%w/w DMU, as

Silk cocoons (Bombyx mori) were provided from

shown in Table 2. The samples were stirred at 60 ๐C and

Tak province in the lower northern region of Thailand.

then 1 mL of each sample solutions was added into 24-well

Poly(vinyl alcohol) (PVA), N’N-dimethyl urea (DMU)

plates and frozen before being placed into dry ice and then

and chitosan (CS) were supplied by Sigma Aldrich Co. Inc,

lyophilized for 24 hours to promote the porous structures.

Singapore.
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Table 1. Compositions of CS/DMU with different
concentrations of DMU and the representative physical
appearance of CS/DMU scaffolds.

Degradation test
The scaffolds were cut into the dimension of
0.5x0.5x0.5 cm before immersing in PBS solution

CS

DMU

Optical

(%w/v)

(%w/w)

image

1.5
1.5
1.5
1.5

5
10
15
20

incubated at a temperature of 37 ๐ C for 1, 3, 5, 7, 30, 40
days. The scaffolds were washed with DI water before
drying at 37 ๐ C and then weighed. The %weight loss of
scaffolds was calculated from the following equation.
%Weight loss =

× 100%

When:

2.5 Characterizations
Morphology

Wi is an initial weight of scaffold

The morphologies of porous scaffolds of CS/DMU

Wf is a weight after degradation of scaffold

and PVA/CS/SF/DMU were investigated by a scanning
electron microscope (SEM model Leo 1455VP, CARL

3. Results and discussion

ZEISS CO., LTD. Samples were prepared by cutting into
small pieces and then coated by sputtering with gold.

3.1 CS/DMU Scaffolds
The scaffolds of CS/DMU with different loadings

Table 2. Compositions of PVA/CS/SF/DMU at 20 %w/w

of DMU at 5, 10, 15 and 20%w/w were successfully

of DMU.

fabricated, as seen in the representative optical pictures of

PVA
(%w/v)
2.6
3.6
3.6
5.0
5.0

CS
(%w/v)
1.5
4.2
4.2
1.4
1.4

SF
(%w/v)
3.75
3.75

DMU
(%w/w)
20
20
20
20

the scaffolds shown in Table 1. All scaffolds were soft and
easy to physically break by hand. However, it was
observed that CS/DMU scaffold at 20%w/w DMU was the
strongest sample. The morphology of these scaffolds are
shown in Figure 1. All scaffolds showed interconnected
porous structures with different pore sizes, in which higher

Functional groups

DMU promotes better connectivity of porous structures

Functional groups of scaffolds were analyzed by

and smaller pore sizes. CS/DMU at 5 %w/w of DMU had

Fourier Transform Spectrophotometry (FT-IR) (Perkin

porous size diameter of approximately 120 µm, while

Elmer Spectrum GX, 400-4000 cm -1) with ATR-FT-IR

CS/DMU at 20 %w/w of DMU had approximately 50-100

analysis mode.

µm. This sample has an appropriate pore size for the

Swelling property

desired application and interconnected porous structures,

Scaffolds were cut into the dimensions of

therefore, the morphology (both surface and cross-section)

0.5x0.5x0.5 cm and weighted before immersing in DI

of CS/DMU at 20 %w/w is presented in more detail at

water incubated at a temperature of 37 C at different

different magnifications (100X, 200X, 500X and 1000X),

times. The swelling ratio of scaffolds was observed using

and presented in Figure 2.

๐

From Figure 2, it can be seen that the surface and

the following equation.
% Swelling ratio =

× 100%

cross-section morphology of 1.5%w/v CS/20%w/w DMU
scaffold at different magnifications have a high number of

Where:
W0 is the weight of the dried scaffold
Wt is the weight of the swollen scaffold
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to higher amount of molecular interactions with more
hydrogen bonds when higher amounts of DMU are added.

Figure 1. Morphology of CS/DMU scaffolds (surface)
with different loadings of DMU at (a) 1.5 %w/w (b) 10 %
w/w (c) 15 %w/w DMU, and (d) 20 %w/w at
magnification of 100X.
pores with inter-porous connectivity, which is similar to a
honeycomb. From the literature, it has been reported that
scaffolds with an appropriate mean pore size in range of
85-325 µm effect osteoblast adhesion and early stage
proliferation up to 7 days post-seeding in which the cell
number was highest in scaffolds with the largest pore size.
Scaffold specific surface area plays an important role on

Figure 2. Morphology of CS (1.5%w/v) / DMU (20%w/w)

initial cell adhesion [16]. In this work, however, we are

scaffold; surface (left) and cross-section (right), at

also concerned with the mechanical strength and flexibility

different magnifications; 100X (a), 200X (b), 500X (c) and

of scaffolds for use in dental bone regeneration.

1000X (d).

The functional groups and molecular interactions of
these CS/DMU scaffolds were also observed, as shown in
Figure 3. DMU (a) shows peaks of -NH stretching and
strong hydrogen bonding at 3360 cm-1and -C=O stretching
at approximately 1600 cm-1. The pure CS scaffold
spectrum shows the characteristic peaks of -OH, N-H
stretching (3600-3200 cm-1 ), C-H stretching (2850-2890
cm-1 ), -C=O stretching of amide (Amide I, 1630-1680 cm1

), N-H bending of amide (Amide II, 1570-1515 cm-1) and

C-O-C stretching at 1150-1070 cm-1. Amide I of CS shifts
to lower wavenumbers when DMU is added into the CS
scaffolds due to the formation of hydrogen bonding.
Adding higher loadings of DMU in the scaffolds gives a
broader peak at 3600-3200 cm-1 and a shifting to lower a
wavenumber than low DMU loaded samples. This is due

Figure 3. FT-IR spectra of : a. DMU, b. CS, c. CS/DMU
at 10%w/w DMU and d. CS/DMU at 20%w/w DMU.
3.2 PVA/CS/SF/DMU Scaffolds
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To strengthen mechanical properties of the
CS/DMU scaffolds, PVA and SF were added into the
system to fabricate PVA/CS/SF/DMU scaffolds using
various concentrations of PVA and CS, as shown in Table
2. Figure 4 shows optical images of scaffolds of
PVA/DMU, CS/DMU, PVA/CS with and without DMU,
and PVA/CS/SF with and without DMU. The PVA/DMU
scaffold is softer and more flexible than CS/DMU scaffold.

Figure 5. Morphology (cross section) of scaffolds of: a.

Therefore, PVA/CS were cooperated with DMU into the

2.6%w/w PVA/DMU, b. 1.5%w/w CS/DMU, c. 3.6%w/w

scaffold, which enhances the mechanical strength and

PVA/4.2%w/w CS, d. 3.6%w/w PVA/4.2%w/w CS/DMU,

flexibility of scaffolds. Finally, SF was also added aiming

e. 5%w/w PVA/1.4%w/w CS/3.75%w/w SF, f. 5%w/w

to

PVA/1.4%w/w CS/3.75%w/w SF/DMU, at magnification

help

cell

regeneration

in

the

scaffolds

of

PVA/CS/SF/DMU with different concentrations of PVA

of 1000X.

and CS. Again, adding DMU into the system helps the
mechanical strength and flexibility of the scaffolds.

Figure 6 shows FT-IR spectra of PVA/CS and

Morphology (cross-section) of these scaffolds were

PVA/CS/SF with and without DMU. Adding DMU into

also observed by SEM and shown in Figure 5. It can be

the PVA/CS and PVA/CS/SF scaffolds shifts the FT-IR

seen that all scaffolds had interconnected porous structures

peak of -NH bending (Amide II at 1570-1515 cm-1),

with diameter sizes approximately 10-100 µm. Adding

compared to scaffolds without DMU. The high degree of

DMU into the scaffolds (Fig.5a, b, d and f) promotes

hydrogen bonding between C=O and N—H groups in SF

regularity in the porous structures. In addition, adding SF

generates broader bands in PVA/CS/SF compared to

increases the size of the pores with interconnecting

PVA/CS.

structures.

Figure 4. Optical images of scaffolds of: a. 2.6%w/w
3.6%w/w

Figure 6. FT-IR spectra of: a. 3.6%w/w PVA/4.2%w/w

PVA/4.2%w/w CS, d. 3.6%w/w PVA/4.2%w/w CS/DMU,

CS, b. 3.6%w/w PVA/4.2%w/w CS/DMU, c. 5%w/w

e. 5%w/w PVA/1.4%w/w CS/3.75%w/w SF, f. 5%w/w

PVA/1.4%w/w

PVA/1.4%w/w CS/3.75%w/w SF/DMU

PVA/1.4%w/w CS/3.75%w/w SF/DMU

PVA/DMU,

b.

1.5%w/w

CS/DMU,

c.

CS/3.75%w/w

SF

and

d.

5%w/w
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The swelling property of these scaffolds was also
studied

(data

not

PVA/CS/SF/DMU

show).
shows

It
highest

was

found

swelling

that
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Fabrication of chitosan/polylactic acid bead foam for tissue engineering applications
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Abstract
Biodegradable and biocompatible chitosan/polylactic acid (CS/PLA) composite foams, which possess
antimicrobial property, good cell adhesion, and suitable mechanical strength, have been developed. The materials were
fabricated by forming CS/PLA gels containing various PLA contents (0, 12.5 and 25 %), followed by drying in
supercritical CO2 (scCO2) at 40°C, and a pressure of 20 MPa for 6 h. The incorporation of PLA leads to a decrease in
pore size of the CS foams, but an increase in their specific surface area. FTIR spectra confirm that PLA can penetrate into
the CS matrix, as the characteristic bands of the two components are observed at both the bead surface and the crosssectional area, whose contents are varied with the CS:PLA ratios. The materials have high potential for use as scaffolds
in tissue engineering applications.
Keywords: PLA, Chitosan, Scaffold, Supercritical CO2 drying, Tissue engineering

1. Introduction

for this application, as this provides suitable interactions

Nowadays, depletion of fossil-based resources has

with various cells. However, this material exhibits low

become a serious issue in societal development, as these

mechanical properties 5, which results in limitations of its

are major raw materials for various important products.

use. PLA is a promising biopolymer that can be used to

A promising solution to these is the use of alternate

combine with chitosan for improving its mechanical

renewable resources in producing of biopolymers which

strength 6.

are widely developed and used in many fields, especially

In fabricating of polymeric scaffolds, supercritical

medical and tissue engineering applications. Chitosan

drying method is commonly applied to generate suitable

and polylactic acid (PLA) are among highly attractive

porous products. This is achieved because the applied

candidates as these are biocompatible and biodegradable,

super critical fluid has good solvating properties and

which can be applied in human body.

possess high density closer to liquid and high diffusion

Polymeric scaffolds are widely applied in tissue

closer to gas which enables its readily mixing with organic

engineering as templates for bone, cartilage, or cell

solvents and ease of removal from the hydrogel sample.

regenerations, whose essential requirements are high

Carbon dioxide, CO2, gas is typically selected because of

porosity, biocompatibility, biodegradability, and non-

its non-toxicity, low cost, ease of reaching the supercritical

1 2

toxicity , . Polymeric scaffolds can be produced in various

point at low temperature and pressure. 7

forms, such as films, fibers, and gel sponges, depending on

In this work, chitosan/polylactic acid (CS/PLA)

their targeting cells, types of polymers, and fabrication

foam scaffold is developed for use in tissue engineering

methods 3,4. Chitosan is considered an appropriate choice

applications by employing a supercritical drying method.
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Chitosan gel is firstly prepared and then PLA is

2.3 Supercritical CO2 drying

introduced to form CS/PLA penetrating mixtures.

Supercritical CO2 drying was performed on the

Subsequently, the sample is subjected to supercritical

resulting CS/PLA gels, using the apparatus setup as

drying by using supercritical CO2 (scCO2) to remove

illustrated in Figure 1 9, at a temperature of 40°C, a

organic solvent and produce porous foams, whose

pressure of 20 MPa, for 6 h and a CO2 flow rate of 100

properties and structures are characterized for intended

ml/min. After that, the system was depressurized at a flow

use as cell scaffolds.

rate of 200 ml/min. Finally, the chitosan/PLA foam
scaffolds were obtained.

2. Experimental
2.1 Materials
Polylactic acid (PLA) was purchased from
NatureWorks (Ingeo™ grade 4043D, Density 1.24 g.cm-3),
Chitosan (degree of acetylation>80%, density 0.4 g.cm-3).
NaOH and acetone were supplied from Wako Pure
Chemicals, Japan. CO2 was supplied from Fuji Bussan Co.
Ltd.
Figure 1 Schematic of apparatus setup for supercritical
2.2 Preparation of chitosan/PLA gels

CO2 drying: (1) a CO2 cylinder, (2) a water removing

Chitosan and PLA were firstly dissolved in 2%v/v
acetic acid and acetone, respectively. The chitosan/acetic
acid mixture was added dropwise into a 10 wt%
NaOH/water solution to form hydrogel beads. A solvent

chamber, (3) a cooler, (4) a high pressure pump, (5)-(6)
pressure gauges, (7) an oven, (8) a ribbon heater, (9) a
trapping unit, (10) a gas saturating unit, (11) a wet gas
meter.

exchange process was then employed using acetone to
remove water before drying with scCO2 8. Subsequently,

2.4 Morphology characterization

the PLA/acetone solution was added into the chitosan wet

Cross-sectional structures of the foam samples

hydrogel at various chitosan: PLA weight ratios to form

were examined by a scanning electron microscope (SEM),

gels, as summarized in Table 1. The samples were further

JSM-6000 Plus, JEOL. Average pore sizes of the samples

submerged in the PLA/acetone mixture for overnight to

were determined by using ImageJ software.

ensure saturated penetration of the polymer solution.
2.5 Specific surface area (BET) measurements
Table 1 Summary on compositions and name of samples.
Sample

Chitosan (%)

PLA (%)

CS/P0

100

0

CS/P1

87.5

12.5

CS/P2

75

25

Specific surface area of the foam samples was
investigated by a BET method. The samples were first
degassed at 120° C for 1 h, whose specific surface area was
then measured by nitrogen absorption on a Gemini VII
surface analyzer, Micromeritics.
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2.6 Fourier-transform infrared spectroscopy (FTIR)

increased, CS/P2 with specific surface area of 101.0 m2/g

FTIR spectra of the samples were measured for

shows an increase in the specific surface area, compared to

determining their chemical compositions and interactions

CS/P1 which has specific surface area at 30.1 m2/g. From

in an attenuated total reflection (ATR) mode using a

the results, it can be explained that PLA molecules can

Nicolet iS5 spectrometer.

interpenetrate through the chitosan bead to produce denser
porous structure and increase the number of pores, which

3. Results and Discussion

lead to an increase in specific surface area of the composite
samples.

3.1 Scanning electron microscopy (SEM)
Morphology, porosity, and pore size of the foam

3.3 FTIR spectroscopy

samples at the surfaces and cross-sectional areas were

Chemical structures and compositions of the foam

observed by SEM images, as shown in Error! Reference

samples were characterized by FTIR spectroscopy. The

source not found.. All samples show porous structures,

spectra were recorded at both surface and cross-sectional

with average pore sizes of 0.28 ±0.06, 0.34±0.08 and

area of the foams, as shown in Figure 3. Characteristic

0.17±0.02 μm for CS/P0, CS/P1 and CS/P2, respectively.

bands of chitosan are observed in CS/P0 foam. The –OH

The results demonstrate that the use of scCO2 can generate

and –NH stretching modes present as broad bands centered

porous structured beads, whose pore size reduces with the

near ̴ 3360 cm-1. The bands at 2880 and 2928 cm-1 are

incorporation of PLA. This is likely because PLA can

corresponding to the –CH stretching mode. The amide I, II

penetrate and form miscible domains with CS foam.

and III bands are located at 1650, 1580 and 1320 cm-1,

Higher amounts of PLA in CS/P2, lead to higher reduction

respectively. CS/P1 and CS/P2 foams show characteristic

of pore size compared to CS/P1, whereas higher amounts

modes of both chitosan and PLA.

of chitosan in CS/P0 cause higher shrinkage effect of the

stretching mode of PLA is observed at 1757 and 1760 cm-

sample, compared to CS/P1 and CS/P2 during the gel

1

fabrication step. However, CS/P0 and CS/P1 exhibit

The spectrum of CS/P1 foam recorded at the surface and

similar average pore size, indicating that the reduction of

the cross-sectional area show no significant differences,

pore size is not significantly in samples with low amounts

indicating similar chemical composition of the 2

of PLA.

components throughout the foam bead. This is likely

The unique C=O

for CS/P1 and CS/P2, respectively.

because PLA solution at low concentration can disperse
Table 2 Results on average pore sizes, and specific

and penetrate well through the bead foam. However, much

surface area of the foam samples

stronger characteristic bands of PLA are observed at the

Sample

Average pore size

Specific surface

(μm)

area (m2/g)

CS/P0

0.28 ±0.06

15.9

CS/P1

0.34±0.08

30.1

CS/P2

0.17±0.02

101.0

3.2 Specific surface area (BET) measurements
The results on specific surface area of the foam
samples are summarized in Table 2. The CS/PLA
composite foams exhibit higher surface area than the
native chitosan sample. When the content of PLA is

cross-sectional area, compared to those of the surface, for
CS/P2. This implies that the PLA penetration has reached
a saturation point, leading to higher degree of physical
coating of the excess PLA on the surface of the bead. It is
noted that the bands at 1733 and 1580 cm-1 are observed in
all samples, due to the remaining acetic acid residue in the
chitosan foam structure, as this is used in facilitating the
dissolution of chitosan. In the sample, the bands are more
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intense at the cross-sectional area. This indicates that some
acetic acid residues are trapped inside the foam structure
and cannot be completely removed by the solvent
exchange process before drying.

Figure 3 FTIR spectra of chitosan/PLA composite foams:
(a, b) CS/P0; (c, d) CS/P1; (e, f) CS/P2 recorded at crosssectional and surface area, respectively, compared to (g)
Figure 2 SEM images taken at the cross-sectional area of:
CS/P0, CS/P1, and CS/P2.

neat PLA.
The materials have high potential for use as
scaffolds in tissue engineering applications, due to their

4. Conclusions

biocompatibility and biodegradability, with antimicrobial

CS/PLA composite foams, with porous structure,
have been successfully prepared by using chitosan
template produced from a scCO2 drying technique,
followed

by

submerging

in

PLA

solution.

The

property, good cell adhesion, and suitable mechanical
strength. However, due to space limitation, the results on
their characteristics and performances will be reported in
separate publications.

incorporation of PLA at different compositions has effects
on the foam’s porous structure, and its properties. At high
contents of PLA, the samples exhibit small pore size with
high surface area, whereas the high amounts of chitosan
produce foams with larger pore size, but low surface area.
FTIR spectra also confirm that composite foam structures
are successfully produced, as characteristic bands of both
chitosan and PLA are observed at both on the surface and
at cross-sectional area of the beads.
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Abstract
Longan seed extract (LSE) contains a high level of polyphenolic compounds such as gallic acid, ellagic acid, and
corilagin. These compounds exhibit a high performance of antioxidant activity. Therefore, the aim of this study was to
load LSE into alginate/chitosan (Alg/CS) beads. The LSE-loaded Alg/CS beads were prepared by an ionic gelation
method using 4.5% w/v of Alg and 1% w/v of CS. These beads were characterized for their morphology, size,
polydispersity index (PDI), encapsulation efficiency (%EE), and release profile. From SEM images, the spherical shape
of particles with some agglomerations was obtained. The LSE-loaded Alg/CS beads had particle sizes ranging from 1,9002,600 nm and PDI ranging from 0.1503 to 0.3183. The highest released amount of LSE was obtained from the LSEloaded Alg/CS beads prepared using the stirring method. Thus, these beads had potential for use as drug carriers.
Keywords: Encapsulation, chitosan, alginate, longan seed extract.
system as polymeric carriers to protect active compounds
1. Introduction

[5]. It is used in drug delivery system application due to its

Controlled drug delivery has recieved more

ability

to

control

the

release

of

active

agents,

attention in pharmaceutical and medical applications

biocompatible, biodegradable, non-toxic, antibacterial,

because of the ability to maintain constant levels of drug

and hemostatic properties [6-9]. The Alg/CS beads can be

within the body. Polymeric carriers are reported to be

prepared by an ionic gelation method. These beads occur

beneficial in wound dressing applications such as sustain,

through electrostatic interactions between positive charge

control and prolong release, reduce drug toxicity

and negative charge of polymers. This technique is a

systemic/local side effects, and protect the active

simple, non-toxic crosslinking method, and a mild process

compound from enzymatic degradation [1-3].

without the need for a high temperature [10]. Ramesh et al.

Alginate (Alg) is an interesting material for

prepared Alg/CS beads by ionic gelation method for use as

carrying active compounds. It is a block copolymer

drug carriers. The results showed that the size of Alg/CS

polysaccharide which is composed of α-L-guluronate and

beads was in the range of 300–400 nm. In addition, the 5-

β-D-mannuronate residues. It has numerous uses in

Fluorouracil loaded-Alg/CS beads exhibited sustained

pharmaceutical

its

drug release [11]. Rahaiee et al. prepared the crocin-loaded

biocompatibility, low toxicity, and good mucoadhesive

Alg/CS beads as a polymeric carrier by a modified ionic

properties. In addition, it can absorb wound exudate [4].

gelation method to improve the stability of crocin. The size

Chitosan (CS) is a polysaccharide derived from

of beads was 165-230 nm. The stability studies showed

deacetylation of chitin. CS has been used in drug delivery

that beads provided the enhanced stability of crocin

applications

because

of

BMED-P4

60

compared to the standard crocin without loading in Alg/CS

Approximately 10 g of dried ground longan seed was

beads [12].

soaked in 600 mL of distilled water at room temperature

Longan seed extract (LSE) was extracted from

for 3 days. The extract solution was then filtered through

longan (Dimocarpus longan Lour.) seed. It was used as an

filter paper and dried using a freeze-drying method. Finally,

active compound because it contains high levels of

the longan seed extract (LSE) was obtained.

polyphenolic compounds (i.e. corilagin, gallic acid, and
ellagic acid). Moreover, it has biological activities such as
antimicrobial, antioxidant, and inflammatory activities
which are proper for wound healing [13]. To control
release rate and improve stability, the drug delivery system
has been developed by incorporating LSE in the Alg/CS

analysis
The HPLC analysis was performed using a Waters
Acquity Arc HPLC System. HPLC conditions were as
follows: C18 reverse phase; mobile phase consisted of
0.1% v/v formic acid in milli-q water (solvent A) and

beads.
The aim of this study was to fabricate the LSEloaded Alg/CS beads by ionic gelation method. The
chemical compounds in LSE were analyzed to determine
the contents of polyphenolic compounds (i.e., gallic acid,
ellagic acid, and corilagin) using High Performance Liquid
Chromatography (HPLC). The antioxidant activity of LSE
was

2.3 High performance liquid chromatography (HPLC)

investigated

followed

by

2,2-diphenyl-1-

picrylhydrazyl (DPPH) assay. The LSE-loaded Alg/CS
beads were prepared by ionic gelation method and
characterized

for

their

morphology,

particle

size,

polydispersity index (PDI), encapsulation efficiency
(%EE). Finally, the release profiles of LSE from the LSEloaded Alg/CS beads were investigated.

acetonitrile (solvent B) for gradient elution with total run
time of 10 min. The sample injection volume was 1
µl/injection at flow rate of 1.0 mL/min with the UV
detection at 270 nm. The LSE solutions were prepared by
dissolving LSE powder in milli-q water. The sample was
filtered through a 0.22 µm membrane filter prior to
injection.

Quantitative

analysis

of

polyphenolic

compounds (i.e., gallic acid, ellagic acid, and corilagin)
were conducted by evaluating the peak area on the basis of
a standard curve.
2.4 Antioxidant activity of LSE
The antioxidant activity of LSE was investigated by
DPPH assay, following the method of Blois (1958) with
little modification [14]. First, the LSE powder was

2. Materials and Methods
2.1 Materials
A low molecular weight chitosan (Mw = 20-30
kDa) was purchased from Bio 21 Co., Ltd (Thailand).
Alginic acid sodium salt (viscosity: 4-12 cP) and Span80
(viscosity: 1000-200 mPa·s) were purchased from SigmaAldrich (USA). Paraffin oil was purchased from Ajax
Finechem (Australia). Propan-2-ol was purchased from
RCI Labscan (Thailand).

dissolved in distilled water while ascorbic was dissolved
in methanol. 50 µL of various concentrations of LSE
solutions or ascorbic acid (1.5625, 3.125, 6.25, 12.5, 25,
50 µg/mL) were mixed with 150 µL of 100 µM DPPH
solution. After that, the solutions were kept in a dark room
for 30 min at room temperature. The antioxidant activity
of LSE was measured at 517 nm using microplate reader.
The percentage antioxidant activity (%AA) was calculated
by following equation:
%AA =

Acontrol -Asample
× 100
Acontrol

(1)

2.2 Extraction of longan seed
Longan cultivar Edor (Dimocarpus longan Lour.)

where Acontrol and Asample were the absorbance

was used in this study. Fresh longan fruit was obtained

values of the testing solution without and with LSE,

from a longan farm in Lamphun province, Thailand.

respectively.
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wavelength 277 nm and its concentration was calculated

The LSE-loaded Alg/CS beads were prepared by

using a calibration curve. Finally, the encapsulation

ionic gelation method. 4.5% w/v of Alg solution was

efficiency (%EE) was determined by following equations:

prepared by dissolving 0.225 g of Alg in 5 mL of distilled
water overnight. After that, 2% w/w of LSE was added to

%EE=

Weight of the loaded LSE
×100
Weight of the initial LSE

(2)

Alg solution under stirring as an aqueous phase. After that,
the mixture solution was added drop-wise into an oil phase

2.8. Release study

that contained 25 mL of paraffin oil and 1.25 mL of Span

The release characteristics of LSE from the LSE-

80 under a magnetic stirring speed of 1200 rpm for 30 min.

loaded Alg/CS beads were investigated by the total

Next, the LSE-loaded Alg/CS beads were prepared by

immersion method at 37 ºC for 2 days. The dry

adding 1% w/v CS solution drop by drop to the mixture

LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U were

solution with different stirring method (i.e., magnetic

loaded in a dialysis bag (molecular weight cut-off 12,000-

stirrer, homogenizer, and ultrasonicator). Next, 10% w/v

14,000). Then 10 mL of PBS was added to the dialysis bag

of CaCl2 solution was added to the mixture solution under

and the dialysis bag was then soaked in 20 mL of PBS.

stirring for 2 h at room temperature. 10 mL of propan-2-ol

After a specified time, the sample solution was withdrawn

was then added to harden the beads. The LSE-loaded

and the same amount of fresh medium solution was added.

Alg/CS beads were collected by centrifugation at room

The release amount of LSE was investigated by UV-vis

temperature and subsequently washed several times with

spectroscopy at the wavelength of 277 nm to determine the

propan-2-ol and distilled water, respectively. The LSE-

release amount of LSE content.

loaded Alg/CS beads were freeze-dried for 1 day. Finally,
the LSE-loaded Alg/CS beads were received and stored in

3. Results and Discussion

dry condition until use. It should be noted that the LSE-

3.1 Longan seed extract

loaded Alg/CS beads prepared by magnetic stirrer,

The longan seed contains phenolic compounds. The

homogenizer, and ultrasonicator were designated as

bioactive compounds presented in longan seeds such as

LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U,

phenolic acid, flavonoids, and polysaccharides exhibit

respectively.

antimicrobial, antioxidant, and inflammatory activities
[15]. In this study, the longan seed was extracted using

2.6 Morphology and particle size of LSE-loaded Alg/CS

distilled water. The result showed that the percent yield of

beads

LSE was 7%. The amount of gallic acid, ellagic acid, and
The surface morphology of the LSE-loaded Alg/CS

corilagin, which are the major polyphenolic compounds

beads was characterized by Scanning Electron Microscope

found in longan seed was 21 mg/g, 17.72 mg/g, and 4.40

(SEM). The dried beads were deposited on a thin

mg/g (based on weight of LSE), respectively.

aluminum plate and then coated with a thin layer of gold.
Finally, the SEM images of the LSE-loaded Alg/CS beads

3.2 Antioxidant activity of LSE

were obtained. The particle size and PDI were determined

The antioxidant activity of LSE was investigated by

by dynamic light scattering (DLS). The results were

DPPH assay. The half-maximum inhibitory concentration

reported as the mean value.

(IC50) of ascorbic acid was reported to compare with the

2.7 Encapsulation efficiency of LSE-loaded Alg/CS beads
First, the LSE-loaded Alg/CS beads were dissolved
in phosphate buffer solution (PBS). The amount of LSE in
PBS was quantified by UV-vis spectrophotometer at the

antioxidant activity of LSE. From Figure 1, the antioxidant
activity of LSE and ascorbic acid increased with increasing
concentration. The maximum antioxidant activity of LSE
and ascorbic acid was 88.75% and 93.39%, respectively.
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The IC50 of LSE was found to be 23.37± 0.6348 µg/mL

3.3 Encapsulation efficiency

which was closer to the standard (ascorbic acid) 15.75±

The

%EE

was

quantified

by

UV-Vis

1.812 µg/mL. This result might be the polyphenolic

spectrophotometer at wavelength of 277 nm. %EE is the

compounds such as gallic acid, ellagic acid, and corilagin,

percentage of LSE that successfully entrapped into the

contained in LSE show the strong antioxidant activity.

Alg/CS beads. From Table 1, the %EE of LSE/Alg/CS-S,
LSE/Alg/CS-H, and LSE/Alg/CS-U was 13.24±2.64%,

100

% Antioxidant activity

14.87±3.24%, and 17.22±2.48%, respectively. The

LSE
Ascorbic acid

80

LSE/Alg/CS-U showed the highest value of %EE. This

60

might be the large particle size increases the ability to

40

entrap LSE in high amount.

20

3.4 Release study

0
3.125

6.25

12.5

25

The release characteristics of LSE from the LSE-

50

Concentration (µg/mL)

loaded Alg/CS beads were carried out by the total

Figure 1. Antioxidant activity of LSE and ascorbic
acid

immersion method for 2 days in PBS. The release profiles
of LSE from LSE/Alg/CS-S, LSE/Alg/CS-H, and
LSE/Alg/CS-U are shown in Figure 3. The results showed

3.2 Morphology, size and PDI of LSE-loaded Alg/CS

that the rapid release of LSE from the Alg/CS beads was

beads

obtained at the initial submersion time and slow release at
The LSE-loaded Alg/CS beads were prepared by

the longer submersion time. The maximum cumulative

ionic gelation method. It has been reported that the
negative charge of carboxylate group on Alg interacted
with positive charge of amino group of CS to form the
Alg/CS beads. From SEM images (Figure 2), the
LSE/Alg/CS-S

and

LSE/Alg/CS-H

exhibited

more

spherical shape and dispersed particles whereas the
LSE/Alg/CS-U showed an aggregation between particles
because the shear force from the ultrasonicator is not
enough to separate the particles completely. In addition,
the merging of the polymer network during freeze drying
caused the aggregation of particles [12]. Moreover, the
size of LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CSU

was

1876.33±404.05,

2541.00±151.74

nm,

2409.00±210.46,

respectively.

The

PDI

and
of

LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U was
0.1977±0.1425, 0.1503±0.1037, and 0.3183±0.0478,
respectively (Table 1).

Figure

3.

Release

profiles

LSE/Alg/CS-S, LSE/Alg/CS-H,
(n=3)

of

LSE

from

and LSE/Alg/CS-U.
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Figure 2. SEM images of (A) LSE/Alg/CS-S (B) LSE/Alg/CS-H (C) LSE/Alg/CS-U
Table 1. Particles size, PDI, and %EE of the LSE-loaded Alg/CS beads

released

Conditions

Particle size (nm)

PDI

EE (%)

LSE/Alg/CS-S

1876.33±404.05

0.1977±0.1425

13.24±2.64

LSE/Alg/CS-H

2409.00±210.46

0.1503±0.1037

14.87±3.24

LSE/Alg/CS-U

2541.00±151.74

0.3183±0.0478

17.22±2.48

amount

of

LSE

from

LSE/Alg/CS-S,

LSE/Alg/CS-H, and LSE/Alg/CS-U was 92%, 76%, and

The authors also would like to acknowledge Mae Fah
Luang University for financial support.

61%. The LSE/Alg/CS-S and LSE/Alg/CS-H with the
smaller size showed the higher released amount of LSE.
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Development of wound dressings from organic acid crosslinked Ocimum Basilicum L. seed
mucilage
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Abstract
Basil seed (Ocimum basilicum L.) mucilage (BSM) is non-toxic natural substances and shows water holding
capacity needed as a wound dressing. However, sponges formed from BSM present low mechanical stability and easily
degrade in aqueous media. We; therefore, prepared natural product based wound dressings from BSM by freeze-drying
technique and modified by crosslinking with malonic acid, succinic acid and glutaric acid in order to enhance mechanical
properties. From FTIR analysis, crosslinked BSM sponges showed 1723 cm −1 C=O stretching peaks, which confirmed
ester linkage between mucilage. SEM images revealed an interconnecting open-cell structure of pores in the BSM sponge.
Moreover, the crosslinked sponge led to significant improvement of mechanical and a decrease in swelling than native
sponge.
Keywords: Basil seed mucilage, Crosslinking, Polysaccharide, Sponge, Wound dressing
1. Introduction

Therefore, crosslinking agents have been used to modify

Over the years, natural polymers have been

its properties.

developed and used in various industries, especially

Crosslinking can improve the mechanical and

biomedical technology. Natural materials have an

thermal properties of biopolymers. Natural crosslinkers

advantage over synthetic materials, mainly because they

i.e. malonic acid (MA) succinic acid (SA) and glutaric acid

are renewable and biodegradable. In addition, they may

(GA)

also have a similar composition to the cell, avoiding

fermentation of biomaterials by microorganisms.

are

organic

acids,

synthesized

during

the

activation of an inflammatory reaction and thus nontoxic.

We; therefore, developed wound dressings, from

At present, natural polymers from mucilage of the

BSM, crosslinked with MA, SA and GA. Functional group

pericarps of seeds, such as flax seeds, chia seeds, mustard

analysis, morphology, mechanical properties and swelling

seeds, etc. are widely used in the pharmaceutical industry,

of different crosslinked BSM were; then, examined.

as thickeners, emulsifiers, adhesives, etc.

1

Hairy basil (Ocimum basilicum L.) is a biennial

2. Experimental Methods

plant in the Lamiaceae family; its leaves and seeds has
been used as traditional medicine and food. The basil seed
pericarp is covered with mucilage layers. The major
fractions of basil seed mucilage (BSM) are glucomannan
(43%) and xylan (24%), with smaller fractions of cellulose
and uronic acid.2 It can absorb water and swell up to 45
times and thus it is a potential material for wound
dressings. However, BSM cannot be used alone, because
of its low stability and poor mechanical properties.

2.1 Materials
Basil seeds were obtained from Thai Baan Rai Co.,
Ltd. (Bangkok, Thailand). Glycerol was purchased from
Lab System Co., Ltd. (Bangkok, Thailand). The
crosslinking agents MA, SA, and GA were purchased from
Lab System Co., Ltd. (Bangkok, Thailand).
2.2 Basil seed mucilage (BSM) preparation
The basil seeds were soaked in distilled water, at a
1:30 seed:water ratio, until fully swollen. Then, the
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mucilage was separated from the surface of the swollen

58 ± 2% for 24 h before testing. Data was reported as a

seeds in a blender for 1 min. Next, the mucilage was

mean of eight replicates.

filtered through cheese cloth and centrifuged at 5000 rpm
for 5 min to remove seed residue. The resulting mucilage
was frozen at −40 °C for 24 h in a freezer (DW40L92,
Haier, China), followed by lyophilization at −100 °C for
24 h with a freeze dryer (Coolsafe 110-4, Scan Vac,

2.7 Degree of swelling
A dried sample (20×20 mm2) was prepared and
weighed. Then, the sample was immersed in distilled water
at ~25C. The degree of swelling of the sample was
weighed at 6 h and 24 h. The degree of swelling was

Denmark) to obtain dried BSM.

calculated as:
2.3 BSM wound dressing preparation
The dried BSM was dissolved in distilled water, at

Degree of swelling =

Mw -M0
M0

(1)

1g:100g water, using glycerol as a plasticizer (15 wt% of

where M0 and Mw were the masses of the sample before

BSM). The crosslinking agents - MA, SA, and GA (3 wt%

and after immersion, respectively.

of BSM) - were added to the solution. Then, the mixture
was mechanically stirred using a magnetic stirrer (IKA,

3. Results and Discussion

Germany) at 60 °C for 60 min. Finally, 40 g of the solution
was poured into a 100 mm diameter petri dish to control
the thickness of the sample and then refrigerated at -40 °C

3.1 FTIR analysis
FTIR spectra of various BSM sponges crosslinked

for 24 h in a freezer and lyophilized at -100 °C for 24 h

with different crosslinking agents are shown in Figure 1.

using a freeze dryer.

All spectra represented similar characteristic peaks. The
broad peak positions, around 3400-3000 cm-1, were

2.4 Fourier transform infrared (FTIR) spectroscopy

attributed to the hydroxyl group O-H vibrational stretching

FTIR spectra were captured by a 2000 GX

on carbohydrate polymers in BSM. Peaks at 2920 cm-1

spectrometer (Perkin Elmer, USA), using KBr disks, from

were assigned to C-H stretching. The 1600 cm-1 and 1423

-1

-1

4000 to 400 cm at 4 cm resolution. Each sample was

cm-1 peaks were caused by C-OO asymmetric stretching

scanned 10 times at ambient temperature (~25 °C).

and C-OO symmetric stretching of free carboxylate,
reflecting the presence of uronic acid in BSM

2.5 Morphology
The morphology of a sample was examined in
images taken by a scanning electron microscope (SEM),
(LEO 1455VP, ZEISS, Germany). The sample was
fractured in liquid nitrogen and then coated a cross section
with a thin layer of gold for electrical conduction before
imaging.
2.6 Mechanical properties
Mechanical

properties

were

measured

with

universal testing machine (Lloyd Instrument, LR 5 K,
West Sussex, UK) with a 100 N load cell at a crosshead
speed of 5 mm/min, following ASTM D-638-2010.
Samples were cut into 10×50 mm2 rectangular pieces and
kept at ambient temperature (~25°C) and relative humidity

polysaccharides. However, a new peak at approximately
1700 cm-1 was observed in the crosslinked BSM sponges;
it was assigned for the carbonyl peak from the ester bonds
between acids and carbohydrate chains, confirmed the
evidence of crosslinking by different types of the acid.3
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3.2 Morphology
The microstructure of the cross-sections of native

(

and crosslinked BSM sponges are shown in Figure 3. The
pore structure of sponge caused by ice sublimation in

(

Figure 2 Chemical structures of (a) MA, (b) SA, (c) GA
Wavenumber

Figure 1 FTIR spectra of BSM and crosslinked BSMS:
BSM-MA, BSM-SA and BSM-GA.

(

matrix via lyophilization method. All sponges showed an
interconnected opened-cell structure, as seen in the SEM
images.4 However, the crosslinking agents changed the
morphology of the sponges; they created a more uniform
pore structure showed in (Figure 3c) and (Figure 3d). But
MA crosslinked sponge (Figure 3b) showed more dense
structure due to the short acid molecule that can easily
bond with OH groups, caused low free volume in MAcrosslinked BSM sponge. A similar result of morphology
change after crosslinking was also reported for crosslinked
starch-citric acid foam.5

(

(
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(

less free volume and lower porosity, compared to SA and
GA.
3.4 Mechanical properties
Mechanical properties of native and crosslinked
BSM sponges are displayed in Figure. 5. The crosslinked
BSM sponges clearly caused the increase of stress at
maximum load and Young’s modulus. These mechanical
properties

improved

because

of

the

crosslinking

corresponded to FTIR results. More uniform network

Degree of swelling

(

Figure 3 SEM images of (a) BSM, (b) BSM-MA, (c)
BSM-SA and (d) BSM-GA sponges.
3.3 Swelling properties
Figure 4 shows degree of swelling versus time for

Figure 4 Swelling of BSM, BSM-MA, BSM-SA and
BSM-GA sponges.

native and different crosslinked BSM sponges. It can be

structure of sponges after acid crosslinking is also clear in

seen that unmodified sponge showed the highest swelling,

the SEM images, leading to stronger cell wall. The BSM

due to its hydrophilic nature.6 The main component of

sponge with MA presented higher stress at maximum load

BSM is glucomannan, which contains 14 hydroxyl groups,

and Young’s modulus, than the others. However, the strain

which can interact strongly with water.3 As expected,

at maximum load of all acid crosslinked sponges decreased,

adding acid crosslinkers significantly reduced the swelling.

especially MA showed the lowest strain, represented

This was caused by crosslinking reaction between

brittle properties. This correlated with shorter molecule of

hydroxyl groups of the polysaccharide molecules in BSM

MA and homogenous phase structure presented in SEM.

and the organic acids leading to a decrease in hydroxyl

The previous research reported similar results with MA

groups available to interact with water. Swelling with MA-

crosslinked corn starch films.7

crosslinked BSM sponge presented the lowest degree of
swelling, followed by SA- and GA- crosslinked BSM
sponges, respectively. The shorter MA molecule (Figure
1a) led to higher crosslink density in the sponge causing
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4.

Tantiwatcharothai,

S.;

Prachayawarakorn,

J.

Carbohydr. Polym. 2020, 227, 1-7.
5.

K. Pornsuksomboon; B.B. Holló; K.S. Szécsényi; K.
Kaewtatip. Carbohydr. Polym. 2016, 136, 107-112.

6.

Rathore, H. S.; Sarubala, M.; Ramanathan, G.;
Singaravelu, S.; Raja, M. D.; Gupta, S.; Sivagnanam,
U. T. Mater. Lett. 2016, 177, 108-111.

7.

Ghosh Dastidar, T.; Netravali, A. N. Carbohydr.
Polym. 2012, 90, 1620-1628.

Figure 5 Mechanical properties of BSM, BSM-MA,
BSM-SA and BSM-GA sponges.
4. Conclusion
A natural-based wound dressing from organic acid
crosslinked BSM was successfully prepared by freeze
drying method. All crosslinked BSM sponges represented
new ester bond formation, confirmed by FTIR spectra.
After crosslinking, degree of swelling of BSM sponges
significantly

decreased.

SEM

images showed the

crosslinking agents led to more uniform cell wall and more
strengthen structure for all crosslinked BSM sponges.
Stress at maximum load and Young’s modulus of
crosslinked sponges were significantly improved by acid
crosslinking. Finally, the sponge with MA showed the
lowest swelling and the highest strength, compared to SA
and GA.
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Development of microporous polylactide/polybutylene succinate/eggshell films for packaging
application
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Abstract
In this study, poly (lactic acid)/polybutylene succinate (PLA/PBS) blend was incorporated with crude chicken and
duck eggshells ( CES and DES) as natural calcium carbonate (CaCO3) source to produce microporous structures for
potential use as breathable film in food packaging. The pore creation in PLA/ PBS matrices is tunable with different
CaCO3 sources. The commercial CaCO3 produces the large micropore of 0. 5 - 2 μm, whereas small micropore of 0. 33
μm can be obtained by CES and DES. Additionally, the organic residuals in crude ESs enhance the homogeneity of
PLA/ PBS matrices, and consequently provide the closed- cell micropore formation with good dispersion. As compared
commercial CaCO3 and ESs addition in the PLA/ PBS composite films, the CES can increase oxygen and water vapor
permeabilities obviously, while the gas permeabilities are limited by commercial CaCO 3. The results point out that the
calcium ion content and the intermolecular interaction of organic residuals in ES are the keys to control gas passing
through PLA/ PBS/ CaCO3 and PLA/ PBS/ ES composite films. Furthermore, the improvement of continuous PLA/ PBS
matrices in the PLA/ PBS/ ES composite films also triggers high Young’ s modulus and tensile strength with
increased %elongation at break.
Keywords: Poly (lactic acid), Eggshell, Microporous, Breathable film
1. Introduction

Additionally, microporous breathable films for

In the recent decade, biodegradable plastics have

extending shelf-life of packaged fresh produces have been

been developed to replace petroleum-based ones, in

increasingly interested. It can be simply produced from

1

particular for food packaging . Poly (lactic acid) (PLA) is

polymer/inorganic filler composite film for instance

a biodegradable polymer with acceptable for industrial

PLA/CaCO38, PLA/zeolite9 with microporous structure

production and intensive properties of transparency and

were observed. Moreover, utilizing agricultural waste as

high tensile strength. The fact that PLA is brittle and

bio-filler is a highly promising approach to be value-added

mostly blended with flexible biodegradable plastics to

waste and to produce fully biocomposites. Poultry

improve flexibility and remained intrinsic biodegradability

eggshells (ESs) are bio-waste materials with natural

such as thermoplastic starch (TPS)

2, 3

, poly(butylene-

abundance from hatcheries, homes, and restaurants, and

,

polybutylene

the fast food industry; the attractive chemical composition

succinate (PBS)6, etc. Among these, PBS has many

of ES is CaCO3, which is extremely high, at 98.2%

advantages of flexibility and good heat resistance, and the

content10. Previously, ESs used as natural absorbent of

high clarity of PLA/PBS film could be obtained when the

heavy metals, and bio-filler for low-cost substitutes of

blending weight ratio was optimized6, 7.

inorganic commercial CaCO3, have been studied. Ashok et

adipate-co-terephthalate)

(PBAT)

4,

5
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al presented the improvement of PLA thermal stability and
crystallinity by mixing with ES, leading to increased
11

Morphological observation
The

cross-sectional

surface

samples

were

elastic modulus and tensile strength . Li et al prepared a

investigated by a FEI Quanta 450 scanning electron

PLA/ES biocomposite by using ES functionalized with

microscope at a high voltage of 10 kV and 5,000×

phenylphosphonic acid to enhance the crystallization rate

magnification. All samples were sputter-coated with gold

of PLA, resulting in superior stiffness and enzymatic

for 3 min.

12

hydrolysis .

Oxygen transmission

In this study, the PLA/PBS blend was incorporated

The 14 cm diameter films were kept at 23 ± 2°C

with poultry ES to create the fully biocomposites with

with 50%RH for 24 hours before the test, according to

tunable microporous structures. Crude chicken (CES) and

ASTM D3985-81. The oxygen transmission rate (OTR)

duck eggshell (DES) were utilized as natural CaCO3

was determined by a Systech Illinois 8500 oxygen

sources.

the

permeation analyzer with tested in triplicate before

PLA/PBS/poultry ES biocomposites were visualized by

calculating the oxygen permeability coefficient (OPC,

scanning electron microscopy, as compared to that of a

cc.mil/m2.day.Pa unit) using Equation 1 as follows:

The

morphology

PLA/PBS/commercial

and

CaCO3

porosity

of

composite

film.

OPC = (OTR × T) × (p)-1

(1)

Furthermore, the oxygen and water vapor permeabilities

where OTR is the overall oxygen volume passing through

related to microporous structures were also analyzed.

the sample in time unit (cc/m2.day unit), and T is the film
thickness (mil units). p is the difference in the partial

2. Experimental methods

pressure of oxygen across the film sample in pascal (Pa)13.

Firstly, crude CES and DES were dried in a hot air

Water vapour transmission

oven before being ground into powder form with 300-500

Before testing, the samples were conditioned at

µm diameter. The CES and DES powder obtained were

25°C over a saturated calcium chloride solution with

dried again in a hot air oven at 50°C for 24 hours.

32%RH. The measurement was carried out at 37.8°C and

Commercial PLA (Ingeo 2003D) and PBS

90% relative humidity by using a Mocon PERMTRAN-

(FZ91PM) resins were blended together at a weight ratio

W® model 398 water vapour transmission rate (WVTR)

of 80/20 using a Kerke

®

TSJ-35 twin screw extruder.

tester under a nitrogen gas flow of 500 ml/min, according

Additionally, PLA/PBS 80/20 mixed with CES and DES

to ASTM E398–03. The water vapor transmission rate

powder were also melt-blended by systematically varied

(WVTR) was measured to calculate water vapour

ES contents of 0.1, 0.3, and 0.5 phr. The mixing

permeability coefficient (WVPC, g.mil/m2.day.atm unit)

temperature and screw speed ranges were set at 180-230°C

using Equation 2.

and 200-250 rpm, respectively. All obtained compounds
were dried in a hot air oven at 50°C for 24 hours.

WVPC = (WVTR × T) × (p)-1

(2)

where WVTR is the amount of water vapour passing

Furthermore, the PLA/PBS/ESs composite films

through a certain area film sample in time unit (g/m2.day).

were produced by blown-film process using a Labtech

T is the film thickness (mil units), and p is the difference

Engineering LE-25-30/C single-screw extruder, equipped

in the partial pressure of water vapour (atm) across the film

with a Labtech Engineering LF-4 0 0 blown film unit. The

sample13.

temperature of the single-screw extruder was in the range

Tensile test

of 160-180°C with a 40-50 rpm screw speed, and the nip
roll speed was 3 m/min.

The rectangular films were prepared with 25.4 mm
width and 150 mm length. An Instron universal testing
machine in tensile mode was used and equipped with load

2.1 Characterization

cell of 1 kN. The samples were measured separately in
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machine and cross directions (MD and CD) with crosshead

PLA/PBS/CES and PLA/PBS/DES surfaces. These results

speed of 12.5 mm/s, according to ASTM D-882-02. Each

suggested that organic residuals in eggshell membrane (i.e.

sample was repeated 5 times.

fat, protein, carbohydrate, etc. ) acted as compatibilizer,
and consequently assisted the phase continuity with

3. Results and Discussion

controlled void formation.

3.1 Morphologies of PLA/PBS/ES composite films

Figure 3 (A) Pore size and (B) pore density of the
PLA/PBS/CaCO3 composite and PLA/PBS/poultry ES
biocomposites as a function of filler content.
Figure 1 SEM micographs of (a) PLA, and (b) PLA/PBS
films, and PLA/PBS incorporated with 0.1 phr
(c) CaCO3, (d) CES, and (e) DES.

Moreover, the difference in organic residuals
compositions also influenced on the rough PLA/PBS/DES
surface, as compared to that of PLA/ PBS/ CES surface.
The fact that the compositions of fat, protein, and moisture
in DES were higher than those of CES, these could induce
the agglomeration of PBS phase, leading to change pore
formation and uniformity.
3.2 Oxygen and water vapor permeation of PLA/PBS/ES

Figure 2 SEM micrographs of PLA/PBS incorporated
with 0.3 and 0.5 phr (a, d) CaCO3,
(b, e) CES, and (c, f) DES, respectively.
From cross- sectional surface observation by SEM,
pure PLA shows very smooth surface, whereas the rough
surface of PLA/ PBS 80/ 20 blend appears clearly due to
immiscibility between PLA and PBS, as always found and
previously reported by Hongsriphan, Pivsa-Art et al14, 15.
After adding CaCO3 or poultry ES, the different
pore characteristics were manipulated by varied CaCO3
sources. The pore size of PLA/PBS/CaCO3 composite film
was increased obviously ( from 0. 5 µm to 2 µm) with
slightly increased pore density ( 1- 3 × 105 pores/ mm2) ,
according to commercial CaCO3 content. Whereas the
smooth matrices with high dispersion of small closed- cell
voids ( 0.27- 0.33 µm) present in cross-sectional

composite films
The OPC was determined the amount of oxygen
permeating per units of sample film area and time. Figure
4 shows the OPC of 1,300 cc.mil/m2.day.Pa. for pure PLA
film in which slightly decreases to 1,050 cc.mil/m2.day.Pa.
for PLA/ PBS blend film. It pointed out that PLA was
almost completely amorphous state which oxygen
molecules easily passed through, but the crystallization of
PLA was induced by blending with PBS, interrupting
oxygen transmission. After adding CaCO3 into PLA/ PBS
blend, the decreased OPC of approximately 1,120
cc. mil/ m2. day. Pa. was observed although the CaCO3
content was increased to 0.5 phr. This result was correlated
to the previous study by Shimizu et al16 , reported the
oxygen barrier improvement by presence of calcium ions.
Noticeably, the incorporation with CES enhanced
the OPC of the PLA/ PBS/ CES biocomposite films from
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1,050 to 1,400 cc. mil/ m2. day. Pa, according to increasing

biocomposite films exhibits in the range of 150- 180

of CES content.

Whereas, the OPC values of

g.mil/m2.day.atm. These results implied that the hydrogen

PLA/ PBS/ DES biocompostie film are similar to that of

bonding between carbohydrate and moisture residuals, and

PLA/PBS/CaCO3 biocomposite films, excluding

protein residual in the crude DES supported to form
2

PLA/PBS/DES 0.5 with OPC of 1,200 cc.mil/m .day.Pa.

compact and tight semi- crystalline structure, therefore,

It might be the different percentages of moisture,

both oxygen and water vapor molecules were hardly to

carbohydrate, and protein residuals in crude ground ESs

diffuse.

which could form the different strong intermolecular
interactions ( i. e.

hydrogen bond or hydrophobic-

hydrophobic interaction) , and consequently influenced on
oxygen barrier.

Figure 5 Water vapor permeability of PLA/PBS/ES
biocomposite films.

Figure 4 Oxygen permeability of PLA/PBS/ES
biocomposite films.
Basically, PLA film is highly hydrophobic with low
WPC of 240 g.mil/m2.day.atm, as compared that of
commercial PE and PET films (40 – 400 g·μm/ m2·day·
kPa ) 1 7 . The WPC value of PLA was reduced to 150
g. mil/ m2. day. atm by blending with 20% wt PBS, directly
corresponding to the induced crystallization of PLA/ PBS
blend.
For the PLA/PBS/CaCO3 film in Figure 5, the WPC
values present in the range of 150- 170 g. mil/ m2. day. atm
which are lower than that of pure PLA, even though the
large micropores were created in the PLA/ PBS matrices.
This suggested the barrier improving by calcium ion and
the induced crystallization of PLA by CaCO3 as a
nucleating agent.
When using CES as CaCO3 source, the WPC was
gradually increased to 220 g.mil/m2.day.atm with 0.3-0.5
phr CES. Meanwhile, the WPC values of PLA/ PBS/ DES

3.3 Tensile propoerties of PLA/PBS/ES films
From Table 1, PLA film presents high stiffness
with high Young’ s modulus ( G) of 1. 75 GPa, and high
tensile strength ( TS) of 35. 06 MPa, but low % elongation
at break (%E) of 3.13%. After blending PLA with 20%wt
PBS, the %E of the PLA/PBS film was increased to 5.68%
with increased G and TS of 2. 3 GPa and 40. 21 MPa,
respectively, indicating that the flexibility of PBS can
improve PLA toughness, as also found by Su et al7.
When CaCO3 was added into the PLA/ PBS blend,
the PLA/PBS/CaCO3 0.1 still remained the high G and TS,
however, these tensile parameters gradually decreased
when CaCO3 content was increased to 0.5 phr. This result
suggested the weak interfacial interaction between CaCO3
and PLA/ PBS matrices, as reported by Shi et al8.
Additionally, many large open- cell cavities, especially
high CaCO3 content, could decline the strength and limit
the ductility of the PLA/PBS/CaCO3 composite films.
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In the cases of PLA/ PBS/ poultry ES films, there was no

composite film could decline by increasing of rigid filler

difference in tensile properties of PLA/ PBS incorporated

contents11, as also found in PLA/ PBS/ CES 0. 5 and

with various poultry ESs composite films. The enhanced

PLA/ PBS/ DES 0. 5 biocomposite films. It is worth

phase continuity with dispersion of small pores in the

mentioning that CES and DES can be effectively used as

PLA/ PBS matrices provided the relatively high G ( 2- 2. 5

natural CaCO3 source to produce microporous structure

GPa) and TS (about 40 MPa) with increased %E of 6-8%,

with significantly enhanced toughness of PLA/ PBS/ ES

in particular at 0. 3 phr CES and DES. These high G and

films.

TS values were maintained, although the CES and DES
contents were increased to 0. 5 phr, opposite to that of
PLA/ PBS/ CaCO3 0. 5 film. The fact that the ductility of
TABLE 1 Tensile properties of PLA/PBS/CaCO3 and PLA/PBS/poultry ES films
Young’s Modulus
(GPa)

Tensile strength
(MPa)

Elongation at break
(%)

PLA

1.75 ± 0.12

35.06 ± 3.51

3.13 ± 0.39

PLA/PBS 80/20

2.3 ± 0.49

40.21 ± 5.66

5.68 ± 0.73

PLA/PBS/CaCO3 0.1

2.29 ± 0.18

43.33 ± 2.82

4.36 ± 0.71

PLA/PBS/CaCO3 0.3

2.28 ± 0.15

37.89 ± 3.98

3.31 ± 0.53

PLA/PBS/CaCO3 0.5

1.64 ± 0.25

30.17 ± 4.26

3.47 ± 0.53

PLA/PBS/CES 0.1

2.20 ± 0.32

39.07 ± 5.64

7.20 ± 2.24

PLA/PBS/CES 0.3

2.22 ± 0.99

37.32 ± 3.86

6.53 ± 2.24

PLA/PBS/CES 0.5

2.09 ± 0.26

36.90 ± 5.94

5.11 ± 1.33

PLA/PBS/DES 0.1

2.51 ± 0.25

42.76 ± 4.55

6.86 ± 1.99

PLA/PBS/DES 0.3

2.21 ± 0.25

41.63 ± 6.59

7.78 ± 1.38

PLA/PBS/DES 0.5

2.28 ± 0.22

39.89 ± 3.76

4.29 ± 1.01

Sample

dispersion, resulting in toughness improvement with high

4. Conclusions
In this study, the poultry ES was utilized as natural

G and TS. Additionally, it was found that the organic

CaCO3 source to produce microporous PLA/ PBS

residuals ( e. g. , fat, proteins, and moisture) in crude CES

composite films. The different poultry ES types of CES

and DES enhanced the homogeneity of the PLA/ PBS

and DES, and varied ES contents were investigated. The

matrices

commercial CaCO3 addition produced the open- cell

PLA/PBS/poultry ES composite films. The high contents

structure with large pore (~ 2 µm), dispersed in PLA/PBS

of protein and moisture residuals in the crude DES formed

matrices,

the compact semi- crystalline structure as oxygen and

and

also

accelerated

PLA

and

PBS

and

influenced

gas

permeability

of

crystallization. However, the poor tensile properties were

water vapor barrier.

Whereas the PLA/ PBS/ CES

obtained by decreasing of G and TS obviously. Contrary,

composite film showed high oxygen permeability, but the

the PLA/ PBS/ CES and PLA/ PBS/ DES composite films

WVP was similar to that of pure PLA film. Notably, these

showed small closed- cell pores of 0. 3 µm with good

developed microporous structures, gas permeabilities and
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tensile properties of PLA/ PBS/ ES composite films

15. Pivsa-Art, W.;

Thumsorn, S.;

Pivsa-Art, S.;

demonstrated the potential to use as breathable food

Ratanapisit, J.; Yamane, H.; Ohara, H., Annual Technical

packaging film.

Conference - ANTEC, Conference Proceedings. 2013, 3,
2142-2146.
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Abstract
This work is aimed to develop biocomposite films derived from degradable polylactic acid (PLA) and metalorganic frameworks (MOFs) for use as active packaging. M I L - 5 3 ( A l ) MOF nanoparticles were synthesized b y a n
environmentally-friendly process, in water medium at room temperature, followed by a calcination post-treatment
process. The nano-size material is essential for applications that require homogenous mixing, especially packaging
f i l m s . PLA/MIL-53(Al) composite films consisting of 0.5, 1.0 and 2.0 %wt MOF were prepared by a solution casting
technique. SEM-EDX results reveal that the composite films contain homogeneous dispersed MIL-53(Al) particles in
the PLA matrix. The percent of transmittance of lights in the UV-A, UV-B, and violet visible region of the PLA/MOFs
films was reduced with an increase in the MOFs contents. Water vapor transmission rate (WVTR) was also decreased
with an increase in the MOFs contents. The biocomposite films have high potential for use as functional and active
packaging, which are friendly to the environment.
Keywords: Polylactic acid, Casting film, Gas permeability, Metal-organic frameworks
natural raw materials, most of which are plants such as
1. Introduction
Environmental concerns and sustainability issues
surrounding petroleum-based materials have guided
researchers towards using alternative environmentalfriendly polymers in packaging, textile, automotive and
medical device industries. Petroleum-based polymers
commonly used in packaging industry are a major cause of
serious environmental problems, as a result from their
extraction and refinement, as well as unsustainable waste
disposal processes [1]. Biopolymers have been regarded as
a promising option that can help solving the problems [2].
Polylactic acid (PLA) is the one of the most important
biopolymers in the industries. PLA is produced from

starch and sugar. Moreover, the biopolymer is suitable for
high demand and production capacity of the industry, due
to its raw material’s abundant [3]. Although PLA offers
many advantages over conventional polymers, its
drawbacks are low degree of crystallinity and slow
crystallization rate, leading to its high brittleness and poor
gas barrier property.
Metal-organic frameworks (MOFs) are materials
consisting of metal clusters and organic ligands (linker)
that can provide infinite set of building structure blocks.
Research on MOFs have outstandingly contributed to the
fundamental knowledge and applications in various fields,
especially catalysis and separation technology. MOFs can
be fabricated in the form of nano-materials and
incorporated into biopolymers to provide additional and
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specific functions, leading to further broadening of their

dimethylformamide (DMF, 99.5%) and Chloroform (99%)

applications,

were CARLO ERBA Reagents S.A.S, France.

especially

as

environmental-friendly

functional materials. MIL-53 (Al) is a promising and
commonly used MOFs, as this has strong structure with

2.2 Synthesis of MIL-53(Al) (MOFs)

high porosity and a large surface area, with low density.

MIL-53 (Al) n a n o c r y s t a l l i n e was synthesized

The material has been used to provide additional functions

according to a procedure previously reported [9]. In the

and values to various polymers in the plastic industry

first step, 30.01 g (80 mmol) aluminum nitrate (9-hydrate)

4, 5].

was dissolved in 60 mL distilled water. A clear solution

Plastic packaging films have played a key role in

of 6.65 g (40 mmol) terephthalic acid in distilled water was

modern lifestyle. The major function of the materials is to

placed into the above solution. The reaction mixture was

preserve the products for longer storage life, protect the

then stirred for 24 h at room temperature. T h e p r o d u c t

quality of packed goods from damages caused by

obtained as MIL-53 (Al) was collected by centrifugation.

transportation contaminates, gases,

moisture, light,

Subsequently, a post -treatmen t process was applied

humidity, insects, or microorganisms. For general use,

employing a reflux reaction by addition of DMF solvent,

plastic packaging with value-adding functions offer certain

and applying heat at 150 oC for 16 h. MIL-53(Al)

special properties, such as safe for food contact, high heat

nanomaterial after so l v e n t e x c h a n g e t r e a t m e n t was

resistance, highly flexible and stretchable, transparency/

calcined at 330 ºC for 3 days in air atmosphere, for

opacity tunability. For some products that are prone to

removing of volatile substances and oxidizing a portion of

environmental changes such as vegetables, fruits, foods,

mass. MIL-53 (Al) in a form of light-yellow powder was

and pharmaceuticals, however, packaging materials with

finally obtained.

enhanced properties are required, especially water vapor
and oxygen barrier property [6, 7].

2.3 Preparation of PLA/MIL-53 (Al) films

In this study, biodegradable PLA/MOF composite

PLA/MIL-53 (Al) films were prepared by a solution

films are developed for use as active packaging. To

casting method. PLA pellets and MIL-53 (Al) were dried

improve durability of the films, MIL-53(Al) MOFs is

in a hot oven (Universal Oven UF110) at 60 oC and 120

introduced to form bio-based composite materials [8].

o

Effect of the addition of MOFs on oxygen and water vapor

placed

transmission of the films is investigated.

concentrations, i.e., 0, 0.5, 1 and 2 wt% MOFs. The dried

C, respectively, for 12 h. The activated MOF was then
in

200

mL

of

chloroform

at

different

PLA pellets were slowly added into the mixtures with
2. Experimental

magnetic stirring until all pellets were completely

2.1 Materials

dissolved. The mixtures were then casted by a casting

Poly(lactic

acid)

(PLA)

was

obtained

from

machine (with controlled thickness).

After solvent

NatureWorks, USA. The selected grade, PLA LX175

removal, the films were further dried at room temperature

(optical purity >90%, density 1.2-1.3 g/cm 3) is suitable

for 12 h, and in an oven at 60 oC for 1 day.

for casting film. MIL-53 (Al) was synthesized in water, at
r o o m t e m p e ra t ur e . Aluminum nitrate, 9-hydrate (M =

2.4 Characterization

375.13 g/mol) precursor was purchased from PanReac

Morphology of neat MOFs and the cast film samples

AppliChem, ITW Reagents, USA. Terephthalic acid

was observed with an ultrahigh-resolution scanning

(H2BDC), which is possibly the most extensively used

electron microscope (SEM, Hitachi Model SU8230).

organic linker, was supplied by Acros (organics). N, N-

Fourier transform infrared (FTIR) spectroscopy (Thermo
SCIENTIFIC, iD7-ATR) was used to analyze chemical
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structure and compositions of the samples. UV-Vis-NIR

calcined sample did not show the evidence of this

spectrophotometry

molecules.

was

used

to

determine

the

transmittance of the film samples (Agilent Technologies,
Cary Series UV-Vis-NIR spectrophotometer). Water
vapor transmission rate (WVTR) of the films was
measured on a testing area of 50 cm2, using a PermatranW 3/34, MOCON, USA, according to the ASTM F1249,
under conditions of 90%RH test gas and cell temperature
23 oC. Oxygen transmission rate (OTR) of PLA films and

3500

3000

2500

2000

1500

1000

Wavenumber (cm-1)

the composite materials were measured by the ASTM

Figure 2. FTIR spectra of the reactants in a reaction

D3985 using an OX-TRAN 2/22 H, MOCON, USA under

(metal and linker) and MIL-53(Al) materials

conditions of 0%RH test gas (99.8% O2), cell temperature

before and after calcination.

o

23 C.
3.2 PLA and MOFs/PLA composited films
3. Results and Discussion

In the preparation of composite films, MIL-53(Al)

3.1 Nanocrystalline MIL-53 (Al)

dispersions were first prepared in chloroform and mixed

MIL-53(Al) was synthesized by an environmentally-

with PLA at different compositions; 0.0, 0.5, 1.0, and 2.0

friendly process, based on the reaction under room

wt.%. The mixtures at each concentration were sonicated

temperature. The nano-size material is essential for

and stirred for 4 h. The photographs of the sample

applications that require homogenous mixing, especially

dispersions are shown in Fig. 3. Neat PLA solution is

packaging films. Fig. 1 shows an SEM micrograph of the

colorless. The MIL-53(Al)/PLA dispersions show yellow

resulting MIL-53(Al) powder. The sample is in a rod shape

color, which become darker with the increase in

and long grain shape by agglomerating of elongated nano-

concentration of MIL-53(Al).

size material, having a length of 35–50 nm and a width of
approximately 12 nm.

Figure 3. The photographs of sample solutions
Figure 1. SEM micrograph of MIL-53(Al) powder
In the calcination post-treatment process, a removal
of small molecule H2BDC residues remaining inside the

(Note: PLA: Neat PLA, PM0.5: PLA/MIL-53(Al)
0.5 %wt., PM1.0: PLA/MIL-53(Al) 1.0 %wt. and
PM2.0: PLA/MIL-53(Al) 2.0 %wt.)

pore structure is achieved. This is confirmed by the results

Light transmission is an important property of

from FTIR spectra, as shown in Fig.2. The spectrum of

packaging films. UV-Vis-NIR spectrometer is generally

non-calcined MIL-53(Al) shows a characteristic band of

used to identify the spectral transmittance of plastic films.

-1

remaining H 2 BDC at 1674 cm , whereas that of the

The percentage of transmittance (%T) of neat PLA and
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MIL-53(Al)/PLA composite films are shown in Fig. 4 and
Table 1. The incorporation of MIL-53(Al) leads to an
increase in the absorption of light in UV-A, UV-B, and
blue and violet visible region of the films. Also, the degree
of absorption is linearly dependent on the composition of
MIL-53(Al) in the films. This agrees with the results from
SEM and EDX images, as shown in Fig. 5. It is clearly
seen that MIL-53(Al) is homogeneously dispersed in the
PLA matrix at 0.5, 1.0 % wt. compositions, however, and
agglomeration of the materials start to occur when the
composition reaches 2 % wt.

[Yellow = O, Green = C, Red = Al]
Figure 5. Scanning electron micrographs (SEM) and
Figure 4. Transparency (%T) values of PLA/MIL-53(Al)

Energy Dispersive X-ray (EDX) of experimental

composite thin films

thin film with various adding % wt MIL-53(Al) loading.
From top to bottom 0.0, 0.5, 1.0, 2.0. respectively

Table1. The percentage of transmittance (%T)
Percentage of

The packaging films for certain products are required

Transmittance (%T)
Samples

at 350
nm
(UV-B

to exhibit specific atmospheric transfer rate though/inside

at 400 nm
(UV-A

at 600 nm
(Visible

the package, which lead to an ability to control the

region)

region)

concentrations of gases, such as water vapor, oxygen, and

region)

carbon dioxide, which are essential in many processes of

PLA (Neat)

100

100

100

their packed products, such as respiration or degradation.

0.5 MOFs/PLA

81

88

92

The results on water vapor transmission rate (WVTR) are

1.0 MOFs/PLA

54

64

77

2.0 MOFs/PLA

19

29

49

shown in Fig 6. Neat PLA show high WVTR value at 40.9
g/m2.day, likely due to its slight polar nature, and a loosely
pack of chain structure, i.e., low crystallinity. The
incorporation of MIL-53(Al), however, leads to a decrease
in the WVTR values. This is likely due to the
homogeneous dispersion of the hydrophobic MIL-53(Al)
particles in the PLA matrix.

COMP-O2

Value (g/m2.day)

50

80
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Abstract
This research aimed to enhance the toughness of polylactide (PLA) by blending with poly(ethylene glycol) (PEG)
and observed the effect of PEG at various molecular weight (2,000, 6,000, 20,000 and, 35,000 g/mol ). This is achieved
by blending with 20 wt% PEG by using an internal mixer at a temperature of 190 ˚C, with a rotational speed of 60 rpm
for 10 min. The elongation at break of the blend samples was largely improved, compared to neat PLA, in which the
highest degree of improvement (290%) was obtained when PEG with the highest molecular weight (35,000 g/mol) was
employed. Also, the result of glass transition temperature (Tg ) of blend sample is plentifully decreased, it was reduced
from 55 ˚C to 24 ˚C. However. tensile strength and modulus were decreased accordingly. PLA/PEG blend morphology
of each sample was examined by a scanning electron microscope (SEM) under an acceleration voltage of 10 kV. The
mechanism of blended was observed by fourier transform infrared (FTIR) spectroscopy. The results confirmed that
toughness enhancements of PLA are successfully achieved. The materials have high potential for use in various
applications, especially packing fields.
Keywords: Poly(lactic acid), Poly(ethylene glycol), Internal-mixer, Toughness enhancement, Blend
solution to these problems, as these materials are derived
1. Introduction

from renewable resources and can be completely degraded

Environmental problems caused by human’s
activities and consumptions have become increasingly
serious issues. For example, the demand of single-used
plastic products has significantly increased. The postconsumer wastes from these products require long time to
decompose, because these are produced from nondegradable

petroleum-based

polymers.

Furthermore,

improper management of these wastes has intensified the
seriousness of the problem, as these are dumped into
landfill, improperly burnt, or thrown to water resources
and the ocean. This leads to vast damages from land and
marine ecosystems to air pollutions and the greenhouse
effect.
The use of biopolymers as alternatives to petroleumbased polymers has been considered as a sustainable

after use. One of the most promising candidates which has
been widely used commercially is polylactide (PLA)1, 2.
The polymer is acquired from renewable resources, such
as sugarcane or cornstarch. PLA has been applied in
various applications, such as films, packaging, fibers and
textiles, owning to use the material in some applications
because of its inferior properties, such as high brittleness24

and low crystallinity.
To improve the properties of PLA, various approaches

have been used, especially blending with other polymers
or additives. Poly(ethylene glycol) (PEG) has been used as
a plasticizer for enhancing toughness of PLA. It was
reported that PEG is an effective plasticizer5-8, which also
exhibits biodegradability, and non-toxicity.
In this study, a process for improving toughness of
PLA is developed by blending with PEG at various
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molecular weights, employing a melt-blending method.

2.3.2 Fourier transform infrared (FTIR) analysis

The samples are then characterized, in terms of

Chemical structures and interactions of the blend

morphology by scanning electron microscopy (SEM),

samples, before and after surface modifications, were

thermal properties and chemical structures by differential

examined by a Fourier transform infrared (FTIR)

scanning calorimetry (DSC) and Fourier transform

spectrometer (Thermo ScientificTM NicoletTM iSTM5).

infrared (FTIR) spectroscopy.

The spectra were collected in an attenuated total reflection
(ATR) mode, at a 2 cm-1 resolution with 32 scans.

2. Experimental
2.3.3 Thermal properties
2.1 Materials

Thermal properties of the samples were

Polylactide (PLA) LX175 pellets with optical
purity of > 90% and a density of 1.2-1.3 g/cm3 was
supplied from Corbion (Purac Biochem). Poly(ethylene
glycol) (PEG) with molecular weight 6,000 g/mol was

characterized by differential scanning calorimetry (DSC).
The thermograms were recorded from -20 to 250 ˚C, at a
heating and cooling rate of 10 ˚C/min, under nitrogen
atmosphere3.

supplied by ACROS ORGANICS, New Jersey, PEG with
number-average molecular weights of 2,000, 20,000, and
35,000 g/mol were purchased from Sigma Aldrich.
2.2 Preparation of PLA/PEG blends and fabrication
PLA/PEG films
PLA/PEG blends were prepared by drying PLA
pellets in an oven at a temperature of 50 ˚C for 24 hrs. The

2.3.4 Scanning electron microscopy (SEM)
Morphology of the film samples were observed by
scanning electron microscope (SEM, JEOL-JSM-7800F).
The samples were prepared by breaking the films in liquid
nitrogen, followed by sputter coating with gold before
analysis.

pellets were then blended with PEG (20 wt%) in an
internal mixer (Chareon Tut, Thailand) at 190 ˚C, with a

3. Results and Discussion

rotational speed of 60 rpm for 10 min. The molecular
weight of PEG sample was varied from 6,000, 8,000
10,000, and 35,000 g/mol. Subsequently, the blend
samples were fabricated by a compression molding
machine (Chareon Tut, Thailand) at the following
conditions: pre-heating at 190 ˚C for 10 min, and
compressing at 2,000 kg/cm2 for 5 min9.

3.1 Mechanical properties
The mechanical properties of polymers were
observed by a UTM. Figure 1 shows the resulting stressstrain curves of PLA/PEG blends, consisting of PEGS with
different number average molecular weights. Neat PLA
has elongation at break lower than 5%, as the material is
highly brittle. The materials is therefore not suitable for

2.3. Characterization
2.3.1 Mechanical properties measurements
Mechanical properties, in terms of stressstrain behaviors, of the samples were measured using a
universal testing machine (TINIUS OLSEN H5KT) in a
tensile mode, at room temperature. The film samples were
cut in a rectangular shape with a 15 mm width and a 100
mm of gauge length. The result values were averaged from
10 measurements for each sample.

use in certain applications. PEG has been regarded as
excellent plasticizer for various polymers. The toughness
has significantly improved, when PLA is blended with
various PEGs at a 20 wt% composition. The variation in
molecular weights of PEG also impose strong effect on
mechanical properties of PLA, especially the toughness.
The elongation at break of PLA/PEG (Mn 35,000 g/mol)
is increased to 290%, i.e., the highest molecular weight
shows the best result.

In contrast, tensile strength and

modulus slightly of all blends samples decreased, as a
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result from the introduction of PEG. This is likely because
of interruption of crystalline structure formation of PLA,
form the present of PEG.

3.3 Thermal properties
Thermal properties of PLA/PEG blend samples
containing PEG at various molecular weights were
examined by DSC. The first heating scan thermograms are
compared in Figure 3, to examine the nature of the asprepared samples. The melting temperature (Tm) of neat
PLA was observed at 169 ˚C . The Tm of PLA/PEG blends
were decreased and split into two peaks at around 140 and
148 ˚C for all PLA/PEG blends, indicating 2 different
domains in the samples, likely rich- and poor-PLA
domains. The glass transition temperature (Tg) was
determined from the second heating scan thermograms,
after removing of the sample’s thermal history, as shown

Figure 1 Stress-Strain curve of neat PLA and PLA/PEG

in Figure 4. Neat PLA shows a Tg at 55 ˚C. A decrease in

blends

the Tg value was observed in all PLA/PEG blends from 46
to 24 ˚C. The increase in molecular weights of PEGs leads

3.2 Fourier transform infrared (FTIR) spectroscopy

to lower Tg of the blends. This is likely because of higher

FTIR spectra of PLA/PEG blend films consisting of

degree of miscibility between PLA and PEG components,

PEGs with different chain lengths were examined to

as a result from a closer match in the solubility parameters

examine their chemical structures and interactions. The

of the 2 components. The results agree well with the

-1

band located at 1747 cm , observed in the spectra of neat

mechanical properties, in which a decrease in the Tg value

PLA and all blend samples, is assigned to the carbonyl

leads to rubber-like nature or more flexibility of the

stretching mode of neat PLA. In addition, the spectra of all

samples, as discussed in Figure 1.

-1

PLA/PEG blend films show a new band at 1758 cm ,
which is assigned to C=O mode. The intensity of 1747 cm1

decreases, while the 1758 cm-1 increases, indicating the

contents

of

amorphous

and

crystalline

domains,

10

respectively .

Figure 3 DSC thermograms of (1st heating scans) of
PLA/PEG blends with PEG at various molecular weights.

Figure

2

FTIR

PLA/PEG(Mn2000),

spectra
(c)

of (a)

neat PLA,

PLA/PEG(Mn6000),

PLA/PEG(Mn20000) and (e) PLA/PEG(Mn35000)

(b)
(d)
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4. Conclusions
A process for improving toughness of brittle PLA
has been successfully developed by blending with PEG.
Tensile test results show an improvement in elongation at
break for all blends containing 20 wt% of PEGs with
different molecular weights. However, a drop in tensile
strength and modulus are observed, compared to neat PLA.
The blend consisting of PEG with the highest molecular

Figure 4 DSC thermograms of (2nd heating scans) of
PLA/PEG blends with PEG at various molecular weights.

weight (Mn 35,000 g/mol) shows the highest degree of
improvement. Also, the thermal properties results reveal
that the value of Tg is largely decreased. The PLA/PEG
blends are therefore at a rubbery state at service

3.4 Morphology

temperature. The results confirmed that toughness

Surface morphology of the blends containing PEGs

enhancements of PLA are successfully achieved. The

at the molecular weights of 6,000 and 35,000 g/mol are

materials have high potential for use in various

compared in Figure 5. The break pattern of the samples

applications, especially packing fields.

shows homogeneous structure, confirming miscibility
between the 2 components, and the toughened structure.
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Abstract
PMMA-SiO2 nanocomposites emulsion were successfully synthesized via combining RAFT emulsion
polymerization and differential microemulsion polymerization. The effects of macro-RAFT agent concentration and silica
loading on monomer conversion, particle size and silica encapsulation efficiency were investigated. The nanocomposites
with high conversion and average particle size of 57.6 nm were obtained. The TEM morphology of PMMA-SiO 2
nanocomposites exhibited the nanosized core-shell structure. The NR/PMMA-SiO2 membrane prepared by direct
blending showed the capability of increasing thermal and mechanical properties. Moreover, the PMMA-SiO2
nanocomposites improved the water permeability in membrane by increasing the hydrophilicity of NR phase. Thus, the
PMMA-SiO2 nanocomposites has great potential to be used as effective filler in membrane for high performance
separation technology.
Keywords: nanoparticles, nanocomposites, RAFT polymerization, pervaporation, alcohol separation
1. Introduction

type of CRP is advantageous since it can be readily

1. Introduction

applicable to a wide range of monomers and conditions

On the whole research and industrial uses, one type
of popular polymeric material that has been developed is
polymer-silica nanocomposites. The resulting material,
which makes use of both the softness of polymer and the
strengthening features of particles, constitutes the new
products for applications in various field such as medical,
semiconductor, catalyst, agriculture and environment.
Polymer-silica nanocomposites have especially important
uses, for example, as drug delivery carriers, impact filler
for

plastics

and

membranes

[1,

2].

However,

nanocomposite material preparation remains a challenging
topic for research. Among polymerization process, there
are two approaches that give the optimum control over the
polymer structures. First, the controlled/living radical
polymerization (CRP) is one of the most effective methods
to

synthesize

polymers.

The

reversible

addition-

fragmentation chain-transfer polymerization (RAFT), a

yielding the controllable well-defined polymer structure,
high molecular weight and narrow molecular weight
distribution [3-5]. Second, the differential microemulsion
polymerization (DMP) exhibited the reduced particle
aggregation in the matrix and less surfactant amount was
required [2]. In this research, a new method that combined
RAFT polymerization and DMP technique is proposed to
synthesize the core-shell PMMA-SiO2 nanoparticles
(emulsion),

the

effects

of

macro-RAFT

agent

concentration, silica loading on monomer conversion,
silica encapsulation efficiency and particle size were
studied. Then, the effects of PMMA-SiO2 nanocomposites
on mechanical and thermal properties and permeability of
NR composite membrane for pervaporation were
investigated.
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2. Experimental methods

added dropwise and pH was adjusted to 10-11 with the

2.1 Materials

addition of 25 wt% ammonia solution. The suspension was

Nano-SiO2 (Aerosil 200) with an average particle

immersed in 90 °C oil bath with continuous stirring for 24

size of 12 nm was supplied by Degussa (Thailand). Vinyl

h. Then, the suspension was dried at 110 °C for 48 h and

trimethoxysilane (VTS, Sigma-Aldrich) was used as

the modified SiO2 was obtained. The soxhlet extraction

coupling agent. An ammonia solution (25% NH4OH,

was required to eliminate free VTS. Finally, the modified

Fisher Scientific) was used as catalyst for silica surface

SiO2 was dried in oven at 55 °C for 48 h.

modification. Methyl methacrylate monomer (MMA;

For PMMA emulsion synthesis, the macro-RAFT

Sigma-Aldrich) was washed with 10 wt% aqueous NaOH

agent and 30 mg of ACP were dissolved in 30 mL of

to remove the inhibitor and dried over anhydrous

deionized water. The macro-RAFT agent concentration

magnesium sulfate (EMD). 4,4’-azobis (4-cyanopen-

was varied (1%, 3%, 5%, and 10% based on monomer).

tanoicacid) (ACP, initiator, Sigma–Aldrich) was purified

The N2 was fed through solution for 30 min with

by recrystallization from methanol (MeOH, Fisher

continuous stirring by magnetic stirrer at 550 rpm. After

Scientific). Sodium 4-styrenesulfonate (NaSS, Sigma-

that the flask was immersed into 75 °C oil bath, the mixture

Aldrich), 4-cyanopentanoicacid dithiobenzoate (RAFT

of 3 g of MMA monomer and 0.3 g of 1-pentanol was

agent, Sigma-Aldrich) and 1-pentanol (C5H11OH, Ajax

slowly fed dropwise into the flask for 1 h and additional 1

Finechem) were useed as received. Deionized water was

hour reaction time at constant temperature.

applied for all polymerization processes.

The synthesis of PMMA-SiO2 nanocomposite

For NR/PMMA-SiO2 nanocomposite membrane

emulsion followed the same procedure as synthesis of

preparation, natural rubber latex (NRL) with a total 60

PMMA emulsion but in the first step, the loading modified

wt% dry rubber content (DRC), zinc oxide (ZnO),

SiO2 (10%, 15%, 20 %, and 25% based on monomer) was

zincdiethyl dithiocarbamate, (ZDEC) as vulcanization

dispersed in 15 mL of deionized water in ultrasonic bath

accelerators and sulfur as vulcanizing agent were

and added into the reaction flask (the water that directly

purchased from the Rubber Research Institute of Thailand.

added into the flask was reduced to 15 mL). After PMMA-

Ethanol (C2H5OH, QReC) and deionized water was

SiO2 emulsion was obtained, the particle size, monomer

applied in pervaporation process of water-ethanol

conversion and silica encapsulation efficiency were

separation.

determined.

2.2 Synthesis of Macro-RAFT agent

2.4 Characterization of PMMA-SiO2 nanocomposites

3 g of NaSS, 22.8 mg of ACP, 116.2 mg of RAFT

The particle sizes of PMMA and PMMA-SiO2

agent and 18 g of deionized water were added to three-

emulsion reported as the average diameter were measured

neck round bottom flask. To generate inert atmosphere, the

by dynamic light scattering technique (DLS, Nanotrac 150

N2 was fed through solution for 30 min. Then the flask was

particle size analyzer). The morphology of PMMA-SiO2

immersed in 70 °C oil bath with continuous stirring by

nanocomposites was determined by transmission electron

magnetic stirrer for 6 h. The product solution was

microscope (TEM, Phillip model: Tecni 20) operating at

precipitated in cold methanol. After that the precipitant

80 kV of acceleration voltage. The water diluted sample

was centrifuged, then dried in vacuum oven at 40 °C for

was dropped on a 400-mesh copper grid. Then the sample

24 h and the macro-RAFT agent was obtained.

grid was stained of 1% OsO4 in order to provide the

2.3 Synthesis of PMMA-SiO2 nanocomposite emulsion

sufficient contrast for images.

5 g of SiO2 was dispersed in 150 g of water with

The chemical structure of modified SiO2, PMMA

stirring at 550 rpm for 30 min. Then, 0.15 g of VTS was

and PMMA-SiO2 nanocomposites were analyzed by
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attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR, Thermo ficher model: Nicolet
IS5). The structure of PMMA-SiO2 nanocomposites was
also analyzed by

1

H nuclear magnetic resonance

spectroscopy (NMR, Bruker advance III HD/Oxford 500
MHz). 20 mg of sample was dissolved in 1 mL of
deuterated dimethyl sulfoxide (DMSO).
Figure 1 Schematic of pervaporation process.

2.5 Preparation of NR/PMMA-SiO2 membranes
For NR/PMMA-SiO2 membranes preparation, the
nanocomposite emulsion at 15% and 20% (w/w) silica
loading was selected to blend with NRL at various weight
ratio (NR/PMMA-SiO2 = 100/0, 90/10, 80/20, 70/30,
60/40) at 450 rpm stirring rate for 30 min at room
temperature. Then, ZnO (2 phr), ZDEC (1 phr) and sulfur
(1.5 phr) were added into the latex, respectively at 350 rpm
stirring rate for 2 h at 60 °C. Finally the latex was casted
on mold glass plate (9 cm x 9 cm x 3 mm) and dried at
70 °C for 5 h. The final product was formed into a
yellowish white membrane with the 0.4 mm approximate
thickness.
2.7 Characterization of NR/PMMA-SiO2 membrane
Thermogravimetric analysis (TGA) was performed
using a thermal analysis instrument (Perkin-Elmer Pyris

2.8 Pervaporation
In the pervaporation process (Fig 1), the membrane
samples (NR/PMMA-SiO2 = 100/0, 90/10, 80/20, 70/30)
was assembled in the stainless steel frame module (11.34
cm2 of the effective area) and contacted with feed solution
for 2 h by circulating solution from feed tank at room
temperature. The vacuum was applied to the permeate side
and the process was performed at room temperature for 3
h. The permeate vapor was trapped in cold trap glass in ice,
while the liquid retentate was circulated back to feed tank.
Then the composition of permeate was determined by UVvis

spectroscopy

technique.

The

performance

of

membrane was calculated from total permeate flux, J
(g/m2h) using Eq. (1):

𝐽=

( )
(

)×

( )

(1)

Diamond) by placing 10 mg of membrane sample in a
platinum pan. The temperature was raised under a nitrogen
atmosphere from room temperature to 800 °C at a heating
rate of 10 °C /min with a nitrogen flow rate of 50 mL/min.
The mechanical properties of NR/PMMA–SiO2
membranes were measured using Universal Testing
Machine (INSTRON 5566) utilized a 10 kN load cell at
500 mm/min of the cross-head speed according to ISO 37.
Samples were cut into dumbbell type specimens. Three out
of five measurements were chosen to be average
representative value.

3. Results and Discussion
3.1 Effect of macro-RAFT agent on PMMA emulsion
From Table 1, the particle size of PMMA emulsion
are decreased with increasing the macro-RAFT agent
concentration from 1% to 10% due to that the increased
amount of hydrophilic chains in macro-RAFT structure
could reduce the chain growth rate in emulsion [6, 7].
Hence the higher macro-RAFT agent concentration, the
smaller particle size of PMMA was obtained. The
synthesized condition of PMMA_10 (10% of macroRAFT agent concentration) could give the smallest
particle size of 86.2 nm (Table 1). However, the macro-
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RAFT concentration had no significant effect on monomer
conversion in any condition.

3.2 Effect of silica loading on PMMA-SiO2 emulsion
Figure 4 shows the ATR-FTIR spectra of modified

Figure 2 shows the effect of macro-RAFT agent

silica and PMMA-SiO2 emulsion. For the modified silica

concentration on the physical characteristics of PMMA

spectrum, the absorption bands at 1099, 807 and 548 cm -1

emulsion and the higher transparency exhibited at the

corresponded to the Si-O-Si groups. The absorption bands

higher macro-RAFT agent concentration. From the TEM

at 3404, 2923 and 2854 cm-1 corresponded to OH, CH and

micrographs and particle size distribution as shown in

CH2 stretching of VTS group, respectively. The band at

Figure 3, both sample showed the PMMA in the spherical

1653 cm-1 was assigned to the C=C stretching of VTS

shape with the particle size distribution of PMMA_01 and

group, indicating that VTS could successfully bonded with

PMMA_10. Accordingly, the particle size of PMMA

silanol group on the silica surface. For the PMMA-SiO2,

decreased with increasing the macro-RAFT agent

the absorption bands at 2950, 1724 and 1435 cm-1 were

concentration (Table 1).

assigned to CH, C=O and CH3 stretching vibration of
PMMA, respectively [8]. Furthermore, PMMA-SiO2

Table 1 Effect of macro-RAFT agent concentration on
particle size and monomer conversion (%) of

spectrum showed the characteristic peaks of silica,
implying the PMMA encapsulated modified silica.

PMMA emulsion
Sample

%RAFT

Particle size (nm)

%conversion

PMMA_01

1

156.2

86

PMMA_03

3

137

83

PMMA_05

5

126

81

PMMA_10

10

86.2

83

Condition: ACP = 30 mg, H2O = 30 g, MMA = 3 g, Temp = 75 °C, Time = 2 h.

Figure 4 ATR-FTIR spectra of modified silica and
PMMA-SiO2 nanocomposites.
The 1H-NMR spectrum of PMMA-SiO2 is shown in
Figure 2 The effect of macro-RAFT agent concentration
on characteristics of PMMA emulsion.

Figure 5a). The signal at 3.7 ppm corresponded to the
proton on methyl group next to the ester bond. The signal
between 1.7 to 2 ppm corresponded to the proton on
methylene group in the backbone structure, and the
chemical shift between 0.7 to 1 ppm assigned to methyl
group attached to the polymer chain. In addition, the small
signal between 7 to 7.5 ppm were referred to proton in
aromatic ring of styrene in macro-RATF agent structure
[7]. This implied that PMMA-SiO2 nanocomposite was

Figure 3 TEM micrographs and particle size distribution
of (a) PMMA_01, (b) PMMA_10.

successfully
polymerization.

synthesized

via

RAFT

emulsion
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Table 2. Effect of silica loading on parameters of PMMA-SiO2 nanocomposites emulsion.
Sample

% Silica loading

Particle size (nm)

% Solid content

Silica encapsulation efficiency (%)

% Conversion

PMMA-SiO2_10

10

57.6

9.5

67

88

PMMA-SiO2_15

15

90.8

10.5

56.5

93

PMMA-SiO2_20

20

131.7

11.0

48

96

PMMA-SiO2_25

25

>200

-

-

-

Condition: macro-RAFT = 10 wt% ACP = 30 mg, H2O = 30 g, MMA = 3 g, Temp = 75 °C, Time = 2 h.

a)

b)

Figure 5. a) 1H-NMR spectrum and b) chemical structure of PMMA-SiO2 nanocomposites

From Table 2, the particle size of PMMA-SiO2
nanocomposites increased with increasing silica loading

nanocomposite emulsion with high stability, nanosized

from 10% to 25% due to the aggregation of nanosilica at

particle, high conversion and core-shell structure that

high silica loading. The phase separation was also occurred

would be applied as filler in NR latex to form membrane

at 25% silica loading and this aggregation also affected the

for pervaporation process.

silica encapsulation efficiency that was decreased from
67% to 48% with increasing silica loading from 10% to
20%, respectively. Similar results were also reported by
the previous research works. [5, 7-9]
Figure 6 shows the characteristics of PMMA-SiO2
emulsion, at the higher silica loading (15-20%). The
product emulsion was thicker, less transparent and still

Figure 6 The effect of macro-RAFT agent concentration
on characteristics of PMMA-SiO2 emulsion

stable in the emulsion form, in exception, PMMA-SiO2_25
emulsion was separated into two phases. Furthermore,
from TEM micrograph (Fig. 7), the PMMA-SiO2_15
exhibited the core-shell morphology. The darker area at the
center represented the silica particle and the brighter area
was the PMMA encapsulated silica. Thus, PMMA-SiO2
synthesis by RAFT polymerization could produce the

Figure 7 TEM micrograph and particle size distribution of
PMMA-SiO2
SiO2_15).

nanocomposites

(PMMA-
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Table 3 Thermal and mechanical properties of NR/PMMA-SiO2 membrane
NR/PMMA-SiO2

Pure NR

15% Silica in emulsion

20% Silica in emulsion

100/0

90/10

80/20

70/30

90/10

80/20

70/30

0

1.5

3.0

4.5

2.0

4.0

6.0

Tid (°C)

347.9

349.2

349.1

348.7

346.3

348.7

349.5

Tmax (°C)

376.3

377.5

378.8

380.5

376.1

379.1

379.9

Tensile strength (MPa)

22.2 ± 1.6

34.1 ± 1.0

24.1 ± 1.1

15.5 ± 0.4

25.6 ± 3.1

20.0 ± 0.7

13.8 ± 1.2

300% Modulus (MPa)

1.61 ± 0.12

2.63 ± 0.09

3.98 ± 0.26

5.72 ±0.16

2.27 ± 0.26

3.69 ± 0.10

4.42 ± 0.31

762 ± 25

736 ± 31

649 ±19

522 ± 9

742 ± 19

648 ± 9

549 ± 12

Silica content
Thermal properties

Mechanical Properties

Elongation at break (%)

loading,
3.3 Thermal and mechanical properties of NR/PMMASiO2 membrane

compared

with

unfilled

NR

membrane.

However, the elongation at break of NR/PMMA-SiO2
composite

decreased

with

increasing

PMMA-SiO2

PMMA-SiO2 emulsion at 15% and 20% silica

content, due to the brittle properties and low strain at break

loading was blended with NR latex to form the hybrid

of PMMA polymer in nanocomposites [10]. Therefore,

membrane. The effect of nanocomposite content at

the incorporation of PMMA/SiO2 increased the tensile

NR/PMMA-SiO2 ratio of 100/0, 90/10, 80/20 70/30 and

strength of hybrid membrane at ratio of 90/10 NR/PMMA-

60/40 on thermal and mechanical properties are reported

SiO2 (both 15% and 20% silica loading in emulsion).

in Table 3.

However, the tensile strength decreased at ratio of 80/20

The initial decomposition temperature (Tid) of
NR/PMMA-SiO2 membranes at various composition was

and 70/30 due to the silica aggregation reduced the
interaction between nanocomposite and NR [8].

almost constant (346.3-349.5 °C). The maximum

This implies that the PMMA-SiO2 nanocomposites

decomposition rate temperature (Tmax) of unfilled NR

could improve the mechanical properties of NR

membrane is 376.3 °C. After adding the PMMA-SiO2 in

membrane.

the NR membrane, the Tmax of NR/PMMA-SiO2 at silica
content of 4.5% and 6% were significantly increased to
380.5 °C and 379.9 °C, respectively. These results have
shown the capability of PMMA-SiO2 filler in terms of
thermal reinforcement and good dispersion in NR latex.
Interestingly, the Tmax of hybrid membranes were lower
than reported by the previous works since reduction of
dispersion by silica aggregation effect in filler [7,8].
The mechanical properties of NR/PMMA-SiO2
membrane are also presented in Table 3

The 300%

modulus of NR/PMMA-SiO2 composite was increased
with increasing PMMA-SiO2 content. For the blending
ratio of 70/30, the 300% modulus was increased to 5.72
MPa at 15% silica loading and 4.42 MPa at 20% silica

Figure 8 Effect of PMMA-SiO2 content in hybrid
membrane on water permeate flux.
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3.4 Pervaporation performance
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Abstract
In this work, indium-doped zinc oxide (IZO) nanoparticles were developed and their use as a near-infrared
absorbing additives in a low-density polyethylene film (LDPE) was investigated. The IZO nanoparticles were synthesized
by a solvothermal method using 2-methoxyethanol as a solvent in a microwave reactor. SEM-EDS, XRD, FTIR, and UVVis-NIR were then used to characterize the IZO nanoparticles and the blended films. The results showed that the amount
of indium in the zinc oxide can influence the absorption in the NIR region strongly. The NIR absorption reaches the
highest value when the amount of indium content in the IZO nanoparticles is about 6 wt%. The resulting LDPE/IZO
nanocomposite film also shows good transparency in the visible region with the NIR transmittance of less than 70% at
the 1 wt% of IZO loading in the composite film.
Keywords: Indium zinc oxide, low-density polyethylene film, near-infrared attenuation
1. Introduction

found to have good visible transparency while blocking

Sunlight is a very important energy source for the
living system on earth. Amongst solar radiations, visible
light is the most important part of light for human to see
1

and for plant to carry out photosynthesize while the high
energy ultraviolet (UV) light tends to be harmful to both
2

human and plant . The near infrared (NIR) light plays a
major role in the heating of the structure due to solar
radiation. In certain part of the world especially in tropical
region, excessive heat that enters the structure requires
management and this usually increases electricity
consumption in order to reduce the temperature.3
NIR or UV blocking materials can help to reduce
the heat load inside the structure due to sunlight without
compromising the amount of the visible light that can enter
the structure.4 Some transparent conductive materials were

UV and NIR irradiation. They are used in applications
such as a smart window in order to reduce heat inside the
structure.5 Indium tin oxide (ITO) is one of the most
widely studied as the NIR absorbing, visible-light
transparent material.6 However, the cost of the material is
quite expensive and may not be suitable for use in a plastic
film additive application. Zinc oxide is another attractive
material to consider due to its lower cost and it has been
shown that zinc oxide upon doping with indium can show
an absorption in the NIR region.7
Various techniques have been developed to
synthesize these nanoparticles such as hydrothermal8,
spray pyrolysis9, solvothermal10, coprecipitation11 and
other conventional methods12. However, these methods
tend to take long time to synthesize. A microwave-assisted
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synthesis can help to reduce the synthesis time greatly
resulting in nanoparticles which may have lower cost.

13

In this work, IZO particles will be synthesized by a
microwave-assisted

solvothermal

method

The LDPE/IZO composites were prepared using an
internal mixer (Chareon Tut, Thailand) at 190℃ and rotor
speed of 50 rpm for 15 min. The content of additives (IZO)

and

in polymer was 1 wt%. The film samples were obtained by

characterized. These nanoparticles are then incorporated

using a hot-press compression molding machine (Chareon

into the LDPE polymer resin. A melt processing method

Tut, Thailand) at 190℃ with pressure 1500 psi for 5 min.

using an internal mixer is employed for blending the
nanoparticles with the LPDE resin followed by a hot-press
compression into a composite film.

14

The optical

properties of the resulting film are also discussed.

2.4 Nanoparticle and nanocomposite characterization
SEM images and energy dispersive X-ray (EDX or
EDS) are performed by using FE-SEM and SEM-EDS
(Hitachi SU-8030). The samples were coated on the carbon

2. Experimental

tape at a thickness of 10 nm. Images are recorded with an
acceleration voltage of 5 kV at different magnification to

2.1 Materials
Indium acetate (In(CH3CO2)3, 99.99%) was
purchased from Carlo ERBA company, and zinc acetate
dihydrate (Zn(CH3CO2)2 .2H2O, 99.999%,) was purchased
from

China.

2-methoxyethanol

(CH3OCH2CH2OH,

99.8%) was used as a solvent in a synthesis reaction, was
also purchased from Carlo ERBA company. Low-density
polyethylene (LDPE) pallet was purchased from PTT
Global Chemical company, density: 0.922 gcm-3, melt
index: 0.27 g/10 min (190 ℃/2.16 kg).
2.2 IZO nanoparticle synthesis
The IZO nanoparticles were prepared with the
chemical used as received. In typical, 0.07233 g of In
(CH3CO2)3 and 1.5 g of Zn (CH3CO2)2.2H2O were
dissolved in 20 ml of 2-methoxyethanol. The ratio of
In3+/Zn2- was 6%. To crystallize the particles, the resulting
suspension was heated for 30 min at 200℃ in a FlexiWAVE microwave reactor (Maximum power 1000W and
magnetic stirrer 20%). After microwave-assisted heating,
the suspension was obtained. The nanocrystals were
collected by centrifugation and then re-dispersed with 2methoxyethanol three times. The IZO powder was
obtained by drying at 70℃ overnight in an air oven. IZO
was synthesized with different ratio of In3+/Zn2+ such as 1,
3, 6, and 12 wt%.
2.3 Preparation LDPE/IZO composite film

observe morphological changes of the samples.
X-ray diffraction (XRD) patterns of the IZO
nanoparticles were collected using Bruker D8 Advance Xray diffractometer with Cu Kα radiation ( λ = 0.15418)
source and operated at 40 mV and 40 mA. The diffraction
patterns were recorded in the 2θ = 10-80o range.
Fourier transform infrared spectroscopy (FTIR)
data were collected on a Thermo Scientific Nicolet iS5
spectrometer on a laminated diamond mounted in a
stainless-steel plate in the 4000-500 cm-1 range with a
resolution of 4 cm-1 and 32 scans.
UV-Vis-NIR spectroscopy was used to characterize
the optical properties of IZO nanoparticles and LDPE/IZO
films. For IZO nanoparticles, UV-Vis-NIR spectra were
recorded in reflectance mode (%R) using a Cary 5000 UVVis-NIR spectrometer (Agilent Technology), equipped
with an integrating sphere. For LDPE/IZO films, UV-VisNIR spectrophotometer (Lambda 950 by PerkinElmer)
was used, and the spectra were recorded in transmittance
mode (%T). The spectra were recorded in the wavelength
λ = 200-2500 nm range.
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3.1.2 X-ray diffraction of nanoparticle
XRD patterns of synthetic ZnO and IZO is shown

3.1 Nanoparticle and nanocomposite characterizations
3.1.1 SEM and EDS analysis of nanoparticle
Figure 1 provided a SEM image and an EDS table
of ZnO and IZO with different concentrations of indium.
According to the SEM overview, ZnO nanoparticles
exhibited spherical morphology with particle size in the
range from 250-350 nm. In the case of IZO, the particle
size was varied from 20-70 nm with the change of
morphology from rounded to rod-like with an increasing
amount of indium content. The presence of indium
influenced the particle size and morphology of ZnO
particles. Figure 1.f shows the EDS table of ZnO and IZO
nanoparticles with different concentration of indium
content. The unmodified ZnO presented only Zn and O

in Figure 2. It shows a single crystalline phase with
wurtzite structure11. The spectra of ZnO shown that no
phase corresponding to indium oxide or other compounds
was detected indicating a uniform mixing of indium with
ZnO. Upon indium mixing, the diffraction peaks shift
slightly towards lower diffraction angles compared to the
ZnO nanoparticles. In addition, the width and intensity of
IZO peaks become broader and smaller respectively than
the corresponding peaks in the ZnO, indicating a ZnO
lattice distortion and less crystallinity due to the presence
of the indium.15 The shifting and broadening increases
with increasing indium content. This result indicates that
these indium atoms introduced into the ZnO may occupy
an interstitial site of the ZnO crystal structure.

atoms while modified IZO contained Zn, O and indium
atoms with increasing weight percentage of indium atoms
following the indium content in the preparation solution.
Base on the EDS results, it showed the formation of IZO
nanoparticles.

Figure 2 XRD patterns of IZO with different indium
concentrations: a. ZnO; b. IZO-1%In; c. IZO-3%In; d.
IZO-6%In; e. IZO-12%In.

3.1.3 FTIR analysis of nanoparticle
The structure of pure ZnO and modified ZnO by
different amounts of indium were studied using FTIR in
wavenumber from 4000-500 cm-1 as shown in Figure 3.
The spectra consist of peaks at wavenumber 3000-3500
cm-1 which are related to the adsorbed O-H group, and at
Figure 1 SEM image of all samples: a. ZnO, b. IZO-1%In,

1300-1700 cm-1 that can be assigned to the adsorbed H2O

c. IZO-3%In, d. IZO-6%In, e. IZO-12%In, and f. EDX

or the surface metal-O-H (Zn-O-H or In-O-H), which

table of all samples.

increases with increasing indium concentration. Moreover,
the region around 700-1100 cm-1 indicates vibrations of
metal-oxide (Zn-O; In-O).11 The introduction of indium
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3.1.5 UV-Vis-NIR analysis of nanoparticles
The optical properties of indium mixing in ZnO
nano-powders are shown in Figure 5 reporting as
absorbance spectra. All samples of ZnO with and without
indium content showed high absorption in the UV region
200-380 nm while low absorption in the visible region.
Moreover, all spectra with the introduction of indium
showed strong absorption bands in the NIR region range
from 800-2000 nm due to the effect of indium doping
which modified the optical property of the ZnO.10 The

Figure 3 FTIR of ZnO and IZO with different indium
content.
3.1.4 FTIR analysis of LDPE/IZO films
The chemical structure of LDPE and LDPE/IZO
films with different content of indium concentration was
studied by FTIR as shown in Figure 4. The spectrums are
shown some strong peaks in region 2915 cm-1 and 2847
cm-1 were assignable to CH2 as an asymmetric and

capability of the IZO nanoparticles in absorbing light in
the NIR region due to the free carrier that arises from
indium doping.17 This absorption band in the NIR region
increases as the indium content increases, reaching a
maximum value at 6% of indium. However, a further
increase in indium concentration to 12% leads to a
decrease of absorption than those of the 3 and 6% indium
in this NIR region, hence the optimum indium doping for
maximum NIR absorption occurs at about 6% doping level.

symmetric stretching respectively, at 1462 cm-1 indicated
as CH3 bending deformation, and the rocking deformation
of methylene (CH2) at 719 cm-1. In addition, these
spectrums also exhibited some of the very low peaks such
carbonyl group (C=O) at 1720 cm-1, and C-O at 1263 cm-1
and 1095 cm-1, which increased with increasing indium
concentration, which may happened by oxidation during
processing and from impurities of raw LDPE pallets.16
Figure 5 UV-Vis-NIR absorbance of ZnO and IZO with
different indium content.
3.1.6 UV-Vis-NIR analysis of LDPE/IZO films
The spectral transmittance in the UV-Vis-NIR
region (200-2500 nm) of pure LDPE and LDPE mix with
1% of each IZO nano-powders with different indium
content (1%, 3% 6%, and 12% In) are illustrated in Figure
Figure 4 FTIR of LDPE and LDPE/IZO films with

6. The average transmittance value of all LDPE/IZO films

different indium contents.

in UV region (200-400 nm) decreased significantly to
under 20% which is lower than the pure LDPE (about
64%), while they remained high transmittance (over 80%)
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in the visible region (400-700 nm). In addition, the
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Abstract
Polylactide (PLA) blend foams with poly(butylene adipate-co-terephthalate) (PBAT), and toluenediphenyl
diisocyanate (TDI) were prepared by a twin screw extruder. A study on the influence of different PBAT contents and
addition of TDI on the thermal behavior, foam morphology, and mechanical properties of PLA blend foams was
investigated. The results indicated that degree of crystallinity (χc), foaming behavior and toughness of the PLA blend
foams were improved with the addition of PBAT. Moreover, the results demonstrated that the enhanced crystallinity
resulted to improved foam morphology of PLA blend foams. The addition of 20 wt% PBAT on PLA blend foams clearly
improved impact toughness about 4 folds, compared to neat PLA. Besides, TDI acted as a compatibilizer of PLA/PBAT
blend foams as evidenced by the reduction of glass transition temperature (Tg) of blend foams and the increment of
flexural strength compared with those without TDI. The cell size tended to decrease; whereas, flexural strength
significantly increased with the introduction of TDI 5 wt% based on PBAT..
Keywords: Blend, Crystallinity, Compatibilizer, Foam, Toughness.
1. Introduction
The

elongation at break and toughness of PLA/PBAT (80-20)

conventional

polymeric

foams

(i.e.,

polyethylene (PE), polystyrene (PS), and polyurethane
(PU) etc.) can be used in various application [1-2].
However, these foams have environmental concern which
limits the using of foams. Polylactide (PLA) is expected to
replace the usages of the petroleum based polymeric foams
because PLA is compostable and biodegradable material.
Moreover, PLA can be easily processed using standard
method and has good strength, high modulus, and
acceptable price [3-4]. Nevertheless, PLA also has some
drawbacks such as brittleness, low impact resistance, low
crystallization ability, and poor foaming behavior [4-6].
To improve its drawbacks, poly(butylene adipate-co¬terephthalate) (PBAT)

is

interesting

biodegradable

polymer to be a candidate to blend with PLA. PBAT has
extensively interested due to its high flexibility and
toughness [7]. Hongdilokkul et al., 2015, revealed that the

blend greatly enhanced compared to those of neat PLA [8].
Moreover, the study of Jiang et al., 2006 showed that the
impact toughness of biodegradable PLA/PBAT blends
significantly improved to 4.4 GPa (from 2.6 GPa of neat
PLA) with the addition of PBAT 20 wt% [7].
Furthermore, Nofar et al., 2017 studied mechanical and
bead foaming behavior of PLA/PBAT and PLA/PBSA
blends with different morphologies. They found that
PBAT droplets caused the heterogeneous cell nucleation
and increased the crystallinity and foaming behavior of the
PLA blend foams [4]. These results indicated that PBAT
can be a good material to blend with PLA foam. However,
the PLA/PBAT blend has the lack of compatibility which
led to have poor mechanical properties and phase
separation between two phases. A compatibilizer is
required for reduce the interfacial tension of the blends.
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Many compatibilizers can be used to improve interfacial

acid and sodium bicarbonate with a purity of 99.9% were

adhesion i.e., maleic anhydride, dioctyl maleate (DOM),

purchased from Sigma-Aldrich LLC (St Louis, MO). In

and isocyanate compounds [9-11]. This work was aimed at

this work, they were mixed at a ratio of 1:4 for use as the

preparing the PLA/PBAT and PLA/PBAT/TDI blend

chemical blowing agent (or was defined as CS) during

foams with enhanced crystallization ability, foaming

foam formation.

behavior, and mechanical properties. The effect of PBAT

The PLA and PBAT were dried in a vented oven at

contents and compatibilizer addition were evaluated by

60 °C overnight before blending. The PLA foam and its

differential scanning calorimeter (DSC), scanning electron

blend foams were prepared by a corotating twin screw

microscopy (SEM), impact and flexural testing.

extruder (Prism TSE 16TC, Thermo Electron Corporation,
Karlsruhe, Germany) with screw speed of 60 rpm. PLA,

2. Materials and Methods

PBAT, and TDI were premixed before extrusion process.
The temperature profiles of the extrusion were controlled

The PLA resin (PLA 2003D) was purchased from

on ranging from 110 °C to180 °C. Then the foam pellets

NatureWork LLC (Cargill-Dow, Mineapolis, MN) and

were dried in a vented oven at 60 °C overnight to eliminate

used as a polymer matrix. The PLA pellets were

any moisture. The rigid blend foams were compress

transparent with a density of 1.24 g/cm3. Its glass transition

molded by a hydraulic press (KT-7014, Kao Tieh

temperature (Tg) and melting temperature (Tm) are

Machinery Industrial, Taichung, Taiwan) under optimum

approximately 60 and 154 °C, respectively. PBAT

conditions: the holding temperature of 175 °C; without any

3

(Ecoflex F BX7011) with a density of 1.26 g/cm was from

pressure; a cycle time of 15 min. The PLA/PBAT foams

the BASF Corporation (Ludwigshafen, Germany). Its Tg

with difference PBAT content and PLA/PBAT faoms with

and Tm are about -30 and 110 °C, respectively.

TDI presence were defined as PB and PB_T, respectively.

Toluenediphenyl diisocyanate (TDI) was from Siam

Sample formulations and its abbreviations are shown in

Chemical Industry Co., Ltd., Bangkok, Thailand. Citric

Table 1.

Table 1 The formulations of PLA/PBAT blend foams with and without TDI.
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3. Characterization

3.3 Impact testing
The notched izod impact testing of rectangular

3.1 Crystallization and thermal behaviors

foam specimens with a size of 63.5 mm length, 12.4 mm

Crystallization and thermal behavior of the blend
foams were characterized by a differential scanning
calorimeter (DSC; DSC 200 F3 Maia, NETZSCH
Instruments, Selb, Germany). All measurements were
studied at a heating rate of 10 °C/min, a cooling rate of
10 °C/min, and a temperature range of -30 to 200 °C. The glass
transition temperature (Tg), crystallization temperature (Tc), coldcrystallization temperature (Tcc), melting temperature (Tm),

width, and 3 mm thickness was performed on an impact
tester (Zwick 5102 Pendulum, Zwick/Roell Group, Ulm,
Germany) using an exchangeable pendulum of 4 J,
according to ASTM D256-10 All specimens will be stored
overnight at room temperature before testing. The average
value will be obtained from at least five specimens. The
impact strength (EIm) can be calculated by the following
equation (3):

and degree of crystallinity (𝜒c) of the blend foams were
measured. The χ of the PLA foams and the PLA/PBAT

EIm =

blend foams will be calculated by equation (1) and (2),

Eab
b ×h

(3)

respectively.
Where EIm: Impact strength or Impact toughness (kJ/m2)
Eab: Impact energy (kJ)

χc (%) =
χc (%) =

(ΔHm,

)

(ΔH0 m, PLA )

x 100

∆Hm,blend
(Wf,PLA × ΔH0
)+(Wf,PBAT ΔH0
)
m,PLA
m,PBAT

(1)

b : The thickness of specimen (m)
h : The ligament width of specimen (m)

x 100 (2)
3.4 Flexural testing
The mechanical testing under flexural mode was

Where Wf,PLA :

Weight fraction of PLA in blend foams.

performed by using the universal testing machine (Instron

Wf,PLA :

Weight fraction of PBAT in blend foams.

3365, Ilinois Tool Work, IL). A static load of 100kN was

∆Hºm,PLA :

The melting enthalpy of the 100%

used at crosshead speed of 2 mm/min at room temperature,

crystalline PLA being 93.0 J/g.

according to ASTM D790-03. The rectangular shape

∆Hºm,PBAT : The melting enthalpy of the 100%
crystalline PBAT being 110.3 J/g.

specimens of 20 mm length, 20 mm width, and about 3 mm
thickness were prepared. At least five specimens of each
sample were evaluated, and the average values were

3.2 Foam morphology
The foam morphology of the PLA blend foams was
analyzed by a scanning electron microscopy (SEM) (SEM;
Quanta 400, FEI Company, Hillsboro, OR). The SEM was
operated at an acceleration voltage of 20 kV to image the
samples at 50x magnification. The foam samples will be
prepared by cryogenically cutting in liquid nitrogen and
sputter-coated with a thin layer of gold.

reported.
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4. Results and Discussion

the molecular weight of PLA and PBAT [10]. The higher
molecular weight polymeric chain may form a nuclei and

4.1 Crystallization and thermal behaviors

promoted the crystallization of the PLA/PBAT foams.

The crystallization behaviors and thermal transition
of neat PLA and PLA foams were shown in Table 2. Neat

4.2 Morphological behavior

PLA exhibits a glass transition temperature (Tg) at 60.1 ºC,

SEM was used to study the morphological

a cold crystallization temperature (Tcc) at 117.2 ºC, and a

characteristic of PLA foams. The SEM micrographs

double melting temperature (Tm1, Tm2) at 146.9 and 152.4

provide information on the foam structure, including the

ºC, respectively. A degree of crystallinity (χ ) that was

cell morphology and the distribution of cell in specimens.

st

calculated from 1 heating scan was 19.69%. There was no

Figure 1 shows representative SEM images of the cryo-

crystallization temperature (Tc) during the cooling scan,

fracture surface of the neat PLA, PLA/PBAT foams with

indicating that the neat PLA foam did not easily

and without TDI. All images were taken at the same

crystallize. As a result, the recrystallization of the

magnification of X50 (scale bar 500 µm). In Figure 1, the

laminated PLA was observed, leading to the appearance of

presence of close cells in the all PLA blend foams was

a cold crystallization peak. For double melting peaks of

observed. In neat PLA foam (Figure 1a), the polymer

PLA, it might be there are difference crystal structure of

matrix exists as the only continuous phase and the cell is

neat PLA. The lower melting peak and higher melting peak

dispersed in the form of discrete cell. The small amount

were related to imperfect crystal and perfect crystal,

and nonuniform cell of neat PLA were observed in neat

respectively [12]. These results indicated brittle behavior,

PLA micrograph. During foaming process, PLA’s

slow crystallization, and low χ of PLA. With the presence

inherently low melt strength which is due to low

of PBAT, the PLA/PBAT foams (PB) show a Tg reduction

crystallinity cause the cell can growth easily. Then large

because the flexible phase reduced chain stiffness and

cell size was achieved.

increased free volume of the polymeric PB chains [10].

For the case of PLA/PBAT foams, the cell size

The Tc also did not appear but the Tcc significantly

clearly decreased when compared to neat PLA foam. It due

decreased.

the

to the χ increased with the presence of PBAT phase. The

crystallization of PB could be easier perform compared to

results reveal that crystallization is a general phenomenon

those of neat PLA. Moreover, the crystallinity of PB foams

and a very important process. Because it developed

increased. The DSC results revealed that the addition of

crystalline structure makes the PLA matrix stiffer and the

PBAT could accelerate nucleation in PLA and it played a

cell expansion process is hindered by crystal phase which

role in the nucleation process of the blend foams [13].

controls the cell structure [14-17]. Moreover, the

The

reduced

Tcc

indicated

that

Similar results were noticed in the PLA/PBAT

crystallinity reduces the solubility of gas in the polymer as

foams with the addition of TDI. The compatibilizer could

the crystals are considered impermeable [18]. The small

improve the interfacial adhesion, results to the shift of Tg

molecules (i.e. CO2 gas) is unable to diffuse into the

to lower temperature compared to those of PB without

crystalline region [19]. For the addition of TDI

TDI. In addition, the Tc of the blend foam appeared and

compatibilizer, the cell morphology was smaller and the

Tcc tended to reduce as presented in Table 2, indicating

cell distribution tended to be better. Because of the

that TDI has significant effect to crystallization process of

enhanced crystallinity with the incorporation of TDI, the

PB foams. Furthermore, the crystallinity of PB foams with

crystalline phase is able to restrict the cell growth process

TDI addition tended to increase. It might be TDI not only

and limit the cell size, respectively [22]. That result to the

improved interfacial adhesion but it also acted as chain

better foaming behavior.

extender extended the polymeric chain length and increase
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4.3 Impact testing

not break in impact testing, as reported from Hongdilokkul

Table 3 presents the impact strength and flexural strength

et al., 2015 [8]. Jiang et al., 2016 studied the effect of

of neat PLA and PLA blend foams. The impact strength of

PBAT on biodegradable PLA/PBAT blends. They found

2

neat PLA foam was 1.09 kJ/m , this indicated that the neat

that the presence of PBAT showed toughening process via

PLA foam is brittle rigid foam. The addition of low PBAT

crazing, cavitation, shear banding, crack bridging, and

content (< 20 wt%), the impact strength tended to be higher

shear yielding [6].

2

than neat PLA. For example, PB20 shows 4.44 kJ/m of
impact resistance. The PBAT has high toughness and it did

Table 2 The thermal properties of neat PLA, PLA/PBAT, and PLA/PBAT/TDI blend foams.

Figure 1: Cryo-surface fracture of PLA blends foam with and without TDI compatibilizer; (a) neat PLA, (b) PB10, (c)
PB20, (d) PB30, (e) PB40, (f) PB10_T, (g) PB20_T, (h) PB30_T, and (i) PB40_T

Surprisingly, the impact strength tended to reduce

Petinakis et al., 2009 revealed that the enhancement of the

with the TDI introducing instead increasing as an expected

interfacial adhesion between two phases in polymer did

result. Although, TDI could be used as compatibilizer to

not result in the enhancement of impact strength [23].

improve interfacial adhesion between PLA and PBAT, as
mention above.
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Table 3 The impact strength and flexural strength of neat

5. Conclusion

PLA, PLA/PBAT, and PLA/PBAT/TDI blend foams at
various PBAT contents

In this work, the investigation of using PBAT and
TDI

to

improve

the

thermal

behavior, foaming

morphology, and mechanical properties of PLA blend
foams was carried out. The addition of PBAT promote
crystallization process of the PLA/PBAT foams by
decreasing cold crystallization temperature and enhancing
crystallinity compared to neat PLA foam. Furthermore, the
increased crystallinity resulting to the decreased cell size
was observed and then greatly improved cell uniformity of
PLA blend foams. Both impact strength and flexural
strength of PLA/PBAT blend foams tended to be higher
with the addition of PBAT, comparing with those of neat
PLA. In the case of the introducing of TDI compatibilizer,

4.4 Flexural testing
The flexural strength of neat PLA foam and its

the results demonstrated that the interfacial adhesion

blends are shown in Table 3. Neat PLA foam is a brittle

between PLA and PBAT phases was improved as

foam with low flexural strength (8.45 MPa). Actually, the

evidenced in higher flexural strength and shifted Tg of PLA

addition of soft material as PBAT, the flexural strength

blend foams. The form of urethane linkage and amide

should be decrease. But in this work, the addition of PBAT

linkage caused higher molecular weight of blend foams.

phase showed highly enlarge flexural strength, as presents

This phenomenon led to the improved crystallization

in Figure 2b. It might be the higher crystallinity with the

ability of PLA blend foam. Moreover, the crystallization

increment of PBAT. This data is agreeable with the study

plays an important role to control foaming behavior. The

of Perego C et al., 1996. They investigated the effect of

cell size and cell distribution were clearly improved with

molecular weight and crystallinity on poly(lactic acid)

the enhanced crystallinity degree. Nevertheless, the

mechanical properties and found that the flexural

addition of TDI compatibilizer did not result in the

properties increase with the crystallization degree and

enhancement of impact strength, resulting to the reduction

molecular weight [24].

of impact performance. In contrast, the flexural strength

For the owning of TDI compatibilizer, the flexural

showed the higher trend with the addition of TDI. The

strength is obviously enhanced, as display in Figure b. It

result indicated that TDI can used effective compatibilizer

might be the TDI could act as chain extender which led to

for PLA/PBAT blend foams.

molecular weight increased. The increment of molecular
weight can promote the flexural strength [24]. Moreover,
TDI could act as compatibilizer and chain extender for
PLA and PBAT blend foam. The improvement of
interfacial

interaction

via

compatibilization

which

enhances the wetting and adhesion bond strength.
Phetwarotal et al., 2016 revealed that, both the hydroxyl
and carboxyl groups of the PLA and PBAT have
interaction with diisocyanate groups of TDI and then form
strong urethane and amide linkage [11].
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Abstract
Poly(lactic acid)/poly(butylene succinate) (PLA/PBS) blend incorporated with succinic anhydride (SA) is proposed
to prevent shrinkage after annealing at high temperature. The esterification of hydrolyzed SA between PLA and PBS
chains is achieved to modify PLA chains with PBS diols, resulting in the enhancement of homogenous blend according
to increased SA content. The thermophysical properties of PLA/PBS/SA films are improved with 0% shrinkage, as
compared to those of pure PLA and PLA/PBS films. For mechanical properties, the high tensile strength of PLA/PBS/SA
film was remained after annealing at 60°C and 100°C, especially PLA/PBS/SA 0.1 film. This result reflects to the SAmodified PLA with PBS chains, limiting the free movement of amorphous PLA chains by heat. These PLA/PBS/SA blend
properties demonstrate the potential use in food packaging further.
Keywords: Poly (lactic acid), Poly (butylene succinate), shrinkage, dimensional stability
1. Introduction:

coconut fiber, resulting in reduced shrinkage of

PLA is a well-known biodegradable plastic,

PLA/plasma-treated coconut fiber films at 80°C for

produced from renewable resources with excellent

3 hours. Nevertheless, the %elongation at break was

properties of high transparency, tensile strength, and

relatively low (1%).3

elastic modulus. Up to the present, PLA is utilized in many
application,

especially

packaging

field.

PBS, another biodegradable polymer, was

However,

reported about high thermal and chemical resistance. Also,

brittleness, low crystallization rate, and low thermal

PBS shows high flexibility and high crystallization rate.6

dimensional stability are the limitations of PLA.1

Hassan et al. studied on thermal degradation and

In the past, PLA was incorporated with other
substances to improve thermal stability such as beta2

3

4

mechanical

properties

of

PLA/PBS

blends

with

systematically varied blending weight ratios. When PBS

5

cyclodextrin (β –CD) , coconut fiber , kenaf fiber , clay

content increased, the degradation temperature, impact

etc. For instance, Byun et al. prepared PLA/β-CD and

strength and the flexibility of PLA/PBS blends were

PLA/PLA-β-CD-inclusion complex (PLA/PLA-IC-β-CD)

improved. Additionally, the optimum PBS contents of

composite films, the IC system enhanced the interfacial in

10% and 20% in the PLA/PBS blend increased storage and

PLA/PLA-IC-β-CD film. 5% PLA-IC-β-CD reduced

loss moduli with high viscosity at all frequencies.

dimensional change at the temperature of 20-80°C for 6.6

However, many studies revealed the phase separation

2

times, as compared to that of pure PLA (43% shrinkage).

between PLA and PBS, corresponding to poor mechanical

However, the tensile strength and flexibility of the PLA/β-

properties. Therefore, several compatibilizers were

CD and PLA/PLA-IC-β-CD films were decreased

required in order to improve homogeneous PLA/PBS

significantly. Jang and coworkers reported that PLA was

blends, for example, Methylene diphenyl diisocyanate

incorporated with coconut fiber, the plasma treatment was

(MDI)7, toluene diisocyanate (TDI)8. The diisocyanate

applied to improve interfacial adhesion between PLA and

group of MDI reacted with end hydroxyl group of PLA and
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PBS chains, resulting in greatly increase of elongation at

Fourier transform infrared (FTIR) spectrometry technique.

break as compared to those of pure PLA and PBS, and the

The attenuated total reflectance (ATR) mode in the

PLA/PBS blend. However, the studies focused on

wavenumber range of 4000-400 cm-1 was used with

thermophysical properties of the reactive compatibilized

32 scans at a resolution of 4 cm−1.

PLA/PBS blends were rarely reported and using reactive
compatibilizer with food-contact approval was also
another point to consider.

2.2.2. Morphology
The

obtained

PLA/PBS

and

PLA/PBS/SA

In this study, the PLA/PBS blends incorporated

compounds were sputter-coated with gold for 3 minutes.

with succinic anhydride (SA) as a reactive compatibilizer

The cross-sectional surfaces of all samples were clarified

were produced by melt blending and blown to be films.

using a JEOL JSM-6610LV scanning electron microscope

The SA content was systematically varied, and the

(SEM) with 5000× magnification at 10 kV.

different annealing temperatures were applied to the
PLA/PBS/SA films. The successful esterification among

2.2.3. Dimensional shrinkage

PLA, PBS, and SA was illustrated by FTIR spectra and

The PLA/PBS and PLA/PBS/SA films were cut

scanning electron micrographs. Furthermore, tensile

into a rectangular ( 120 mm width × 150 mm length) . All

properties and performances of the PLA/PBS/SA films

samples were kept at 25±2°C and 50±5 % RH ( relative

before and after annealing were demonstrated for use in

humidity) for 60 days, and subsequently annealed in the

food packaging field.

air oven at two different temperatures: (i) at 60°C for
60 minutes, and ( ii) at 100°C for 60 min. Pure PLA film

2. Experimental

was also tested at the same conditions as a blank. After
annealing, the percentage of shrinkage of each sample was

2.1 Preparation of the crosslinked PLA/PBS films
Commercial PLA ( Ingeo™ Biopolymer 2003D)
and PBS ( BioPBS™ FZ91PM) resins were dried in a hot
air oven at 50°C for 24 hours before blending PLA with
PBS at weight ratio of 80/20 by a Kerke® TSJ–35A twin
screw extruder. The content of SA in the PLA/PBS blend
was varied ( 0.01, 0.05, 0.1 and 0.5 phr) . The processing
temperature was set in the range of 190–230°C with a
screw speed of 200–250 rpm. The obtained PLA/PBS and
PLA/PBS/SA were dried in the hot air oven at 50°C for 24
hours before blown as films by a Labtech Engineering LF4 0 0 blown film extruder. The film thickness was in the
range of 10 –30 µm. The possible structure of SA-modified
PLA with PBS was proposed in Scheme 1.
2.2 Characterization of the crosslinked PLA/PBS films
2.2.1. Crosslinking PLA with PBS chains
The successful esterification of the PLA/PBS/SA
film was preliminary confirmed by a Bruker TENSOR 27

determined by using equation (1)
% 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =

× 100%

(1)

Where A0 and Af were overall film areas before and after
annealing at various temperatures, respectively.
2.3.4 Mechanical properties
The mechanical properties of the samples were
measured in tensile mode by an Instron 5965 universal
testing machine, according to the ASTM D882- 02. The
crosshead speed and load cell were 12.5 mm/min, and
1 kN, respectively. Before testing, the samples were cut
into a rectangular shape (25.4 mm width × 150 mm length)
and conditioned at 23±2°C and 50±5% RH for 2 days.
The tensile test was performed for 10 times repeated.
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modification by reactive blending, based on esterification
of SA with PLA and PBS chains.
3.2 Morphology and Performances of the SA-modified
PLA/PBS films

Scheme 1 Proposed structures of of SA-modified PLA
with PBS
3. Results and Discussion
3.1 Structural analysis of the SA-modified PLA/PBS
films

Figure 2 Cross-sectional surfaces of (A) PLA, (B)
PLA/PBS, (C) PLA/PBS/SA 0.01, (D) PLA/PBS/SA
0.05, (E) PLA/PBS/SA 0.1, and (F) PLA/PBS/SA 0.5.
Figure 2 shows the cross-sectional surfaces of pure
PLA, and PLA/PBS blends with varied SA contents, as
observed by SEM. After PLA was blended with 20%wt
PBS, the rough surface was clearly found because of poor
Figure 1 FTIR spectra of the film samples.

interfacial adhesion between PLA and PBS phases, as also
found by Homklin et al. and Chinda et al.9, 10. Notably, the

The success of esterification between PLA and PBS
chains by dicarboxylic acids of hydrolyzed SA were
confirmed by FTIR spectra as shown in Figure 1. The
characteristic peak of carbonyl group (-C=O-) absorption
presents in the range of 1710-1760 cm-1. When PLA
blended with PBS, two carbonyl stretching position
appears at 1718 cm-1 and 1747 cm-1, assigned to PBS and
PLA, respectively. Notably, these peaks are shifted to 1722
cm-1 and 1749 cm-1, after SA addition. In particular, the
carbonyl peak is shifted to 1751 cm-1 when 0.1 and 0.5 SA
were used. These results implied the successful chemical

homogeneous phase was improved effectively when SA
was added into the PLA/PBS blend. It was worth
mentioning that the successful esterification between PLA
and PBS chains during extrusion process, provided the
miscible PLA/PBS blend in which SA effectively
functioned as reactive compatibilizer.
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3.3 Tensile properties of the SA-modified PLA/PBS
films

Figure 3 Dimensional shrinkage of pure PLA, and
PLA/PBS/SA films at various annealing conditions.
The obtained PLA, PLA/PBS, and PLA/PBS/SA
films were conditioned at room temperature for 60 days,
and annealed at 60°C, and 100°C for 60 min.
From Figure 3, PLA film drastically shrinks after
annealing, especially stored at 100°C. The percentage of
PLA shrinkage was significantly reduced from 21% to 3%
by blending with 20%wt PBS. This result suggested that
the intrinsic thermal resistance of PBS can contribute to
PLA phase in the system.
For PLA/PBS/SA films, there was no shrinkage
of the crosslinked PLA/PBS films, although the samples
were annealed at 100°C for 60 min. Additionally, the
thermophysical

properties

improvement

of

the

PLA/PBS/SA films were independent on SA contents.
It reflected that the formation of the SA-modified PLA
with PBS structure limited the free movement of
amorphous PLA and PBS chains to recrystallize, which
was promoted by heat during annealing. In the other
words, if there was no recrystallization of amorphous PLA
or PBS chains, the film shrinkage or loss dimensional
stability was not presented.
Figure 4 Mechanical properties of the film samples at
various annealing conditions: (A) tensile strength, (B)
Young’s modulus, and (C) elongation at break.
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Before annealing, the toughness of PLA/PBS blend
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Abstract
Modifications of paper’s surfaces by water-repellent agents typically make use of polyolefin, which require harsh
organic solvents and become difficult to recycle. Rising environmental concerns have forced many industries to seek
more environmentally-friendly processing methods and safer material alternatives. The aim of this work is to enhance
water-repellent property of paper products by treating with water-based emulsion of fatty acid derivatives, ketene dimercontaining (KDC), emulsion. KDC emulsions (nanoparticle) were fabricated by a classical oil-in-water emulsion with
ultrasonication-assisted process. Without the adverse effect of surfactant, an anionic sodium dodecyl sulphate (SDS) was
used as stabilizing agent. The obtained KDC emulsions showed high stability and monodispersed with an average size of
148 nm. The emulsion was then applied onto the paper’s surface by an ultrasonic spraying process. The treated paper
showed a large improvement in hydrophobic property, with a water contact angle of 130.0º. The results from attenuated
total reflection-Fourier transform infrared spectroscopy indicated chemical reactions between KDC and hydroxyl groups
from the paper’s cellulose structure. The prepared KDC emulsion has high potential for use in improving of waterrepellent property of paper products.
Keywords: fatty acid derivatives, oil-in-water emulsion, water-repellent paper
1. Introduction

To

overcome

these

problems

and

ensure

Nowadays, paper plays an increasingly important

sustainable development, natural hydrophobic substances

role in numerous applications, especially as packaging

that can provide hydrophobicity to the papers are needed.

materials for foods or non-food items, due to its

Fatty acid derivatives, for instance fatty acid anhydride

biodegradability and eco-friendly nature. However, the

(FAA) and ketene dimer-containing (KDC) compounds,

hydrophilic nature of paper from the presence of hydroxyl

have been extensively used as hydrophobic agents in

groups limits its applications in various sectors. Paper can

papermaking industry5, as these can readily react with

adsorb water from the environment or from food and

hydroxyl groups from paper pulp’s cellulose structure,

become hydrated, leading to a large decrease in

leading to β-ketoester bonds formation6-8. It was suggested

mechanical strength1-3. To improve hydrophobicity, paper

that the reaction of KDC with functional groups on the

is often coated with various polyolefin materials.

fiber surface needed thermal energy to impact on

This coating process, however, results in the loss of

spreading and displacement9. Conventionally, KDC was

biodegradable potential, in which the modified papers

needed to dissolve in organic solvent and applied in a

become difficult to recycle. Moreover, harsh organic

solution

4

solvents are required in the treatment process .

form.

However,

in

the

perspective

of

environmental concerns and health safety when creating
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food-grade or pharmaceutical-grade products, products in
a water-applicable or emulsion form is preferred.

2.2 Preparation of KDC emulsion
KDC emulsions were prepared by a facile oil-in-

KDC is hydrophobic in nature and insoluble in

water emulsion with ultrasonication-assisted process.

water . The simplest way to make KDC stable in water is

Firstly, KDC was dissolved in various organic solvents

emulsification, with the use of surfactant. However, using

such as cyclohexane, hexane, and ethyl acetate at 50%w/v.

surfactant may reduce the hydrophobic improvement

In parallel, an aqueous phase 0.5%w/v SDS was prepared

efficiency of KDC. Aiming to pull out KDC's highest

by dissolving SDS into DI water. Then, KDC solution was

6

10

efficiency, cleavage surfactant , sodium dodecyl sulfate

poured in an aqueous phase with a ratio of 3:10 at 47 ˚C.

(SDS), plays an important role in the preparation of KDC

The mixture was emulsified by ultrasonication at 60 amps

emulsion.

for 5 min. Finally, the KDC emulsions were obtained after

In

this

work,

a

process

for

improving

hydrophobicity of paper product is developed by using
water-based

KDC

emulsion.

KDC

stirring overnight under fume hood to evaporate any
residue solvent.

emulsions

(nanoparticle) is firstly prepared by a facile oil-in-water

2.3 Characterizations of KDC emulsions

emulsion with ultrasonication-assisted process, where

Total solid content (%TSC) of the obtained

anionic sodium dodecyl sulfate (SDS) is used as stabilizing

emulsion was determined according to the ASTM

agent. The average particle size, size distribution,

D1076:1988 and calculated by the following equation:

polydispersity index (PDI), and morphology of the
prepared emulsions are characterized. The emulsion is
then used in treatment of paper samples by an ultrasonic
spraying process. The chemical reaction between KDC
and paper surface and hydrophobic property of the coated
paper are evaluated.

%TSC =

W1
× 100
W

where W and W1 are weights of emulsion (g) and weight
of dried emulsion (g), respectively.
Their size, size distribution and zeta potential were
measured by light scattering technique (Zetasizer;
Malvern, Nano ZS). The samples were diluted by DI water

2. Experimental
2.1 Materials

and measured thrice.
2.4 Paper treating process

Fatty acid derivatives, ketene dimer-containing

Paper samples were cut into small pieces with

(KDC) agent was purchased from RCI Labscan, Thailand.

dimensions of 5 x 7 cm2. The paper treating process was

Cyclohexane, n-hexane and ethyl acetate solvents were

conducted via spraying the emulsion onto the paper’s

supplied by VWR Prolabo, Carlo Erba, and Fisher

surface by using an ultrasonic spraying machine for 5 sec

Chemical Company, respectively. Sodium dodecyl sulfate

at room temperature. The samples were then dried in an

(SDS) was purchased from ACI Labscan, Thailand. Paper

oven at 110˚C for overnight and washed with n-hexane for

(double A) was purchased from Double A (1991) public

30 sec to remove un-reacted KDC.

company limited. Deionized (DI) water was applied
throughout the work.
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2.5 Analysis of treated papers

Total solid content (%TSC) is defined as the percentage by

Chemical structures and the presence of β-ketoester

weight of the emulsion which is non-volatile at a definite

bonds on the surface of the treated papers were identified

temperature in a vented air oven. The results showed that

by Fourier transform infrared (FTIR) spectroscopy. FTIR

%TSC of KDC-1, KDC-2, and KDC-3 are 7.1, 8.7, and

spectra were collected in an attenuated total reflection

10.0, respectively.

(ATR) mode on a Nicolet iS5 spectrometer, equipped with

All KDC emulsions showed monodispersed size

a diamond ATR accessory. The measurements were

distribution (low polydispersity index (PDI) ~ 0.15) with

-1

conducted at a 2 cm resolution with 32 scans.

average size of 148.7, 142.7, and 137.4 nm for KDC-1,

Water resistant property of the treated paper was

KDC-2, and KDC-3, respectively. The particle size

examined by measuring their water contact angle (WCA).

distribution and PDI of nanoparticles are highly important

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

physical characteristics to be considered because these can

images were recorded on a Dino-lite microscope. The

affect the bulk properties, product performance, process

Image J program was then employed to calculate its WCA

ability, stability and appearance of the end product11.

values. The values of WCA was an average value collected
from different 5 spots.

Considering the stability of KDC emulsions, it was
found that all samples showed high and long-term stability
which is confirmed by high negative zeta potential value

3. Results and Discussion

of > - 57.0 mV, as a result from the presence of sulphate
groups of SDS molecule.

3.1 KDC emulsions
KDC emulsions were prepared by a simple and
efficient method based on ultrasonication-assisted process.
High intensity sonic wave was employed to produce
intense disruptive force to disperse the organic phase and
aqueous phase into fine droplets. This leads to a formation
of uniform-size nanoparticles. The important properties of
KDC emulsions e.g., %TSC, particle size, and zeta
potential, were investigated, as summarized in Table 1.
Table 1 %TSC, average size, polydispersity index (PDI) and zeta potentials of KDC emulsions prepared from different
solvents.
Emulsions

Solvents

TSC (%) ± SD

Average size (nm) ± SD

PDIa

Zeta potential (mV) ± SD

KDC-1

cyclohexane

7.1 ± 0.1

148.7 ± 0.4

0.14

-57.0 ± 0.7

KDC-2

n-hexane

8.7 ± 0.3

142.7 ± 1.1

0.16

-59.5 ± 0.4

KDC-3

ethyl acetate

10.0 ± 0.1

137.4 ± 1.1

0.15

-61.6 ± 4.4
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FTIR spectra of the samples were examined, as shown in
Figure 2.

3.2.1 ATR-FTIR spectra
3.2.1.1 Before washing with n-hexane
FTIR spectra of the original paper and those after
treating with various emulsions at 110˚C before washing
with hexane are compared in Figure 1. The treated papers
showed characteristic bands of KDC at 3331 cm-1
(hydroxyl groups), 2919 and 2848 cm-1 are (C-H stretching
vibration of methylene and methyl from KDC), 1848 cm-1
(C=O of lactone ring), and 1721 cm-1 (C=C connected to
lactone ring). The bands at 1705 cm-1 is corresponding to
the C=O stretching mode of hydrolyzed KDC. The

Figure 2 FTIR spectra of original paper and those after

spectrum untreated paper shows an intense band of

treating with various emulsions, after washing with hexane

hydroxyl groups, which make its surface highly

for 30 sec.

hydrophilic. After treating with the emulsion, the band
shows a decrease in band intensity, as the hydroxyl groups
of paper reacting with KDC, leading to an appearance of a
band at 1733 cm-1, corresponding to the carbonyl
stretching mode of β-ketoester bonds which lead to
improvement of hydrophobicity of paper’s surface4, 12.

The characteristic bands of KDC at 1848 and 1721
cm

-1

are completely disappeared. The absence of these

C=O stretching bands of lactone ring confirms that no
unreacted KDC and hydrolyzed KDC remaining on the
paper’s surface. More importantly, a new intense band at
1733 cm-1 was appeared, which confirms the reaction
between the lactone ring of KDC and -OH groups on paper,
leading to the formation of β-ketoester bonds. As the
spectra were recorded in an ATR mode, the results indicate
that the solvent washing step can effectively remove
unreacted KDC, leading to exposure to the reacted KDC
species which were previously covered on the surface.
However, the bands at 1705 cm-1 of hydrolyzed KDC with
weaker intensity is till observed, indicating a presence of
small amount of the species12.

Figure 1 FTIR spectra of original paper and those after
treating with various emulsions, before washing with
hexane.

3.2.2 Water contact angle (WCA)
Surface wetting behaviors of the resulting papers

3.2.1.2 After washing with hexane

after washing with n-hexane for 30 sec were analyzed, a

As KDC is also reactive towards OH of water

summarized in Figure 3, WCAs of the papers treated by

molecule generating less effective hydrolyzed KDC, and

KDC-1, KDC-2 and KDC-3 were 130.0±0.5°, 128.6±0.8°

some KDC may not react with the limited hydroxyl groups,

and 126.5±1.5°, respectively. This, implied improvements

these less effective species should be removed from the

in hydrophobicity of the papers, compared to that of

surface of the treated papers. The treated samples were

untreated paper, at 84.5±0.9°, because of a large decrease

immersed in hexane for 30 sec. After drying in an oven,

in the number of hydroxyl groups on the surface13. Among
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the 3 KDC emulsions, KDC-1 and KDC-2 provided higher

5. Acknowledgements

WCA value of 132°, due their more effective accessibility

The authors gratefully acknowledge the financial

of KDC molecules to the cellulose’s hydroxyl groups,

support from the Thammasat University Research Fund,

leading to higher degree of the chemical reaction.

and the Center of Excellence in Materials and Plasma
Technology (CoE M@P Tech), Thammasat University,
Thailand. Bunla is also grateful to EFS scholarships from

150

130.0

128.5

126.5

Thammasat University.

WCA(˚)

120
90

Sirindhorn International Institute of Technology (SIIT),

84.5

6. References
1.

60

Ogihara, H.; Xie, J.; Okagaki, J.; Saji, T., Langmuir
2012, 28, (10), 4605-4608.

30
0
Pure Paper

KDC-1

KDC-2

2.

Samyn, P., J. Mater. Sci. 2013, 48, 6455-6498.

3.

Garcia-Ubasart, J.; Colom, J. F.; Vila, C.; Hernández,

KDC-3

N. G.; Blanca Roncero, M.; Vidal, T., Bioresour.

Type of emulsions
Figure 3 WAC results of paper samples treated by various

Technol. 2012, 112, 341-344.
4.

KDC emulsions by ultrasonic spraying machine after
washing with hexane for 30 sec.

Yadav, J.; Datta, M.; Gour, V. S., BioResources 2014,
9, (3), 5066-5072.

5.

Quillin, D. T.; Caulfield, D. F.; Koutsky, J. A., Int. J.
Polym. Mater. 1992, 17, (3-4), 215-227.

4. Conclusion

6.

J. Chem. 2016, 9, S1636-S1642.

A process for improving hydrophobic of paper
products is successfully developed by using water-based

7.
8.

After treated paper samples with the KDC emulsions and
washing with n-hexane, WCA values of the treated papers
of 130.0˚, 128.5˚, 126.5˚ from KDC-1, KDC-2 and KDC3 treatment showed a large increase in the values compared

Sayyah, S.; Khaliel, A.; Mohamed, E., J. Appl.
Polym. Sci. 2013, 127, (6), 4446-4455.

ultrasonication-assisted and anionic SDS surfactant,
monodispersed and highly stable emulsions were produced.

Asakura, K.; Iwamoto, M.; Isogai, A., J. Wood.
Chem. Technol. 2005, 25, 13-26.

KDC emulsion, prepared from a facile oil-in-water
emulsion with ultrasonication-assisted process. By using

Kumar, S.; Chauhan, V. S.; Chakrabarti, S. K., Arab.

9.

Varshoei, A.; Javid, E.; Rahmaninia, M.; Rahmany,
F., Lignocellulose 2013, 2, (1), 316-326.

10. Tehrani-Bagha, A.; Holmberg, K., Curr. Opin.
Colloid. In. 2007, 12, (2), 81-91.
11. Danaei,

M.;

Dehghankhold,

M.;

Ataei,

S.;

to that of the original paper of 84.5˚. This is because the

Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani,

emulsions provide effective accessibility of the KDC

A.; Khorasani, S.; Mozafari, M. R., Pharmaceutics

molecules to the cellulose’s hydroxyl groups, leading to

2018, 10, (2), 57.

higher degree of the chemical reaction, i.e., a formation of
β-ketoester bonds. The prepared KDC emulsion has high
potential for use in improving of water-repellent property
of paper products.

12. Seo, W.-S.; Cho, N.-S., Appita: Environ. Technol.
Inno. 2005, 58, (2), 122.
13. Reynaud, C.; Tapin-Lingua, S.; Elegir, G.; PetitConil, M.; Baumberger, S., J. Biotechnol. 2013, 167,
(3), 302-8.

COMP-P1

117

Self-healing of bromobutyl rubber filled with butylimidazole and ionic liquid for inner liner
application
Kunakorn Chumnum1, Ekwipoo Kalkornsurapranee2, Jobish Johns3, Yeampon Nakaramontri1*
1

Department of Chemistry, Faculty of Science, King Mongkut’s University of Technology Thonburi, Bangkok,
Thailand

2

Department of Materials Science and Technology, Faculty of Science, Prince of Songkla University, Hat-Yai, Thailand
3

Department of Physics, Rajarajeswari College of Engineering, Bangalore, India
Phone +66 82 832 9854, *E-mail : yeampon.nak@kmutt.ac.th

Abstract
Self-healing of the bromobytyl rubber (BIIR) composites filled with butylimidazole (IM) and ionic liquid (IL)
have been developed using an internal mixer under ambient temperature. Interactions among BIIR, IM and IL molecules
were confirmed by infrared spectroscopy (ATR-FTIR), while the healing propagations were affirmed from the tensile
properties and stretchability of the composites. It was found that the composites of BIIR-IM exhibited higher modulus,
tensile strength and stretchability than the composites of BIIR-IL. This was attributed to the chemical grafting of IM on
to BIIR molecular chain via ene-reaction. In the IL case, IL molecules had only physically covered the BIIR chain and
therefore BIIR-IM exhibited superior tensile properties. The results correlated very well to the observed morphologies
which clearly indicated the self-healing of the BIIR-IM at 120 oC for 1 h without applying any pressure. The work directs
to serve as a new technology involved in tire application, especially the inner liner, which can perform self-repairing after
attacking by any unusual foreign objects.
Keywords: Self-healing, Bromobytyl rubber, Butylimidazole, Ionic liquid, Tire application

1. Introduction
Tire application has been widely developed and
investigated since several decades. One of the attractive

prepare self-healing of BIIR. It will be highly suitable for
tire application particularly the inner line since the tire can
perform self-repairing although there is any damage.

topics nowadays is how the tire can self-induce

Therefore, in the present work, the self-healing of

automatically repairing after getting attack by any objects.

the BIIR was developed using an in-house internal mixer

Most of the tires, particularly the tire tread produced by

under the controlled mixing time and temperature. Two

blending natural rubber (NR), styrene butadiene rubber

different chemicals, namely butylimidazole (IM) and ionic

(SBR) and butadiene rubber (BR) which do not contain

liquid (IL) were incorporated. This composition has not

any polar functional groups. Therefore, it cannot be

previously reported and still promising in tire application.

activated to perform self-repairing and the investigations

The main goal is to prepare the self-healing rubber for

should be initiated to develop rubbers with appropriate

further applying to the inner liner of the passenger care tire

self-healing properties. Recently, bromobutyl rubber

by using a simply preparation procedure and cost

(BIIR) was used to generate self-healing propagation by

effectiveness. Thus, the properties in terms of mechanical

replacing the bromine atom on the BIIR molecular chains

and morphological properties before and after healing of

with salt liquid existing positive and negative charges

crosslinked BIIR were examined together with the

[1-2]. Thus, ene-reaction was applied through the

proposed chemical and physical interaction with IM and

controlled mixing shear force and temperature in order to

IL molecules.
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2. Experimental methods

IM and IL were varied at 5 and 10 phr in order to find out
the optimal composition of the composite. The mixing

2.1 Materials

procedure was started with the masticating of BIIR in an

Bromobutyl rubber (BIIR) was purchased from

internal mixer at 40oC for 3 min using 60 rpm rotor speed.

Fushun Yikesi New Material Co., Ltd., China. In addition,

Then, the IM or IL was consequently added and the

1-Butylimidazole (IM) and ionic liquid (IL) namely 1-

process was continued for another 15 min. Modified BIIR

Butyl-3-methylimidazolium bromide were manufactured

was finally masticated on an open two-roll mill with the

from Sigma Aldrich, USA.

smallest nip for several times before compressing at
160oC for 20 min following the observed cure time from
the rheometer tests. The chemical formulation of the

2.2 Preparation of self-healing composites

BIIR composites with IM and IL are summarized in

BIIR composites were prepared by using internal

Table 1.

mixer and two-roll mill (Chareon tut Co., Ltd.,). Here, the
Table 1 Chemicals formulation of the BIIR composites with and without modifying agents
Chemicals
Contents (phr)
Pure BIIR

BIIR-IM

BIIR-IL

BIIR

100

100

100

IM

-

5,10

-

IL

-

-

5,10

phr = parts per hundred rubber
2.3 Characterization

For the self-healing composites, the dumbbellshaped specimens were mechanically cut at the center of

2.3.1 Attenuated total reflection-Fourier transform

the tested piece, as seen in Figure 1(A). Then, the cut

infrared spectroscopy (ATR-FTIR)

samples were placed into the selected mold (Figure 1(B))

The ATR-FTIR spectra were recorded by the

before heating for 1 h at 120oC without pressure. The

ThermoNicolet Avatar 360 FTIR (Thermo Electron

healed composites were then tested again with a cross-

-1

Corporation, Madison, USA), with 4 cm resolution and

head speed of 200 mm per minute.

64 scans per sample. The instrument was equipped with
a germanium ATR crystal probe. This aims to elucidate
the chemical and physical interactions among BIIR, IM
and IL molecules after compression molding.
Figure 1 Cutting samples (A) and the heating mold (B)
2.3.2 Tensile properties
Tensile tests were performed at 23±2°C using a
Zwick Z 1545 tensile testing machine (Zwick GmbH &
Co. KG, Ulm, Germany). Dumbbell-shaped specimens
according to ISO527 (type 5A) were used. The tests were
carried out with a cross-head speed of 200 mm per
minute.

for performing self-healing samples.
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2.3.3 Morphology
Surface morphology of the healed samples was
characterized by optical microscopy (OM, Carl Zeiss
Microscopy

GmbH,

Oberkochen,

Germany).

The

crosslinked samples were initially fast cut with a razor
blade (Energizer® Holdings, Inc., Missouri, USA) in
order to create a smooth sample surface before
introducing to microscopy.
3. Results and Discussion
3.1 ATR-FTIR
Figure 2 shows the ATR-FTIR of the BIIR
composites modified and unmodified with IM and IL. It is
seen that the two different absorption peaks of the BIIR/IM
and BIIR/IL are clearly exhibited relative to the original
-1

BIIR. Considering the peak at 1164 cm assigns to the H-

Figure 2 ATR-FTIR of the BIIR composites modified and
unmodified with IM and IL.

C-C and H-C-N bending vibrations based on the existing
of IM and IL imidazole structures as seen in Figure 3(A)
[3]. This clarifies well the exisitng of IM and IL modifying
agent in the composites. In addition, the peak at 670 cm-1
which is attributed to the -C-Br stretching vibrations [4]. It
is seen that the peak has been disappeared after the
addition of IM, whereas it is still distinguished in IL
composite. This means that the addition of IM generates
chemical reaction directly to the BIIR molecular chains at
the position of Br branching, as shown in Figure 3(B) [1].

Figure 3 Molecular structures of IM and IL (A) and the

This creates positive and negative charges on the BIIR and

proposed chemical reaction of BIIR and IM molecules

therefore healing propagation can be generated through

through ene-reaction (B).

ionic linkages movement. On the other hands, in BIIR/IL
composites, the addition of IL cannot originate the

3.2 Tensile properties

chemical reaction to the BIIR main chain, but the IL can

Figure 4 shows the stress-strain curves of

only act as the plasticizer which covered around the BIIR

unmodified and modified BIIR composites with IM and IL

chains [5].

before and after healing processes. Also, Table 2
summarizes the tensile properties presented in Figure 4. In
IM composite, it is clearly seen that the modification of
BIIR molecular chains with IM molecules effectively
enhanced modulus and tensile strength effectively.
Compared to pure BIIR, modulus and tensile strength of
the composites increase approximately 260-280% and
980-1350% respectively. As expected, this relates to the
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chemical modification of IM on BIIR which produces

healed composites when compared to the unhealed

ionic crosslinking among BIIR chains [1,2], as found in

composites. This is due to the addition of IL which

ATR-FTIR. With the same reason of strong chemical

plasticizes the BIIR molecules and makes the molecular

bonding, the elongation of the composites was limited and

chains easily moving [6]. It promotes the movement of

exhibited lower elongation at break than that of BIIR. It is

positive and negative charges of IL which carries the BIIR

also seen that BIIR with 5 phr IM indicates higher tensile

chains to re-entanglement. Thus, the composites showed

properties than the one with 10 phr. This is due to the

the maximum stress as a result of the breakages of rubber

plasticizing effect originated from the excess IM [5]. A

entanglement. This is also the reason for higher tensile

comparison has been made as shown in Figure 4(A) and

properties of BIIR composites with 10 phr than 5 phr IL.

o

Table 2. Considering the healed composites at 120 C for 1
h, it is found that the modulus showed no significant
differences when compared to the unhealed composite. It
clearly confirms the self-healing propagation of the
BIIR/IM originated particularly in case of 5 phr IM.
Considering Figure 4(B) and Table 2, the
composites show the maximum stress due to the plasticlike behavior. IL acts as a plasticizer which covers the
BIIR molecules through an ionic-physical interaction.
Therefore, the composites of BIIR/IL with 5 and 10 phr IL
exhibited lower tensile properties than that of the original

Figure 4 Stress-strain curves of the BIIR composites

BIIR as well as the composites of BIIR/IM. Interestingly,

modified and unmodified with IM and IL before and after

higher modulus and tensile strength are noticed in case of

healing processes.

Table 2 Tensile properties in terms of 100% modulus, tensile strength, elongation at break and max stress of the BIIR
composites modified and unmodified with IM and IL before and after healing processes.
100 % Modulus

Tensile strength

Elongation at

Max stress

(MPa)

(MPa)

break (%)

(MPa)

Original BIIR

0.36

0.12

3124.45

0.41

Healed BIIR

0.33

0.27

674.65

0.38

Original BIIR/IL5

0.23

0.08

3033.72

0.25

Healed BIIR/IL5

0.30

0.18

1335.40

0.33

Original BIIR/IL10

0.21

0.08

3088.55

0.24

Healed BIIR/IL10

0.29

0.12

1666.50

0.32

Original BIIR/IM5

0.46

5.24

965.35

5.24

Healed BIIR/IM5

0.52

4.31

448.65

4.31

Original BIIR/IM10

0.43

3.89

889.95

3.89

Healed BIIR/IM10

0.38

0.45

142.60

0.45

Samples
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the controlled condition of 120oC for 1 h without applying

Figure 5 shows the morphology of the BIIR

any pressure as shown in Figures 5 (D)-(E). It correlates

composites modified with IM and IL after healing

well with the tensile properties of the BIIR/IM composites

propagation. In Figures 5 (A)-(C), it is seen that the healing

showing superior modulus and tensile strength (Figure 4

areas of the composites with IL showed poorer healing

and Table 2) in case of 5 phr IM. This is attributed to the

than the original BIIR. On the other hand, the healing

chemical interactions or ionic crosslinking among the

process particularly in case of 5 phr IM completes under

modified BIIR molecular chains (Figures 3 and 2).

Figure 5 Morphologies of the pure BIIR (A) and BIIR composites modified with IL (i.e. 5 phr (B) and 10 phr (C)) and
IM (i.e. 5 phr (D) and 10 phr (E)) molecules after healing propagation with same resolution of OM.
4. Conclusion

5. Acknowledgment

The self-healing of the BIIR composites filled with

The authors gratefully acknowledge the financial

IM and IL was successfully prepared by using internal

support from the King Mongkut’s University of

mixer and two-roll mill. It was observed that, IM as a

Technology Thonburi (KUMTT), Bangkok, in the form of

modifying agent grafted well on the BIIR molecular chains

KMUTT Research Fund for the financial support and

and provides strong bonding in the process of self-healing

equipments.

propagation. In addition, the composites with IL on
completing the healing process exhibited lower tensile
properties although showed higher tensile strength than the
original BIIR/IL composites. This suggested that the
combination of both IM and IL with a proper composition
might be further investigated in order to find an
opportunity in inner liner application.

COMP-P1
6. References
1.

Das, A.; Sallat, A.; Böhme, F.; Suckow, M.; Basu, D.;
Wießner, S.; Stöckelhuber, K. W.; Voit, B.; Heinrich,
G. Appl. Mater. Interfaces. 2015, 7, 20623−20630.

2. Le, H. H.; Hait, S.; Das, A.; Wießner, S.; Stöckelhuber,
K. W.; Böhme, F.; Reuter, U.; Naskar, K.; Heinrich,
G.; Radusch, H. J. Express. Polym. Lett. 2017, 11,
230-242.
3.

Rajkumar, T.; Ranga R. G. Mater. Chem. Phys. 2008,
112, 853-857.

4.

Julie, C.; Suganthi, M. J. Appl. Sci. Eng. 2016, 2, 206211.

5.

Boesel, L. F. Carbohydr. Polym. 2015, 115, 356-363.

6.

Le, H. H.; Böhme, F.; Sallat, A.; Wießner, S.;
Landwehr, M.; Reuter, U.; Das, A. Macromol. Mater.
Eng. 2016, 302, 1-11.

122

COMP-P2

123

Preparation of silica from rice husk ash filled waterborne polyurethane composite using selfassembly method
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Abstract
A natural rubber based anionic waterborne polyurethane (WPU) composites filled with silica from rice husk ash
was synthesized by self-assembly method. First, WPU was prepared in prepolymer process by using a hydroxyl telechelic
epoxidized natural rubber (HTENR) as polyol and dimethylol propionic acid (DMPA) as anionic hydrophilic group
reacted with isophorone diisocyanate (IPPD). Then, polydiallydimethyl ammoniumchloride (PDDA) modified silica
(PDDA-SiO2) was prepared and incorporated with WPU at 5.0 %weight through a self-assembly method. Electrostatic
interaction and hydrogen bonding between PDDA-SiO2 particle and PU chain increases glass transition temperature (Tg),
degree of water uptake and hydrophilicity of composite.
Keywords: Waterborne polyurethane, rice husk ash, self-assembly method and composite.
1. Introduction

WPU/silica composite has high potential usage in

WPU is environmentally friendly low-volatility

industrial application, which deserves more attention in

organic compounds (VOCs) [1]. It consists of hydrophilic

terms of the WPU research. However, to overcome the

PU particles dispersed in an aqueous media [2]. Although,

restricted dispersion of SiO2, the various methods were

the ionic groups serve the hydrophilicity of PU chain, they

performed to disperse silica in PU matrix such as using

make PU are very sensitive to moisture and other chemical

functionally material modified silica [4-5], crosslinker [1]

environments [3]. This interferes in the thermal stability,

and in-situ polymerization [6].

mechanical properties and chemical resistance of the WPU
film.

Self-assembly process is the one method used for
improving dispersion of silica into the polymer matrix,

Rice husk ash (RHA) is an abundant agricultural

such as polyvinylalcohol (PVA) and natural rubber (NR)

waste product which is full of amorphous silica (SiO2)

composites [7-8]. Their properties were enhanced by

content (more than 95%). SiO2 could be collected from

employing electrostatic attractive and hydrogen bonding

RHA by various methods such as precipitation, heat

interactions as the driving forces, which had improved

treatment or chemical treatment. SiO2 nanoparticle has

thermal, mechanical, and solvent resistant of composites.

been massive used in polymer industry because it possibly

This work, we used self-assembly technique to

forms hydrogen bond with polymer matrix. Unfortunately,

prepare WPU/silica composite. WPU was firstly prepared

the SiO2 particles have the specific surface and plentiful

in our laboratory by prepolymer method using hydroxyl

reactive hydroxyl groups on surface, so they prefer to

telechelic epoxidized natural rubber (HTENR) as polyol

interact with each other than disperse in polymer matrix.

and dimethylol propionic acid (DMPA) as anionic

These can be detrimental to the composite properties.

hydrophilic group. Since the WPU has an ionic layer or
electrostatic interaction between the negatively charged of
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carboxylate group (COO-) on PU particle and partially

2.3 Preparation of the WPU/PDDA-SiO2 composite

positive hydrogen of water, so we used assembly method

A freshy 1%wt PDDA-SiO2 aqueous dispersion

to incorporate silica particle form RHA onto WPU as well.

was sonicated for 0.5 h in a sonication bath. Then, it was

SiO2 particles were firstly modified with PDDA in order

adjusted pH to 10 with 0.2 N NaOH before slowly added

to form the positively charged PDDA-SiO2 particles, and

into WPU with continuously stirred at room temperature

then they were added to WPU. The characteristic of

for 1 h. The composite emulsion was casted on a

PDDA-SiO2 particles was determined and the effect of

tetrafluoroethylene mold, dried at room temperature and

PDDA-SiO2 particles on the final properties of the WPU

then completely dried in an oven at 70 oC for 48 h to obtain

composites was analyzed.

a composite film. The resulting product was named
WPU/PDDA-SiO2 composite. The content of PDDA-SiO2

2. Experimental method

particle in WPU was at 5 %wt.

2.1 Materials

2.4 Characterization of PDDA-SiO2 particle

SiO2 was extracted from RHA by precipitation

The functional groups of PDDA-SiO2 were studied

method in a laboratory as well as the synthesis of anionic

by FT-IR spectrometer (Tensor Bruker, Germany) in the

waterborne

(WPU).

transmission (TR) mode in a wavenumber range of 400

Polydiallydimethyl ammoniumchloride (PDDA) (mol wt

cm-1 to 4000 cm-1 at a resolution of 4 cm-1 and scanned for

ca. 200,000-350,000: 20wt% in water) was brought from

128 times.

polyurethane

dispersion

Sigma Aldrich (Sigma-Aldrich, Singapore). Sodium

The particle size of pristine SiO2 particle and

hydroxide (NaOH, 97%) was purchased from RCI

PDDA-SiO2 particle was determined with a laser particle

Labscan, Thailand.

size analyzer, LPSA (LS 230, COULTER, USA).
A transmission electron microscope (TEM) was

2.2 Synthesis of PDDA-SiO2 particle
PDDA-SiO2 particles were prepared according to
Peng et al. process [7]. First, the 1%wt SiO2 dispersion was

used to investigate the morphology of pristine SiO2 and
PDDA-SiO2 particle. The type of TEM used was a JEM
2010, (JEOL, Japan).

treated in a sonication bath for 0.5 h, and its pH was
adjusted to 10 with 0.2 M NaOH to obtain a negatively

2.5 Characterization of WPU and WPU/PDDA-SiO2

charged SiO2 particles. Subsequently, the positively

composite

charged PDDA solution (0.05 wt%, pH 10) was dropped

Chemical structure of WPU and WPU/PDDA-SiO2

into the SiO2 dispersion at constant ratio of PDDA/ SiO2

composites films was studied by FT-IR in the attenuated

equal to 5/100 w/w, and further stirred using a magnetic

total reflection (ATR) mode with a wavenumber between

stirrer at room temperature for 0.5 h. The obtained mixture

400 cm-1 to 4000 cm-1 at a resolution of 4 cm-1 and scanned

was centrifuged and washed several times with distilled

for 128 times.

water in order to remove the unreacted PDDA from

Glass transition temperature (Tg) of the sample was

mixture. Finally, the obtained product was dried in an oven

estimated with differential scanning calorimetry method

at 70 oC for 24 h, and abbreviated as PDDA-SiO2

by using a DSC 200 F3 instrument (NETZSCH,
Germany), between temperature of -80 oC and 150 oC, at
heating rate of 10 min-1 under nitrogen atmosphere.
Water

static

contact

angle

of

WPU

and

WPU/PDDA-SiO2 composite films was measured with a
OCA 15 EC contact angle meter (DataPhysics, Germany)
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at room temperature. The static contact angle between the

PDDA

goniometer.
Degree of water uptake of WPU and WPU/PDDAfilms at dimension of 1 cm x 1 cm into distilled water for

1250 1140

SiO2

3420

%Transmittance

SiO2 composite films was carried out by immersing the

PDDA-SiO2

1470

2951

DI water and film was evaluated by a digital camera and a

961 800

30 days. The swollen samples were immediately weighed

466

after removal of the residual water by filter paper. The
1097

water uptake degree was calculated by the equation 1,
where Wo is the original film weight of film and W is the
weight of film in the swollen state.

𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 % =

3900

3400

2900

2400
1900
Wavenumber (cm-1)

1400

900

400

Figure 1 FTIR spectra of PDDA, PDDA-SiO2 and SiO2.

(1)

𝑥100%

3. Results and Discussion
3.1 Characterization of PDDA-SiO2 particle
The chemical structure of PDDA on SiO2 was
discussed based on FTIR spectra shown in Figure 1. An

Figure 2 TEM images of (a) pristine SiO2 and (b) PDDASiO2.

absorption band at 3428 cm-1 is corresponded to O-H
vibration of the H2O and the C=C stretching was appeared
-1

-1

at 2951 cm and 1470 cm [9]. The observed peaks at

3.2 Characterization of WPU and WPU/PDDA-SiO2
composite

were assigned to N-C

The WPU/PDDA-SiO2 composite system was

symmetrical stretching of ammonium unit. In general, this

designed for improving dispersion of silica into WPU

band is low absorption intensity because of the induction

which influenced on its properties. This composite might

effect of carbon joined with nitrogen [10]. For the PDDA-

be served by two interaction forces, the electrostatic

SiO2 spectra showed the broad adsorption band at 3428

interaction (Figure 3) and the hydrogen bonding (Figure

1140 cm

-1

and 1250 cm

-1

cm , which attributed to O-H vibration of Si-OH group on

4). For the electrostatic interaction, PDDA-SiO2 particles

SiO2 surface and H2O. In addition, the spectra of PDDA-

contain the SiO2 particles covered by the positively

SiO2 particles showed the main characteristic peaks of

charged PDDA to form PDDA-SiO2 core shell structure,

-1

-1

while WPU have a negatively charged chains from

attributed to the asymmetric, symmetric stretching

carboxylated salt (COO-). When added the PDDA-SiO2

vibration and the bending modes of silica, respectively

particle into the WPU, the negatively charged PU chain

[11-12]. This indicated that the adsorption of PDDA on

was absorbed onto the positively charged particle by an

SiO2 was physical adsorption [7-8].

electrostatic adsorption driving force. For the possibly

-1

-1

silica at 1097 cm , 961 cm , 800 cm

-1

and 466 cm

Furthermore, the particle size of PDDA-SiO2 was

hydrogen bonding, the hydroxyl groups of unabsorbed

28.64 ± 24.31 µm which smaller than particle size of

SiO2 particles could interact with epoxy group in HTENR,

pristine SiO2 (101.0 ± 112.5 µm) because of the

soft segment, to form hydrogen bonding between PU chain

deagglomeration of silica particle confirmed by TEM

and silica.

technique (see in Figure 2).
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particle in PU chain acted as a physical crosslink point
which restricted the HTENR chain mobility as same as the
electrostatic interaction and hydrogen bonding. This factor
led to a Tg shift of the composite.

H

O
Si
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+

H
H 2C

O-

H
CH 2

H
O
H

SiO2 particle
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Epoxy group
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1097
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Figure 3 A proposed schematic of the self-assembly

%Transmittace

PDDA-SiO2

900

400

Figure 5 FTIR spectra of WPU and WPU/PDDA-SiO2
Figure 4 A proposed schematic of interact between epoxy

films.

group in rubber and silica.
FT-IR spectra of WPU/PDDA-SiO2 and PDDASiO2 were shown in Figure 5. The broad absorption peak
at 3200–3400 cm-1 was attributed to the N-H stretching
vibration of the urethane segment. The strong stretching
absorption peak at 1703 cm-1 corresponded to the C=O,
and the absorption peak at 1554 cm-1 was ascribed to the
bending vibration of N-H in amine salt [13] while the peak
observed at 870 cm-1 was ascribed to asymmetric
stretching of epoxy group in HTENR soft segment.
Furthermore, the strong absorption peaks at 1097 cm-1, 794
cm-1, and 464 cm-1 corresponded to the characteristic of SiO-Si vibration. From the FT-IR result indicated that the
PDDA-SiO2 particles were successfully attached to the
WPU.
DSC was used to investigate the interaction of
PDDA-SiO2 with WPU. Figure 6 showed the DSC curves
of WPU, PDDA, and WPU/PDDA-SiO2 film. The glass
transition temperature (Tg) of the WPU and the PDDA film
was -42.0 oC and -52.2 oC, respectively. Compared to
WPU, WPU/PDDA-SiO2 had higher Tg. This phenomenon
was due to the electrostatic interaction and the hydrogen
bonding, resulting from the interaction between PDDASiO2 particle and PU chain. In addition, the PDDA-SiO2

Figure 6 DSC thermograms of WPU, PDDA and
WPU/PDDA-SiO2 film.
Water uptake is one of the important properties
used for considering the application of polymer products.
The percentage of water uptake of the WPU and
WPU/PDDA-SiO2 film was shown in Figure 7. The data
showed that WPU/PDDA-SiO2 had a significantly
increase water absorption from 5 days to 30 days and still
continue when compared to the neat WPU. This result was
similar to PU/organoclay nanocomposite [14-15]. The
increasing degree of water uptake in WPU/PDDA-SiO 2
composite could be explained by a mechanism of water
adsorption controlled by two competitive factors, the
hydrophilic and the electrostatic interaction. For the
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hydrophilic factor, PDDA is a hydrophilic polymer used to
modify SiO2 to form hydrophilic PDDA-SiO2 particles and
then incorporated them into WPU, promoting a higher
water absorption of composite films. Another factor, the
electrostatic interaction between the PDDA-SiO2 particle
and the WPU acted as a physical crosslink point, provided
a barrier for the migration of water molecules through the
composite resulted by decreasing of the polymer chain free
volume and reduced in water uptake. In this case indicated
that the hydrophilic nature of PDDA-SiO2 was more
outstanding than the electrostatic interaction, thus the

Figure 7 Water uptake and contact angle of WPU and
WPU/PDDA-SiO2 films.

water uptake of composite films was increased with
increased PDDA-SiO2 content. However, by modification
of SiO2 with PDDA in this case, it could be lower the
interaction between silica particle via silanol interaction, it
showed the increasing of water uptake as increase PDDASiO2 content. It could imply that PDDA-modified SiO2
had more free silanol (-OH) that could interact with water
molecules. Therefore, water uptake was increased as
increased PDDA-SiO2 content.
Water contact angle of WPU and composite films
was analyzed on the face surface of film, the surface
contacted with air during film preparation. It is well known
that surface roughness and surface energy affect the water

4. Conclusion
In this work, it can be demonstrated the possibility
of the utilization of environmentally friendly material and
method in preparation of silica-WPU composite by selfassembly method using HTENR as polyol and silica from
RHA as filler. The modified PDDA-SiO2 showed a smaller
particle than pristine SiO2 that resulted from the reduction
of the SiO2 agglomeration. And, then the incorporation of
PDDA-SiO2 into WPU by using the self-assembly method
served the electrostatic interaction and the hydrogen
bonding in the composite. These interactions increased Tg,
water uptake, and hydrophilicity of composite.

contact angle. From the Figure 7, the incorporation of
PDDA-SiO2 induced a significant decrease in the water
contact angle of composite. This result could be explain by
the electrostatic interaction and the hydrogen bonding
between PDDA-SiO2 particle and PU chain which
decreased the surface roughness and surface energy of
film, indicating the improved hydrophilicity of the
composite surface.
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Abstract
Due to high water solubility, and poor mechanical properties of carboxymethyl starch (CMS) film, its
applications for packaging is; therefore, limited. The aim of study was to improve physical and chemical properties
of CMS film, by blending with hydroxy propyl methylcellulose (HPMC) at up to 50wt%. All CMS-based films were
prepared by solution casting technique using glycerol as a plasticizer. FTIR spectra of different CMS/HPMC films
showed the additional peaks at 1381 and 1281 cm-1, attributed to symmetric and asymmetric bending vibration of
methoxy group as well as CH2 wagging of HPMC. The blended films presented an increase of stress at maximum
load (1.8 to 22 MPa) and Young’s modulus (11 to 157 MPa) with increasing HPMC contents, which corresponded
with SEM micrographs, showing no phase separation. Swelling at 72 h of the films was significantly decreased from
344% for 0wt% HPMC film to 137% for 50wt% HPMC blended CMS film.
Keywords: biodegradable film, carboxymethyl starch, hydroxyl propyl methyl cellulose, polymer blend
reported to be blended with carboxymethyl cellulose and
1. Introduction

the blend showed the slight increase of tensile strength.3

Synthesized polymers are widely used in the
packaging, agriculture and pharmaceutical industries.
Starch is an alternative, it is relatively low price and easy
to

modify

applications.

chemical

structure,

Carboxymethyl

useable

starch

in

(CMS)

many
is

a

polysaccharide–based polymer, which is important in
pharmaceutical, adhesive, food and other industrial
applications. This modified starch formed by etherification

Interestingly, hydroxy propyl methyl cellulose (HPMC) is
a semi-synthetic, film-forming agent, non-toxic and
hydrophilic polymer, which contains many OH groups in
the polymer structure. It can be blended with protein-based
polymers via hydrogen bonds.4
We; therefore, prepared various CMS/HPMC films
by varying HPMC contents. Functional group analysis,
morphology, mechanical properties were; then, examined.

with monochloroacetic acid, containing an ionic group into
the starch structure.1 However, the applications of CMS
films are limited by their poor mechanical properties, high
hydrophilicity and adhesivity.2,3
Polymer blending is a convenient, low cost and fast
process which can meet complex demands for desirable
properties, without synthesized new polymers.4 CMS was

2. Experimental Methods
2.1 Materials
Cassava starch was obtained from Tong chan
(Bangkok, Thailand). Chloroacetic acid flakes 99% (ACS
grade) was purchased from Italmar Co., Ltd. (Bangkok,
Thailand). Glycerol and HPMC were supplied from Lab
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System Co., Ltd. (Bangkok, Thailand) and Chemipan Co.,

VP). The film specimens were broken under the liquid

Ltd. (Bangkok, Thailand), respectively.

nitrogen and then attached on an aluminum stub by using

2.2 Preparation of CMS

carbon tape. After that, the specimens was coated with

12.5 g of cassava starch were suspended in 300 mL

gold in a sputter coater for an electrically conductive

isopropanol solution (90% v/v) in a 500 mL glass beaker

surface. The cross-section of the films were analyzed.

and continuously stirred. NaOH (6.17 g) was added to

2.4.3 Mechanical properties

water (20 mL) and stirred with a stirring rod until

The mechanical properties of the films were

completely dissolved and then added to the suspension

measured with a Universal testing machine (LLOYD

with continuous stirring at room temperature. After 1 h,

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

chloroacetic acid (10.93 g) was added and the mixture was

crosshead speed of 50 mm/min following ASTM D 882-

stirred, while maintaining the temperature at 50°C. After

02. Films were cut into a 15100 mm2 pieces and

3 h, the mixture was filtered, the modified starch was

conditioned at 23°C, relative humidity 60 ± 5%, before

suspended in ethanol and the pH was adjusted to 5.5 with

testing.

glacial acetic acid. It was washed several times with 85%

2.4.4 Swelling

ethanol, until no chloride could be detected with the

CMS/HPMC and CMS films were tested for their

AgNO3 test. The solid filtrate was dried at 60°C for 24 h,

swelling in water. A film (2525 mm2) was dried at 105°C

and CMS sample was obtained.

for 2 h and kept betweens fold of a sieve sheet. The film

2.3 Preparation of CMS/HPMC-based films

was; then, immersed in distilled water at about 30 °C for

CMS and different CMS/HPMC films were

72 h. The film was taken out and weighed every hour for

produced by solution casting using glycerol as the

the first 6 hours and weighed again at 72 h. The excess

plasticizer. 3 g CMS and 100 ml distilled water were

water on the surface of film was removed by using blotting

mixed, and 20%wt (based on dry weight starch) glycerol

paper. Swelling (as %) was calculated from:

was added. Then, the mixture was heated at 70 °C for 1.5
h. After that, the mixture was poured into polypropylene

Swelling (%) =

W2 - W1
100
W1

(1)

trays and dried in a hot air oven (60 °C, 16 h). For

where W2 and W1 were the wet and dry masses of the film,

CMS/HPMC films with different HPMC contents (0, 10,

respectively.

30 and 50wt%), an aqueous solution containing CMS and
glycerol was; firstly, heated at 85 °C for 30 min. HPMC

3. Results and Discussion

solution was prepared by dissolving HPMC powder in hot

3.1 FTIR

water (85 °C, 3 min). The HPMC solution was; then, added

FTIR spectra of different CMS/HPMC films are

immediately to the CMS mixture at a constant temperature

shown in Figure 1. The transmittance of the carboxyl

(85°C, 1 h). As with pure CMS, CMS/HPMC was poured

component of the carboxylate groups of the CMS film was

into polypropylene trays and dried (60 °C, 16 h).

observed at ~1605 cm-1 (Figure 1(a)), while carboxylic

2.4 Characterization
2.4.1 Fourier transform infared (FTIR) spectroscopy
FT-IR spectra were captured with a Spectrum 200
GX spectrometer (Perkin Elmer, USA), using KBr disks,
at 4 cm-1 resolution, with 8 scans per sample at 25 °C.
2.4.2 Scanning electron microscopy (SEM)
Morphology of various CMS-based films was
examined using scanning electron microscope (LEO 1450
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group was recorded at 1746 cm-1.5 For various
CMS/HPMC films (Figures 1 ((b)-(d)) showed a similar
trend of spectrum in the blend films, occurred the peak
position of 1630 cm-1. These results showed the vibrational
overlapped wavenumber between CMS and HPMC
components. Moreover, the shift of O-H bending at 1460
cm-1 to 1455 cm-1 for the blend films indicated that the
hydrogen bonding interaction existed between OH groups
of CMS and OH groups of HPMC. In addition, the new
peak position of CMS/HPMC films were recorded at 1381
and 1261 cm-1, assigned for symmetric and asymmetric
bending vibration of methoxy group as well as CH2
wagging of HPMC and both peak positions are not present
in CMS film.4

,6

Figure 1 FTIR spectra of different CMS/HPMC films (a)
0% (b) 10% (c) 30% (d) 50% and (e) 100% HPMC
3.2 SEM micrographs
Figure 2 shows the cross-sections of CMS based
films with varying HPMC contents observed under SEM.
The pure CMS film presented a smooth and homogeneous
surface, indicating good film-forming property. After the
addition of HPMC, more surface roughness was observed,
especially with 50% HPMC. However, phase separation
can not be detected, due to phase compatibility between
CMS and HPMC components.
Figure 2 Micrographs of different CMS/HPMC films

COMP-P4

132

3.3 Mechanical properties

entanglement of polymer chain inhibited water absorption

The mechanical properties of CMS film with

of blended films.8

varying HPMC contents are shown in Figure 3. Stress at
maximum load and Young’s modulus clearly increased
with HPMC content; as a result, strain at maximum load
decreased with the incorporation of HPMC. Generally,
CMS film is rather sticky with poor tensile strength.3 After
adding HPMC, the blended films became stiffer, resulting
in high tensile strength. These results corresponded with
phase morphology and IR peak shift as observed from
SEM and FTIR, respectively. In addition, similar report
was

found

in

poly(GVGVP)/HPMC.

blending

biopolymer

of

4

Figure 4 Swelling of CMS and CMS/HPMC films (10%,
30% and 50%HPMC)
4. Conclusion
CMS and CMS/HPMC films with varying HPMC
contents were successfully prepared by casting technique.
FTIR study of blended films showed a shift of the peak at
1455 cm-1, indicating new H-bonding between CMS and
HPMC chains. SEM showed more surface roughness,
Figure 3 Mechanical properties of different CMS/HPMC
films
Swelling behavior of various CMS/HPMC films is
shown in Figure 4. Swelling of pure CMS films gradually
increased with time and showed the highest swelling. This
was due to strong hydrophilic nature of CMS, which
contains many carboxylate and carboxylic groups from
substitution with chloroacetic acid. However, different
CMS/HPMC films presented the decreased swelling with
increasing of HPMC contents. These results may be due to
good phase compatibility with hydrogen bonding between
CMS and HPMC that prevented water molecules from
diffusing into the blend films. Additionally, it may be
because HPMC shows lower water uptake than CMS.4,7
Similarly, the decrease of swelling value was found in
blended

mucoadhesive

It

films.

was

HPMC film showed the lowest degree of swelling and the
highest stress at maximum load and Young’s modulus.

3.4 Swelling

HPMC/polycarbophil

when HPMC content increased. Furthermore, 50wt%

films
explained

used
that

for
the
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Abstract
Ethyl cellulose (EC) has been widely utilized for several applications due to its wide availability, environmental
friendliness, non-toxicity, hydrophobicity and biodegradability. Here, EC is used as a material for preparation of fibrous
electrospun membranes for oil adsorbent application. For this particular application, hydrophobicity of the EC membranes
is enhanced by incorporation of molybdenum disulfide (MoS2) into the polymer membranes. By varying MoS2 loading
content, it is found that the membrane with MoS2 content of 3 phr performs the highest oil adsorption capacity of 27.42
g/g, equivalent to 53.53% enhancement compared with the neat EC membranes. This can be attributed to the hydrophobic
MoS2, which leads the water contact angle of the EC/MoS2 composite membranes to be 138.6°. Scanning electron
microscopy images also indicate that the presence of MoS2 contributes to bead-free EC fibers with a narrow fiber size
distribution. Furthermore, the composite membranes show their reusability and ability to adsorb various types of oils. The
EC/MoS2 composite membranes in this work are accordingly potential adsorbents for oil spill clean-up.
Keywords: Polymer composite; Ethyl cellulose; Fibrous Membrane; Oil adsorption
1. Introduction

natural resources and are considered unsustainable.

Oil spillage can be one of the critical environmental
concerns, affecting ecosystem and human health. Oil-

Natural materials, therefore, should be the materials to be
utilized for the development of oil adsorbents.

water separation is thus necessary and can be typically

Materials from natural resources like chitosan, starch

performed using three main approaches: physical

and cellulose are biodegradable, cost-effective, non-toxic

adsorption, chemical burning and solidification, and

and renewable [6-7]. According to these advantages, much

biological treatment [1]. The chemical and biological

attention has been paid to naturally-derived oil adsorbents.

methods usually lead to secondary pollution to the

Previously, hydrophobicity of the adsorbents was

environment. For this reason, biodegradable adsorbents

increased for improved oil adsorption [8-9]. Highly porous

with simple physical adsorption have been widely

adsorbents made from paper waste cellulose fibers were

investigated [2]. Recently, several porous materials with

prepared

hydrophobicity have shown their potential for the removal

functionalization with methyltrimethoxysilane (MTMS) to

of oils or organic solvents from water. These adsorbent

enhance hydrophobicity [8]. The crude oil adsorption

materials

[3],

capacity of the adsorbents was 24.4 g/g. In addition, oil

poly(melamine-formaldehyde) [4] and polyvinylidene

adsorbents comprising modified cellulose nanofibrils with

fluoride [5]. However, these polymers are not derived from

hydrophobic styrene-acrylic monomer were fabricated by

were,

for

instance,

polystyrene

using

freeze-drying

followed

by

the
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freeze-drying with the incorporation of carbon nanotubes

was received from QRëC, New Zealand. All oils used for

(CNTs) to fabricate hydrophobic aerogels [9]. It was found

adsorption were obtained in Thailand: coconut oil (TPS

that the aerogels offered adsorption capacity of 46 g/g for

Products), soybean oil (Thai Vegetable Oil Public Co.,

chloroform.

Ltd.), mineral oil/baby oil (Johnson & Johnson Ltd.) and

Ethyl cellulose (EC), a derivative of cellulose, is an

engine oil (Apollo Co., Ltd.).

inert, non-toxic, hydrophobic polymer and can be readily
dissolved in common organic solvents [10-11]. As

2.2 Preparation of the EC solutions and EC/MoS2

adsorbents, superhydrophobic ethyl cellulose (SEC)

dispersions

sponges were prepared by cross-linking EC with

The EC solutions were prepared at 10% w/v in the

epichlorohydrin followed by mixing the cross-linked EC

binary solvent of chloroform: ethanol (60:40% v/v) with

sponges with silanized CNTs [12]. Subsequently, the

stirring until complete dissolution at room temperature.

surface

by

The MoS2 powders were added into the EC solutions at

increase

different loading contents (0.1, 0.18, 0.25, 0.5, 1 and 3

of

the

sponges

hexadecyltrimethoxysilane

to

was

modified

significantly

hydrophobicity of the sponges. The surface modification

parts per hundred resin, phr) under ultrasonication.

contributed to n-hexane adsorption capacity of 31.61 g/g.
In addition to the methods and nanomaterials used to

2.3 Fabrication of the EC and EC/MoS2 membranes

improve adsorbent hydrophobicity, molybdenum disulfide

Each of the EC solutions and EC/MoS2 dispersions

(MoS2) shows excellent physical properties, including

was loaded into a 5 mL syringe tipped with a metal needle

environmental and hydrophobic character. Based on such

(an inner diameter of 1.2 mm). All electrospinning

potential,

melamine-formaldehyde

processes were carried out under ambient conditions (29 ±

sponges were dip-coated by MoS2 [13]. These sponges

4 °C with a relative humidity of 40 ± 10 %). The

could adsorb oils and organic solvents with the highest

electrospinning conditions used in this work were a tip-to-

adsorption capacity of 159 g/g for chloroform. A highly

collector distance of 20 cm and a constant applied voltage

selective adsorption was found with good recyclability.

of 15 kV. The fibers were collected on aluminum foils.

superhydrophobic

In this work, electrospinning was used to prepare
porous membranes from non-woven nanofibers of EC. The
electrospun

fibrous

membranes

have

a

highly

2.4 Characterization
Scanning

electron

microscopy

(SEM)

was

interconnected pore structure and high surface area,

conducted using a JSM-IT300 (JOEL, Japan). All

suitable for oil adsorption application. Coupled with the

membrane samples were characterized in dried form and

hydrophobic nature of EC, this work demonstrates the role

detached from the aluminum foils. These samples were cut

of MoS2 in increasing hydrophobicity and the oil

into small pieces and were gold-coated before observation.

adsorption ability of the fibrous polymer membranes.

X-ray diffraction (XRD) patterns were obtained at a speed
of 10 ° min-1 over a 2θ angle range of 10°-60° (Cu-Kα X-

2. Experimental Methods

ray source, λ = 0.154 nm). Water contact angle (WCA) was
measured at least 5 times for each sample. Deionized water

2.1 Materials

(10 µL) was dropped onto each membrane specimen for

EC (48.0-49.5% w/w ethoxyl basis) was supplied

the WCA measurement. The EC/MoS2 (3 phr) composite

by Sigma-Aldrich, USA. MoS2 powders (< 2 µm, 99%)

samples were characterized as the particular MoS2 loading

were

content of 3 phr resulted in the highest oil adsorption

obtained

from

Sigma-Aldrich,

Singapore.

Chloroform (AR grade, >99.8%) was a product of RCI
Labscan, Thailand. Ethanol (absolute, 99.9% denatured)

performance.
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2.5 Oil adsorption
Each membrane was immersed in an excess amount
of oil on a petridish for 5 min. The oil-wet membrane was

presence of the MoS2. The conductive dispersion
accordingly generated thinner nanofibers after solvent fast
drying [14].

removed and additionally drained for 5 min. The
adsorption capacity based on mass (Q) in g/g of the

(a)

(b)

(c)

(d)

membrane was calculated using the following equation:
Q (g/g) = (Wt – W0)/W0
where W0 and Wt were the weight of the membrane before
and after adsorption, respectively. The percentage
enhancement in adsorption capacity was calculated as
follows:
Percentage enhancement (%) = [(Qi – Qo)/Qo] x 100
where Qo and Qi were the oil adsorption capacity of the
adsorbent made from neat EC and polymer composite,
respectively.
Figure 1 SEM images of the EC-based electrospun fibrous
2.6 Reusability of the EC/MoS2 membrane for oil

membranes; (a) EC (x1000), (b) EC/MoS2 (3phr) (x1000),
(c) EC (x5000) and (d) EC/MoS2 (3phr) (x5000).

adsorption
Before next adsorption cycle, removal of the
soybean oil from the composite membrane was performed
by a simple vacuum suction. The weight of the composite
membrane before adsorption, after adsorption and after
removal of the oil was measured. The adsorption capacity
during the reusability test was calculated according to the
following equation:
Q (g/g) = (Wt – Wr)/W0
where Wr was the weight of the membrane after oil
removal.

3.2 XRD analyses of the membranes
All XRD patterns (Figure 2) were normalized
relatively to the most intense XRD peaks of the MoS2, EC
and EC/MoS2 (3 phr) composite. The XRD pattern of the
MoS2 agrees well with the JCPDS file No. 01-077-1761716, indicating that the sample was in a hexagonal phase.
The MoS2 powders show characteristic XRD peaks at
14.4°, 32.7°, 33.5°, 35.9°, 39.6°, 44.2°, 49.8°, 56.0° and
58.4°, corresponding to the (002), (100), (101), (102),
(103), (006), (105), (106) and (110) crystalline plane,

3. Results and Discussion

respectively. The XRD pattern of the EC/MoS2 composite
membrane shows 4 sharp peaks and 1 broad region. The

3.1 Structure and morphology analyses of the membranes
the surface morphologies of EC and EC/MoS2

characteristic sharp peaks of the crystalline planes (002)
and (103) correspond to the relevant peaks in the XRD

membranes were investigated by SEM (Figure 1). The

pattern of the MoS2. The crystalline sharp peaks at 21.3°

SEM images reveal that all the membranes consisted of

and 23.7°, which are on the amorphous broad region, are

nanofibers and interconnected microporous structures.

consistent to those in the XRD pattern of the neat EC

Compared with the EC membrane (Figures 1a and 1c), the

membrane. In addition, the MoS2 in the EC fiber matrix

EC/MoS2 composite membrane containing 3 phr MoS2

shows no XRD peak shifts compared with the peaks of the

(Figures 1b and 1d) had relatively smoother fibers without

MoS2 powders. Based on the XRD result, the MoS2 could

polymer beads. This could be attributed to an increase in

maintain its structural integrity in the EC matrix.

the electrical conductivity of the polymer solution in the
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Figure 3 Water contact angles of neat EC and EC/MoS2
Figure 2 XRD patterns of MoS2 powders, EC membrane

composite membranes with different MoS2 loading

and EC/MoS2 (3 phr) composite membrane.

contents.

3.3 Surface wettability of the membranes

different EC/MoS2 composite membranes containing 0.1,

Surface wettability of the EC/MoS2 membranes

0.18, 0.25, 0.5, 1 and 3 phr MoS2 are 17.86, 18.04, 18.14,

was investigated by WCA measurements. As shown in

18.69, 19.79, 21.23 and 27.42 g/g, respectively (Figure

Figure 3, the WCA values of the neat EC and EC/MoS2

4a). This increasing trend is consistent to the hydrophobic

composite membranes containing 0.1, 0.18, 0.25, 0.5, 1

properties as indicated by the WCA result (Figure 3). For

and 3 phr MoS2 are 122.7°, 123.7°, 124.4°, 125.0°, 126.0°,

the EC/MoS2 membranes having 3 phr MoS2, the oil

129.8° and 138.6°, respectively. It is observed that the

adsorption capacity was highest among all samples. This

incorporation

enhanced

increase in the adsorption capacity was 53.53% compared

hydrophobicity of the EC membranes. This could be due

with that of the neat EC membranes. As aforementioned,

to the hydrophobic MoS2 that decorated on the nanofibers

the EC fibers were decorated by the MoS2, leading to the

to cause the increased membrane roughness, leading to an

increased membrane roughness and resultant high degree

increase in hydrophobicity. However, the MoS2 loading

of hydrophobicity and oleophilicity. The high loading

content higher than 3 phr resulted in highly viscous

content (3 phr) of hydrophobic MoS2 thus contributed to

EC/MoS2 dispersions with a lower degree of dispersion

the highest oil adsorption performance. Further study was

homogeneity. According to the WCA finding, the

performed to compare a difference between the neat EC

EC/MoS2 composite membranes with 3 phr MoS2 had the

and EC/MoS2 (3 phr) composite membranes in oil

relatively highest hydrophobicity, being promising for oil

adsorption kinetics. Figure 4b shows the adsorption

adsorption.

equilibria of the EC and EC/MoS2 composite membranes

of

MoS2

resulted

in

an

for soybean oil at 17.49 and 27.24 g/g, respectively. In
3.4 Oil adsorption performance of the membranes

comparison to the EC membranes, the EC/MoS2

Oil adsorption measurements were performed and

composite membranes took a longer time to reach their

presented in Figure 4. The adsorption capacities for

adsorption equilibrium as they could adsorb a higher oil

soybean oil of the neat EC membranes (0 phr MoS2) and

amount. Finally, Figure 4c presents the versatility of the
EC-based membranes in adsorbing several oil types,
including soybean oil, coconut oil, mineral oil and engine
oil. The EC and EC/MoS2 composite membranes are most
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oleophilic for the soybean oil. The adsorption capacities of
these membranes depended mainly on the oil densities,
which were in a decreasing order of soybean oil (0.876
3

3

g/cm ), followed by coconut oil (0.871 g/cm ), engine oil
3

3

4. Conclusions
In summary, the neat EC and EC/MoS2 composite
membranes

were

successfully

prepared

by

the

electrospinning for oil adsorption. The presence of MoS2

(0.785 g/cm ) and mineral oil (0.791 g/cm ). It is also

in the EC membranes resulted in bead-free homogeneous

found that the oil adsorption capacity of the EC/MoS2

polymer fibers as confirms by the SEM study. As

composite membranes is higher than that of the neat EC

demonstrated by the WCA result, the membrane

membranes for all oil types tested in this work.

hydrophobicity increased due to the presence of

A comparison in oil adsorption capacity here is also

hydrophobic MoS2 that could also create an increased

made with those of other cellulose-based adsorbents [8-9,

membrane roughness. The enhancement in the oil

12]. The adsorption capacity in this work (27.24 g/g) was

adsorption capacity was 53.53 % for the EC/MoS2 (3 phr)

higher than the case of MTMS-functionalized cellulose

composite membranes. In addition, the composite

aerogels (24.4 g/g at 40°C for crude oils) [8]. Although the

membrane could be reused several times for the oil

SEC sponges had a higher adsorption capacity for n-

adsorption. Based on the findings in this work, the

hexane of 31.61 g/g [12], the increase in adsorption

EC/MoS2 composite membranes could be potential

capacity was only 4.29% (from 30.31 g/g to 31.61g/g),

candidates in oil adsorption applications.

which is lower than the finding in this work (53.53%).
Compared with our work, the cellulose nanofibril aerogels
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3.5 Reusability
To determine reusability of the EC/MoS2 (3 phr)
membrane, the soybean oil was used as an adsorbate for
several adsorption cycles (Figure 5). After 4 adsorption
cycles, the adsorption capacity was still higher than 50%
of its initial value. The reduction in adsorption capacity
may be due to the change in porous structure of the
membrane as a result of the oil removal before next
adsorption cycle. Despite the decrease in adsorption
capacity, this work demonstrates that the composite
membrane could be efficiently used at least 5 times for the
oil adsorption to replace one-time-use adsorbents.
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(a)

(b)

Figure 5 Reusability performance of the EC/MoS2 (3 phr)
membrane for adsorption of soybean oil.
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Abstract
The purpose of this research is to examine effects of graphene nanoplatelets (GnPs) contents on mechanical
properties of aramid fiber-reinforced polybenzoxazine/urethane composites. The composites were filled with GnPs at
contents of 0, 0.25, 0.50, and 0.75wt%. The quality of the fiber-reinforced polybenzoxazine/urethane composite filled
with GnPs was investigated by density measurement for void content evaluation. Flexural strength of 0.25wt% GnPsfilled polybenzoxazine/urethane composite reinforced with aramid fiber was found to be 153 MPa which was higher than
aramid fiber-reinforced polybenzoxazine/urethane composite without GnPs incorporation, i.e. 134 MPa. The flexural
modulus was systematically increased with increasing GnPs up to 0.75wt%. Moreover, the energy absorption determined
by flexural stress-strain curve of the composites was substantially improved with an addition of GnPs. The results suggest
that the aramid fiber-reinforced polybenzoxazine/urethane composites filled with GnPs have a potential to be used as an
energy absorption panel for hard ballistic armor composites.
Keywords: Polybenzoxazine composite; Graphene nanoplatelets; Nanocomposites.
1. Introduction

Polybenzoxazine has many outstanding properties, i.e.

Fiber-reinforced polymer (FRP) composites have

solvent-less synthesis, no by-product upon curing, good

been pervasively used in advanced applications such as

mechanical properties, and ability to alloy with various

aerospace, automobile, and ballistic protection, which

types of resins, which render resin possesses extensive and

require high energy absorption and excellent mechanical

more diverse. Okhawilai et al [10] demonstrated that

properties, i.e. stiffness and strength [1-3]. FRP

aramid

composites consist of two major parts, which are

composite at 20wt% of urethane prepolymer is the

reinforcement materials and polymer matrix. In term of

effective FRP composite for enhancing the ballistic

reinforcement materials, many researchers were studied

performance in term of the energy absorption and provides

about high performance fibers to reinforce polymers, i.e.

the synergistic behaviors in the energy absorption

ultra-high

according to National Institute of Justice standard-0101.04

molecular

weight

polyethylene

fibers

(UHMWPE), aramid fibers, glass fibers, and carbon fibers.
Among these fibers, aramid fibers were widely used as an
energy absorption panel of ballistic armor [4,5].

fiber-reinforced

polybenzoxazine/urethane

at both level II and IIIA.
FRP composites can also be modified by the
addition of fillers, i.e. carbon nanotube, nanoclay,

For polymer matrices, the most popular matrix used

nanosilica, and graphene nanoplatelets that could help to

to produce ballistic armor is a thermosetting polymer, such

increase the impact performance and prevent penetration

as epoxy, phenolics, ester, and polybenzoxazine [6-9].

by a projectile [11-14]. Graphene nanoplatelets (GnPs)
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possess high mechanical properties and high contact area,

nm, and a surface area of 50-80 m2/g were purchased from

which enrich the properties of toughness, strength, and

XG Sciences, Lansing, MI.

absorb more energy. Naveen et al. [15] evaluated the effect
of GnPs filled epoxy matrix on the ballistic performance

2.2 Resin preparation
Benzoxazine monomer was synthesized following

of hybrid Kevlar/Cocos nucifera sheath and found that the
addition of GnPs improves the energy absorption of epoxy
composite reinforced with Kevlar fiber at 0.25wt%. Kamar
et al. [14] investigated epoxy composite reinforced with Sglass fiber and GnPs of 5 m with a thickness of 5-7 nm at
various contents. They found that the addition of 0.25wt%
GnPs enhances 29% in flexural strength and 25% in
fracture toughness of the nanocomposite and also found
that adding low concentrations of GnPs resulted in better
transfer stress to the rigid GnPs and the fiber reinforcement.
Therefore, in this work, the effect of graphene
nanoplatelets contents on mechanical properties, i.e.
strength and modulus under flexural test of aramid fiberreinforced polybenzoxazine/urethane composites was
investigated and the energy absorption of the composites
were also evaluated.
2. Experimental methods
2.1 Materials

the

solvent-less

technique

by

using

bisphenol-A,

formaldehyde, and aniline [16]. The reactants were mixed
at the molar ratio of 1:4:2 and continuously stirred at
110℃ for approximately 40 minutes. The obtained
monomer is a light yellow solid which is then grounded to
a fine powder and kept in a refrigerator for future use.
Urethane prepolymer was prepared from TDI and
PPG. The reactants were directly mixed at the molar ratio
of 2:1 into a four-necked round-bottomed flask under a
nitrogen stream at 60℃ for 2 hours to yield a light yellow
liquid prepolymer and kept in a closed container with
purged nitrogen in a refrigerator for future use.
2.3 Sample preparation
Benzoxazine/urethane copolymer was prepared by
mixing benzoxazine monomer with urethane prepolymer
at 20wt% of urethane prepolymer. The benzoxazine/
urethane copolymers filled with GnPs were prepared by
the addition of 0, 0.25, 0.50, and 0.75wt% GnPs and mixed

Benzoxazine monomer, bis(3-phenyl-3,4-dihydro-

at 120℃ until good dispersion. Aramid fibers were pre-

2H-1,3-benoxzinyl) isopropane (BA-a), based on 2,2’-

impregnated with prepared copolymer using hand lay-up

bis(4-hydroxyphenyl)-propane (bisphenol-A), aniline, and

technique, which kept constant 80wt% of the fiber. The

formaldehyde. The bisphenol-A (polycarbonate grade)

prepregs were then heated in a compression molder at

was kindly supplied by Thai Polycarbonate Co., Ltd.

200℃ for 2 hours using a pressure of 10 MPa. All samples

(Rayong, Thailand). Formaldehyde (AR grade) was

were cooled down to room temperature in the open mold

purchased from Merck Co., Ltd. while, aniline (AR grade)

before cutting into desired shapes for characterizations.

was purchased from Panreac Quimica, S.A. Urethane
prepolymer (PU) was synthesized from 2,4- toluene
diisocyanate (TDI) and propylene glycol (PPG) with the
number average molecular weights (Mn) of 2,000 g/mole
supported by the South City Group (Thailand) and TPI
Polyol Co., Ltd (Thailand), respectively. The plain weave
of aramid fabric having area weight density of 360 g/cm2
used as reinforcing fabric purchased from Thai Polyadd
Limited Partnership (Thailand). Graphene nanoplatelets
(H grade) having a diameter of 5-25 m, a thickness of 15

2.4 Sample characterizations
2.4.1 Density measurement
The

density

of

aramid

fiber-reinforced

polybenzoxazine/urethane composites filled with GnPs
was evaluated using a water substitution method according
to ASTM D792-08 (Method A). The specimens with
dimensions of 50 mm × 25 mm × 2.97 mm were tested and
the average density value was determined from three
specimens. The density of nanocomposites can then be
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calculated using Eq. (1) and the theoretical density of

1.60

nanocomposites was calculated using Eq. (2):

1.40

A
 0
AB

3

where  and  are the densities of specimen and water,
while A and B are the weights of specimen in the air and
water.
C 

1.20

(1)
Density (g/cm )



1.00
0.80
0.60
0.40

1
w f (1  w f )

f
m

(2)

0.20
0.00
0

Where  c,  f, and  m were the theoretical densitie of

0.25

0.5

0.75

GnPs content (wt%)

nanocomposite, density of filler and density of matrix,
respectively, while w f is the weight of the filler.

Figure

1

Density

of

aramid

fiber-reinforced

polybenzoxazine/urethane composites filled with GnPs at
2.4.2 Flexural properties of the samples
Flexural

properties

of

various GnPs contents.
GnPs-filled

polybenzoxazine/urethane composites reinforced with

3.2 Flexural properties of aramid fiber-reinforced

aramid fiber was characterized by using a Universal

polybenzoxazine/urethane composites filled with GnPs

Testing Machine (Model 5567 from Instron Co., Ltd.)

The effect of GnPs contents on flexural properties

according to ASTM D790M. The specimens with

of the aramid fiber-reinforced polybenzoxazine/urethane

dimensions of 50 mm × 25 mm × 2.97 mm were tested in

composites were investigated as shown in Figure 2.

a three-point bending mode with a support span of 32 mm

Flexural strength and modulus, and energy absorption

and a crosshead speed of 0.85 mm/min. At least five

were obtained from flexural stress-strain curve as shown

specimens were tested and averaged.

in Figure 3 and Table 1, respectively. The flexural strength

3. Results and Discussion

of

aramid

fiber-reinforced

polybenzoxazine/

urethane composites without GnPs was found to be 134

3.1 Density of aramid fiber-reinforced polybenzoxazine/

MPa. The flexural strength of polybenzoxazine/urethane

urethane composites filled with GnPs

composites reinforced with aramid fiber increased when

The density of GnPs-filled polybenzoxazine/

the amount of GnPs added was increased. An optimal

urethane composites reinforced with aramid fiber was

GnPs content was found to be at 0.25wt%, resulting in

evaluated as shown in Figure 1. The aramid fiber-

14% increase at 153 MPa. The improvement in flexural

reinforced polybenzoxazine/urethane composite without

strength may be due to a uniform dispersion and good

GnPs exhibits density at 1.323 g/cm3. When adding GnPs

interfacial

contents, i.e. 0.25, 0.50, and 0.75wt%, the densities of

polybenzoxazine/urethane matrix as similarly reported in

nanocomposites increase to 1.325, 1.331, and 1.328 g/cm3,

GnPs/epoxy composite [17]. However, the flexural

respectively. Those of nanocomposite densities were

strength slightly decreased after added GnPs more than

similar, resulting in the void content value also resemble.

0.25wt%. It is possible due to poor dispersion and

It was found that the density of the nanocomposites has a

increased

linear relationship and the value is closed to the theoretical

polybenzoxazine/urethane matrix as can be observed in

density according to the mixing rules.

GnPs/epoxy composite [17]. As for the flexural modulus

bonding

aggregate

between

sheets

GnPs

of

GnPs

and

in

of aramid fiber-reinforced polybenzoxazine/urethane
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composites also increased with increasing GnPs contents,
i.e. 14.9, 15.4, 15.6, and 15.7 GPa for GnPs content of 0,

200

20

0.25, 0.50, and 0.75 wt%, respectively. This shows that the
aggregate

particles

polybenzoxazine/urethane

of

composites

GnPs

into

increased

the

stiffness of obtained nanocomposites [17,18].

160
0.0wt% of GnPs
0.25wt% of GnPs
0.50wt% of GnPs
0.75wt% of GnPs

Flexural Stress (MPa)

140
120

Flexural strength (MPa)

of

Flexural modulus

160

16

120

12

80

8

40

4

0

Flexural modulus (GPa)

addition

Flexural strength

0
0.00

100

0.25

0.50

0.75

GnPs content (wt%)

80

Figure 3 Flexural strength and flexural modulus of aramid

60

fiber-reinforced polybenzoxazine/urethane composites

40

filled with GnPs at various GnPs contents.

20
0

0
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3

4

5
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7

8
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Figure 2 Flexural stress-strain curves of aramid fiberreinforced polybenzoxazine/urethane composited filled
with GnPs at various GnPs contents.

The energy absorption determined by integrating
under flexural stress-strain curve shown in Figure 2, was
listed

in

Table

1.

The

energy

absorption

of

polybenzoxazine/urethane composites reinforced with
aramid fiber increased when the amount of GnPs added
was increased. An optimal GnPs content was found to be

Table 1 Energy absorption observed from flexural failure
of aramid fiber-reinforced polybenzoxazine/urethane
composites filled with GnPs at different contents.

at 0.25wt%, resulting in 23% higher than that aramid fiberreinforced polybenzoxazine/urethane composite due to a
uniform dispersion and good interfacial bonding between
the reinforcement, i.e. GnPs, polybenzoxazine/urethane

GnPs content (wt%)

Energy absorption (J)

0

16.9 ± 0.8

0.25

20.8 ± 0.7

0.50

19.1 ± 0.9

improve the energy absorption of the nanocomposites.

0.75

18.1 ± 0.8

Furthermore, energy absorption plays an essential role in

matrix, and aramid fiber [17]. However, the energy
absorption slightly decreased after added GnPs more than
0.25wt%. The results imply that the addition of GnPs can

ballistic armor [15]. Based on the energy absorption
obtained from the area under stress-strain curves, it is
possible

that

GnPs-filled

polybenzoxazine/urethane

composites reinforced with aramid fiber tend to enhance
ballistic

performance

when

comparing

with

polybenzoxazine/urethane composite reinforced with
aramid fiber used as ballistic panels in soft armor
composites [10].
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4. Conclusion

10. Okhawilai, M.; Parnklang, T.; Mora, P.; Hiziroglu, S.;

In this research, the effect of GnPs contents on
mechanical

properties

of

polybenzoxazine/urethane

Rimdusit, S., J. Reinf. Plast. Compos. 2019, 38, 133146.

composites reinforced with aramid fiber was evaluated.

11. Rahman, M.; Hosur, M.; Zainuddin, S.; Vaidya, U.;

Mechanical properties, i.e. strength and modulus under

Tauhid, A.; Kumar, A.; Trovillion, J.; Jeelani, S., Int.

flexural test was substantially enriched by adding GnPs up

J. Impact. Eng. 2013, 57, 108-118.

to 0.25wt%. From determining flexural stress-strain curve,

12. Reis, P. N. B.; Ferreira, J. A. M.; Zhang, Z. Y.;

GnPs-filled polybenzoxazine/urethane composite also

Benameur, T.; Richardson, M. O. W., Compos. B.

improved

Eng. 2013, 46, 7-14.

energy

absorption

at

0.25wt%.

The

enhancement of mechanical properties could be attributed
to dispersion and interfacial bonding between GnPs and
polybenzoxazine/urethane
expected

that

composite.

GnPs-filled

The

13. Kang, T. J.; Kim, C. Y.; Hong, K. H., J. Appl. Polym.
Sci. 2011, 124, 1534-1541.

results

14. Kamar, N. T.; Hossain, M. M.; Khomenko, A.; Haq,

polybenzoxazine/urethane

M.; Drzal, L. T.; Loos, A., Compos. Part A Appl. Sci.

composites has a potential to be used as an energy
absorption panel for hard ballistic armor composites.

Manuf. 2015, 70, 82-92.
15. Naveen, J.; Jawaid, M.; Zainudin, E. S.; Sultan, M. T.
H.; Yahaya, R., Text. Res. J. 2019, 89, 4349-4362.
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Abstract
Blends of poly(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) at PBAT contents of 10, 20,
30 wt% were prepared using a twin screw extruder. With increasing PBAT content, tensile strength and tensile modulus of
the blends decreased but elongation at break and impact strength increased. SEM results revealed that PLA/PBAT blends
were immiscible blends. Thermal stability of the blends was better than PLA. Adding PBAT exhibited no influence on
melting temperature of PLA. Glass transition temperature of PLA was increased but cold crystallization temperature was
reduced with the presence of PBAT.
Keywords: Poly(lactic acid), poly(butylene adipate-co-terephthalate), mechanical properties, morphology, thermal
properties
1. Introduction

The objective of this study was to investigate the

Polymers obtained from petrochemical sources have
caused environmental problem with their disposal. One of

effect of PBAT content on mechanical, morphological and
thermal properties of PLA/PBAT blends.

the possible solutions to solve this problem is to replace
the commodity polymers with biodegradable polymers.

2. Experimental

Poly(lactic acid) (PLA) has been widely used in packaging

2.1 Materials
Poly(lactic acid) (PLA, 3052D) was supplied from

and biomedical applications. PLA has many interesting
properties e.g. biodegradability, biocompatibility, high

Nature

strength and high modulus. However, its brittleness limits

terephthalate) (PBAT, Ecoflex FBX 7011) was obtained

its

from BASF Co., Ltd..

application. Blending PLA

with

flexible

and

Works

LLC.

Poly(butylene

biodegradable polymers such as polycarprolactone (PCL)

2.2 Experimental

[1], poly(butylene succinate) (PBS) [2], poly(butylene

Preparation of PLA/PBAT blends

adipate-co-

adipate-co-terephthalte) (PBAT) [3] is one method to

PLA and PBAT were dried in an oven at 70ºC for 4

improve toughness of PLA. PBAT is a good candidate for

h. PBAT contents were 10, 20, 30 and 40 wt%. PLA/PBAT

toughening PLA due to its high toughness and

blends were prepared using a co-rotating intermeshing twin

biodegradability.

screw extruder (Brabender, DSE 35/17D) at barrel
temperature of 175/170/165/160/155ºC. The screw speed
was 15 rpm. The granulated blend was dried at 70ºC for 4
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h. The test specimens were prepared by an injection

(93.7 J/g) [4] and wf is the weight fraction of PLA

molding machine (Chuan Lih Fa, CLF 80T).

component in blends.

Characterization of PLA/PBAT blends
Tensile properties of PLA and PLA/PBAT blends
were obtained according to ASTM D638 using a Universal
Testing Machine (Instron, 6656) with load cell of 5 kN and
a crosshead speed of 5 mm/min.
Impact properties of PLA and PLA/PBAT blends
were obtained according to ASTM D256 using an impact
testing machine (Atlas, BPI).
Morphological properties of PLA and PLA/PBAT
blends were performed using a scanning electron

3. Results and Discussion
Tensile strength and modulus of PLA and
PLA/PBAT blends are shown in Figure 1 and 2,
respectively. It was found that tensile strength and modulus
of the blends decreased with increasing PBAT content.
However, elongation at break of the blends increased when
PBAT content was increased as displayed in Figure 3. This
was expected because PBAT had lower tensile strength
and modulus than PLA which resulted in an improvement
of PLA ductility.

microscope (JEOL, JCM6010). The impact and tensile
fractured surfaces of the specimens were coated with gold
before analysis.
Thermal stability of PLA, PBAT and PLA/PBAT
blends was investigated using a thermogravimetric
analyser (Perkin Elmer, SDT 2960). The sample was heated
from room temperature to 600ºC with a heating rate of
10ºC/min under nitrogen atmosphere.
Thermal properties of PLA, PBAT and PLA/PBAT
blends were investigated using a differential scanning
calorimeter (NETZSCH, DSC 204F). All samples were

Figure 1 Tensile strength of PLA and PLA/PBAT blends

heated from -50 to 200ºC with a heating rate of 5ºC/min (1st
heating scan) and kept isothermal for 5 min under a
nitrogen atmosphere to erase previous thermal history.
Then, the sample was cooled to -50ºC with a cooling rate
of 5ºC /min and heated again to 200ºC with a heating rate
of 5ºC/min (2nd heating scan). The crystallinity of PLA was
calculated using the following equation.

Figure 2 Tensile modulus of PLA and PLA/PBAT blends

When Hm is the enthalpy of melting during the
heating, H0m is the enthalpy for 100% crystallinity of PLA
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Figure 3 Elongation at break of PLA and PLA/PBAT

Figure 5 SEM micrographs at 1000X of impact fractured

blends

surfaces of (a) PLA, (b) PLA/PBAT10, (c) PLA/PBAT20 and
(d) PLA/PBAT30

Figure 4 Impact strength of PLA and PLA/PBAT blends

brittleness

Figure 6 SEM micrographs at 1000X of tensile fractured

characteristic of PLA which was evident from an increase

surfaces of (a) PLA, (b) PLA/PBAT10, (c) PLA/PBAT20 and

in impact strength as shown in Figure 4. Moreover, impact

(d) PLA/PBAT30

The

addition of PBAT

reduced

strength of the blends slightly increased with increasing
PBAT content.

SEM micrographs of tensile fractured surface of

SEM micrographs of impact fractured surfaces of

PLA and the blends are shown in Figure 6. Tensile

PLA and PLA/PBAT blends are shown in Figure 5. Brittle

fractured surface morphology of PLA toughed with PBAT

and smooth fractured surface morphology was observed in

exhibited some ductile fracture features. Rougher fractured

PLA. In blend systems, PBAT droplets were found in PLA

surface and longer fibrils pulled out during tensile testing

matrix. This indicated that the blends were immiscible

were observed. Moreover, with increasing PBAT content,

blends. In addition, PBAT droplet size in the blends was

more ductile deformation indicated by extensive elongated

increased

matrix on the fractured surfaces was displayed in Figure

with

increasing

PBAT

coalescence of PBAT droplets [5].

content due

to

6(c)-(d). This resulted in the improvement in elongation at
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break and impact strength of the blends with increasing
Table 1 Thermal decomposition temperature of PLA,

PBAT content.

PBAT and PLA/PBAT blends
Material

T5

T50

Td,1

Td,2

(ºC )

(ºC )

(ºC )

(ºC )

PLA

329.8

370.6

374.4

-

PBAT

372.0

412.7

-

418.8

PLA/PBAT10

337.2

374.6

376.5

417.5

PLA/PBAT20

340.5

377.6

376.9

417.8

PLA/PBAT30

343.4

382.7

376.8

417.4

Figure 8 DSC thermograms of PLA, PBAT and
PLA/PBAT blends
Figure 7 TGA and DTG curves of PLA, PBAT and
Table 2 Thermal characteristics of PLA, PBAT and

PLA/PBAT blends

PLA/PBAT blends (2nd heating)
TGA and DTG curves of PLA, PBAT and

Tg

Tcc

Tm

Hm

c

(ºC )

(ºC )

(ºC )

(J/g)

(%)

PLA

50.2

99.5

151.8

38.6

41.2

PLA/PBAT10

46.9

84.0

151.9

43.7

43.7

PLA/PBAT20

49.8

86.6

152.8

43.8

43.8

PLA/PBAT30

51.9

89.5

152.9

44.3

44.3

Material

PLA/PBAT blends are shown in Figure 7 and their thermal
decomposition temperatures are listed in Table 1. PLA and
PBAT showed one step of thermal decomposition at 374.4
and

418.8ºC,

respectively. Thermal

decomposition

temperature (Td), thermal decomposition temperature at 5%
weight loss (T5) and thermal decomposition temperature at

PLA showed melting temperature (Tm) at 141.6 and

50% weight loss (T50) of PBAT were higher than PLA. This

151.8ºC. The double melting endotherms of neat PLA

indicated that thermal stability of PBAT was better than

suggested that different size and/or perfection of order of

PLA. In cases of the blends, there were two steps of thermal

PLA were taken place [6]. Glass transition temperature (Tg)

decomposition which belonged to PLA and PBAT. T5 and

of PLA was 50.2ºC. PBAT had Tg and Tm at -40.3 and

T50 of the blends enhanced with PBAT content.

129.0ºC, respectively. Tg of PLA reduced from 50.2 to
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46.90ºC with the presence of PBAT. However, Tg of PLA
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Abstract
This work has investigated the potential of tetraethoxy silane (TEOS) as a coupling agent for starch laminate
composite foams. Crosslinked starch laminate composite foams were prepared from glyoxal crosslink-tapioca starch and
used TEOS treated corn husks as reinforcement which formed by compression molding. Effect of TEOS on morphology,
density, flexural strength, impact strength and water absorption of crosslinked starch laminate composite foams were
investigated. Corn husks were treated with TEOS at different contents (2%, 5% and 10%). It was found that there was no
effect of silane treatments on the foam morphology of starch composite foam. However, SEM micrographs showed lower
interfacial space between starch and silane treated cornhusk than those of untreated corn husk starch composite foams.
Treated corn husk with TEOS improves interfacial adhesion between corn husk and starch which results in improving
flexural strength, flexural modulus, impact strength and water resistance of starch laminate composite foams. As an
increasing TEOS concentration, only the impact strength of starch laminate composite foams was increased.
Keywords: Laminate Composite, Starch Foams, Corn Husk, Tetraethoxy Silane.
1. Introduction

can be used as food wraps for cooking. However, lower

Bio-based polymers are a viable alternative to
replace

these

fossil

sources

while

also

having

environmental advantages, such as decreasing toxic

interfacial strength between corn husk and starch foam
results in insufficient mechanical properties and water
resistance.

emissions. Incomparable of physical properties between
the bio-based tapioca starch and synthesized polystyrene
foam in brittleness, strength, and water resistance, limit
using this natural foam for low moisture food packaging.
The drawback of starch foams is low flexibility as well as
moisture susceptibility [1]. To overcome these problems,
crosslinking of starch was used. It has been reported that
glyoxal was successfully crosslinked starch and improved
its water-resistance [2]. The crosslinked starch laminate
composite foam with corn husks was prepared to
overcome the water-sensitive problem of starch foam
packaging [3]. Corn husks are the outside green leaves on
a cob of corn, that we usually peel off and discard. They

Silanes used for the treatment of reinforcement
have different functional groups at either end such that
interaction at one end can occur with hydrophilic groups
of the reinforcement whilst the other end can interact with
hydrophobic groups in the matrix to form a bridge between
them. As in treated composites, reinforcement and matrix
show

more

compactness

than

raw

reinforcement

composites due to the bonding between coupling agent,
hydrophilic natural reinforcement and hydrophobic
polymer matrix [4]. On the other hand, in case of both
matrix and reinforcement are hydrophilic, silanes have
only one functional group is chosen. Tetraethoxy silane
(TEOS) or tetraethylorthosilicate was coupling agent for
use to bonding between biodegradable polymer and
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natural extract [5]. TEOS is non-toxic and biodegradable

were prepared by coated NaOH treated corn husk with

so TEOS is a good choice to be a coupling agent for starch

TEOS solution on both sides of corn husk. TEOS solution

and corn husk. The chemical structure of TEOS was

was prepared dissolving 2-10 %wt of TEOS in 30/70

presented in Figure 1.

ethanol/DI water solution
For starch laminate composite foam preparation,
mold configuration is very important. Firstly, the TEOS
treated corn husk was placed on the mold as a bottom layer
followed by starch batter on top of the corn husk layer.
Then place another corn husk layer top on the starch batter.

Figure 1. Chemical structure of tetraethoxy silane

Composite starch foams were then prepared by hot press
molding with 160oC at 100 bar for 4 minutes.

(TEOS)

Due to a lot of foam samples, a sample code was
Potential TEOS for treated corn husk to reinforced
crosslinked starch laminate composite foams was carried
out in this study. Morphology, density, flexural properties
and water resistance, in terms of water absorption and
weight loss after water immersion of crosslinked
starch/corn husk laminate

composite

provided. SF was crosslinked starch foam, SFC was
crosslinked starch/corn husk laminate composite, code
follow SFC referred to a different way of treated corn husk.
T mean to treated corn husk with TEOS at a varying
concentration (2-10%wt).

foams were
2.2 Testing

investigated.

Before test the foam specimen, the composite foam
specimens were conditioned in a desiccator (10-20% HR)

2. Experimental

for 1 week. The density of crosslinked starch/corn husk
2.1 Preparation of crosslinked starch/corn husk laminate

laminate composite foams was examined using the

composite foams

Density Determination Kit by using chloroform as liquid

To prepared crosslinked starch, tapioca starch (preo

media. Morphology of crosslinked starch/corn husk

dried at 110 C for 24 h) and glyoxal (40% solution)

laminate composite foams was examined using SEM.

0.0269% per starch weight [2] were mixed and continuous

Surface and fractured specimens obtained after flexural

o

stirred at 25 C for 24 hr. After that washing with DI water
o

three times and dried at 50 C for 24 hr before use.
Crosslinked starch, guar gum (1% by weight of
crosslinked starch), and magnesium stearate (2% by

measurement was characterized. Universal Testing
Machine in a three-point bending mode was used for
flexural testing. The maximum load of 2500 N with a
crosshead speed of 2 mm/min was applied.

weight of crosslinked starch) were first dry mixed using a

The water resistance, in terms of water absorption

kitchen-aid mixer. Distilled water was added to the

and weight loss after water immersion, was studied. The

mixture and further mixed for 20 min. Treated corn husk

percentage of water absorption in a foam specimen was

was fixed at 2% of starch content [3].

taken as the percentage of weight increase after the

Treated corn husks were separated into two

specimen was completely submerged in distilled water at

categories, NaOH treated corn husk and TEOS treated corn

25oC for different reaction periods, ranging from 10 to 30

husk. NaOH treated corn husks were prepared by treated

min. After a specific time of swelling, the specimen was

dry corn husks with 5%NaOH solution for 2 hr. and then

removed from the water and weighed again after removing

rinsed with 1% acetic acid and DI water until neutral and

surface fluids by blotting with filter paper. The percentage

o

dried in an oven at 45 C for 1 hr. TEOS treated corn husk

of swelling was calculated according to eq (1), while the
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percentage of weight loss was calculated according to eq

a

(2) after immersed in water for 24 hr. at room temperature
Water absorption (%) 
Weight loss (%) 

W2  W1
 100
W1

W1  W3
 100
W1

(1)
(2)

When W1 and W2 are the weight of the specimens after and
before water immersion, and W3 is the weight of the
specimens after immersed into water and dried at 60oC
until constant weight.
b

3. Results and Discussion
The appearance of corn husk and crosslinked
starch/corn husk laminate composite foams is shown in
Figure 1. Dry corn husk is pale yellow. After treated corn
husk with NaOH, alkali treatment removes fiber
constituents including hemicellulose, lignin, pectin, fat
and wax which exposes cellulose and increases surface
roughness/area providing for improved interfacial bonding.
It was found that the thickness of treated corn husk was
thinner than those of before NaOH treatment. In the case
of TEOS treated, no effect of TEOS treated on the
thickness of corn husk was observed.
SEM micrographs of fracture of control starch
foam and crosslinked starch/corn husk laminate composite
foams are shown in Figure 2-3. Small closed-cell structure
was found at the area close to surface of starch composite
foam, while a larger open cell structure was found at the
middle layer of the fracture surface. There is no significant
difference in foam cell morphology in the treated
crosslinked-starch composite foam when compared to the
untreated starch composite foam.

Figure 1. The appearance of (a) Treated corn husk and (b)
crosslinked starch/corn husk laminate composite foams.
SEM micrograph of fractured surfaces at interfacial
zone shows the interfacial adhesion of corn husk and starch
matrix in silane treated composites foam. NaOH and
TEOS improve interfacial adhesion between corn husk and
starch foam as seen in Figure 3. No effect of TEOS
concentration on interfacial adhesion of corn husk and
starch foam. As in treated composites, corn husk and
matrix presented lack of interfacial space. The interfacial
adhesion between corn husk and starch phase in composite
foam was improved due to the bonding between coupling
agent, corn husk and starch matrix. A coupling reaction
between corn husk or starch with TEOS was that hydroxyl
group of glucose units from corn husk or starch condensed
with an ethoxy group of TEOS and produced ethanol
residues.
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a

b

a

b

c

d

c

d

e

f

e

Figure 2. SEM micrographs of fracture surface of

Figure 3. SEM micrographs of fracture surface at an

crosslinked starch/corn husk laminate composite foams

interfacial zone of crosslinked starch/corn husk laminate

with different sample (a) SF, (b) SFC, (c) SFC-NaOH, (d)

composite foams with different sample (a) SFC, (b) SFC-

SFC-T2, (e) SFC-T5 and (d) SFC-T10. Magnification 20x

NaOH, (c) SFC-T2, (d) SFC-T5 and (e) SFC-T10.
Magnification 100x

Density is an important physical property of foam,
which low density is ideal for these products. Table 1

Table 1. Density of crosslinked starch/corn husk laminate

shows a densities of crosslinked starch/corn husk laminate

composite foams with different treatment
Density (g/cm3)

composite foams with different treatments. The density of

Starch foam sample

corn husk was 0.72 ± 0.05 g/cm3 but after treated with

SF

0.22 ± 0.01

NaOH, its density was decreased to 0.49 ± 0.07 g/cm as

SFC

0.44 ± 0.03

NaOH treated was removed wax and other impurities from

SFC-NaOH

0.39 ± 0.10

corn husk. It was found that the density of corn husk was

SFC-T2

0.39 ± 0.03

decreased after NaOH treatment and effect to reduced

SFC-T5

0.38 ± 0.04

density of composite foam. However, the density of

SFC-T10

0.38 ± 0.02

3

crosslinked starch/corn husk laminate composite foams
was independent of TEOS treatment and TEOS
concentration.

After treated corn husk with TEOS, interfacial
space decrease results in good interfacial strength. As

Mechanical properties of crosslinked starch/corn

increasing TEOS concentration, flexural strength and

husk laminate composite foams with different treatment in

modulus of starch laminate composite foams increased.

terms of flexural properties and impact strength were

These results correspond to the previous report [5]. TEOS

illustrated in Figure 4 and Figure 5, respectively.

provided covalent bonds across the interface between corn
husk and starch. Through such treatment, the surface
energy of the corn husk might increase, thereby providing
better wettability and higher interfacial adhesion as seen
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lack of interfacial space in SEM. Much more stress transfer
between matrix and reinforcement were achieved.
a

Figure 5. Impact strength of crosslinked starch/corn husk
laminate composite foams with different treatments.
No effect of treated corn husk on the flexural strain
b

of starch composite foams was observed. The starch matrix
firstly cracked due to lower strain of starch than those of
corn husk.
Better in impact strength was also found when
compared

crosslinked

starch/corn

husk

laminate

composite foams to controlled starch foam as showed in
Figure 5. However, treated corn husk with NaOH lowering
impact strength of starch laminate composite foams due to
thinner of treated corn husk which lowering strength. In
case of treated corn husk with TEOS improving impact
c

strength of starch laminate composite foams due to good
interfacial adhesion. The increase in impact strength on
increase of TEOS concentration is attributed to an increase
in the interfacial adhesion between corn husk and starch
which prevents crack propagation.
High water absorption of starch-based material is a
drawback, and improvement such as property is the most
important to develop an application for this material. The
effect of TEOS treatment and TEOS concentration on the
water-resistance of crosslinked starch/corn husk laminate

Figure 4. Flexural properties of crosslinked starch/corn

composite foams was studied by determined the

husk laminate composite foams with different treatment:

percentages of water absorption and percentage of weight

a) flexural strength b) flexural modulus and c) flexural

loss as shown in Figure 6 and Table 2, respectively.

strain.

After 30 minutes, the water absorption in the entire
composite foams was found to increase with increasing
immersion time. Significantly lower water absorption was
found in TEOS treated laminate composite foams
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comparing to non-treated composite and control foams. It

4. Conclusion

was found that treated corn husk can improve the water-

In this research, crosslinked starch/corn husk

resistance of the composite foams. However, no

laminate composite foams were prepared by hot press

significant effect on TEOS concentration was observed.

molding. Tetraethoxy silane (TEOS) used as a coupling

Treated corn husk was also decreased water dissolving

agent for treated corn husk which used as laminate

ability due to less water absorption compared to non-

reinforcement layers. Effect of TEOS concentration 2-

treated corn husk composite foam. Because of less

10 % wt on the density, foam morphology, flexural and

interface space in composite foam. As increasing TEOS

impact properties, and water resistance of crosslinked

concentration, quite decreasing the percentage of weight

tapioca starch laminate composite foams were investigated.

loss was observed.

It was found that treated corn husk with TEOS help
improve interfacial adhesion between corn husk and starch
which results in improving flexural strength, flexural
modulus, impact strength and water resistance of starch
composite foams. As an increasing TEOS concentration,
only the impact strength of starch composite foams was
increased. TEOS has the potential to be a coupling agent
for improving properties of crosslinked starch/corn husk
laminate composite foams.
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Abstract
Periodontitis is an inflammation of the organs surrounding the teeth. Currently, Guided tissue regeneration (GTR)
membrane is the most widely used to repair periodontal defects. In this study, chitosan/poly(butylene succinate)
membranes prepared by the simple technique of freeze gelation via acetic acid. The aim of this study was to prepare
bilayer membrane of chitosan-calcium sorption sponge acted as a supporting osteoblast cell adhesion, dense poly(butylene
succinate) layer acted as barrier to prevent fibroblast cell occlusive and used for GTR to improve periodontal regeneration.
The morphology of this membrane was characterized by scanning electron microscopy (SEM). The top and crosssectional areas of chitosan membrane showed porous structure, whilst poly(butylene succinate) layer showed dense
structure, concentration of calcium released from chitosan membrane was determined by inductively coupled plasma
atomic emission spectrometer. It was found that calcium gradually released until stable at day 14 around 6.308+0.493 and
6.198+0.570 mg/L at calcium concentrations of 0.1 M and 0.5 M, respectively. This bilayer membrane showed high
swelling ratio. This chitosan/poly(butylene succinate) membrane showed potential membrane for periodontal application.
Keywords: chitosan; poly(butylene succinate); calcium sorption; guided tissue regeneration
1. Introduction
Periodontal disease is an inflammatory conditions of
the soft tissue surrounding the teeth, alveolar bone and
periodontal ligament. Periodontitis affects is most
common in adults, causes bacteria in the dental plaque,
which interacts with the host's immune system causing
inflammatory state that leads to the tissue damage and loss
of periodontal bone [1]. Prevention can be done with oral
hygiene performed daily and professional removal of the
microbial biofilm on a quarterly or biannual. There are
many treatments including of antimicrobial therapy, host
adjustment therapy, laser and tissue engineering for tissue
repair and regeneration [2,3]. Guided tissue regeneration
(GTR) is an interesting technique used to repair
periodontal defects [3]. The barrier membranes used for
GTR to prevent epithelial down growth and fibroblast

trans growth into the wound space, thereby maintaining a
space for true periodontal tissue regeneration. GTR
membranes are resorbable and non-resorbable. The barrier
membrane was designed to be resorbable to avoid the need
for surgical removal. The bioresorbable membrane is
derived from natural and synthetic membranes [4,5].
Natural membranes having a hydrophilic composition,
absorb faster and greater amounts of liquid compared to
synthetic membranes, which enhanced biocompatibility,
tissue integration and hence tissue regeneration [6].
Natural membraneincluding collagen or chitosan with a
successful treatment after the use of such a barrier has been
demonstrated [7]. In the study, we were interested in
chitosan. Chitosan is derived from chitin based linear
polysaccharide having (1 → 4)-2-acetamido-2-deoxy-βD-glucan (N-acetyl D-glucosamine) and (1 → 4)-2-amino2-deoxy-β-D-glucan

(D-glucosamine)

chains

in

its

chemical structure. Chitosan can be dissolved in organic
acids including lactic acid, formic acid and acetic acid.

COMP-P11

158

Chitosan is a polysaccharide, which contains breakable

2. Experimental methods

glycosidic bonds and is degraded in lysozyme and several
proteases in vivo. Chitosan is a natural polymer having
outstanding biodegradability, good biocompatibility,
antimicrobial property, cell adhesion properties, non-toxic
behavior and possesses high flexibility for chemical
functionalization [8]. Chitosan performs both functions
well due to its amino groups that can be protonated, giving
a very positive charges, which causes the negative ions like
proteins to bind to the positive charges of chitosan. The
elements that are positively charged can be bound to the
electrons from nitrogen of the amino groups of chitosan

2.1 Membrane fabrication
Chitosan/poly(butylene

succinate)

bilayer

membrane included two different layers. The first layer
was generated by a porous chitosan membrane which was
prepared by freeze gelation. Chitosan (85% deacetylated,
Seafresh Industry Public, Thailand) of 1.75 g was
dissolved in 0.1 M acetic acid (ACa) (Merck KGaA,
Germany) of 100 ml. This solution was stirring for 24 h at
room temperature and then poured into a petri dish freezed
at 0C for 24 h. The frozen chitosan solution was

creates a chemical bond called "Complex bonds".

nutralized by soaking in a 0.1 M sodium hydroxide

We ,therefore, absorb calcium within the chitosan

(NaOH) solution (Merck KGaA, Germany) for 30 min and

membrane, which is accelerate the growth of osteoblast

then washed with distilled water until neutral to obtain

cells. Further, chitosan blended with other polymers and

chitosan membranes. Chitosan membrane was absorbed

composites

calcium in cooled 0.1 M and 0.5 M solution of calcium

have

been

widely

used

in

various
[9].

chloride anhydrous (CaCl2) (Qrec Chemical, New

Poly(butylene succinate) (PBS) also obtained from

Zealand) for 24 h and rinsed with deionized water and

renewable resources. PBS is an aliphatic polyester, its

dried using vacuum freeze dryer. The second layer was

interesting

and

smoothed with overlaid of poly(butylene succinate) onto

biodegradability. The use of PBS in the biomedical field

the chitosan-calcium sorption membrane. Poly(butylene

has recently attracted considerable attention [10].

succinate) resin (PBS) (grade FZ91PM, PTT MCC

pharmaceutical

and

biomedical

thermo-mechanical

applications

properties

The objectives of the study were to design of

Biochem Co., Ltd., Thailand) of 10 g was dissolved in

chitosan/poly(butylene succinate) bilayer membrane and

chloroform (CHCl3) (V.S. CHEM HOUSE, Thiland) of

investigate the possibility of bilayer membrane to support

100 ml, solution was stirred for 3 h then pour the solution

cell adhesion and induce the growth of bone cells to be

into the mold and dried at room temperature for 24 h to

used for GTR to improve periodontal regeneration.

evaporate solvent. The PBS membrane was washed with

Membranes were prepared with two different layers. The

ethanol to remove the remaining chloroform solution,

preparation

washed with distilled water and dried at 50℃ for 2 h to

and

biophysical

properties

of

bilayer

membranes are described with characterization using
Scanning electron microscopy (SEM), Inductively coupled
plasma - atomic emission spectrometer (ICP-AES) and
swelling ratio analysis.

remove moisture.
2.2 Morphological observation
The surface and cross-sectional morphology of
membranes were observed by SEM (JSM-6480LV, JEOL,
Tokyo, Japan). Samples were mounted on aluminum stubs
with double-sided carbon adhesive dots and were sputter
coated under vacuum with gold using sputtering technique.
Samples were operated at an accelerating different voltage
of 5 kV and observed under different magnification of 50×
and 100×. Surface characteristics and porous structure
images from cross-section were obtained from the
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5.0

program.

Energy

dispersive

x-ray

3.2 Morphology of bilayers membrane by SEM

spectrometer was used in conjunction with SEM for
elemental analysis.
2.3 Analysis of concentrations of calcium ions released

(a)

(e)

(b)

(f)

(c)

(g)

from chitosan-calcium sorption membrane
Chitosan-calcium sorption membrane was soaked
in deionized water and sampling at a given times until 14
days. Then, concentrations of calcium ions released from
chitosan-calcium sorption membrane were analyzed by
inductively coupled plasma atomic emission spectrometer
(ICP-AES).
2.4 Swelling ratio analysis
Samples (2cm x 2cm) of chitosan-calcium sorption

PBS
Chitosan

or PBS membranes were dried and weighed. Then, the
membranes were soaked in distilled water at given time
(d)

interval for 3 hours and measured the wet weights. The
swelling ratio was calculated using the following equation:
Swell ratio (%) = (Ww - Wd)/Wd x 100

(1)

(h)

Figure 2 SEM micrographs with surface (magnification
50×) of: (a) chitosan membrane (b,c) chitosan-calcium

Where dry weight was given as Wd and wet weight was

sorption membrane with CaCl2 concentration of 0.1 M, 0.5

given as Ww.

M respectively (d) PBS membrane and cross-section
(magnification 100×) of: (e) chitosan membrane (f,g)

3. Results and Discussion

chitosan-calcium

3.1 Fabrication of chitosan/poly(butylene succinate)
bilayer membrane

sorption

membrane

with

CaCl2

concentration of 0.1 M, 0.5 M respectively (h) bilayer
membrane
The morphology and microstructures of the
chitosan/poly(butylene succinate) bilayer membrane were
analyzed by SEM. The results of the surface of chitosan

(a)

Figure

1

Representative

and chitosan-calcium sorption membrane with different

(b)

appearance

of

the

chitosan/poly(butylene succinate) bilayer membrane (a)
chitosan layer (b) PBS layer
The physical appearance of the chitosan/poly
(butylene succinate) bilayer membrane was shown in
Figure. 1. Chitosan layer was corrugated and light yellow,
while PBS layer was smooth and opague white.

CaCl2 concentration showed that corrugated surface and
presented porosity as seen in Figure. 2 (a-c), while the
surface of PBS membrane was smooth as seen in Figure. 2
(d). The occurrence of surfaces in such characteristics may
caused by the contraction of the solution after freezing
process or may occur during freeze-drying as seen in
Figure. 2 (a-c). The morphology of chitosan layer and PBS
layer revealed the approximate pore size of the surface at
500 μm in diameter. Cross-section of the chitosan
membrane and chitosan-calcium sorption membrane with
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different CaCl2 concentrations showed porous structure

concentrations of calcium ions released. As shown in

and large pore size as seen in Figure. 2 (e-g).

Figure. 3, at the beginning calcium absorbed within the

The formation of porous structure within the

chitosan membrane was released rapidly. After 15 minutes

chitosan membrane caused by water molecules in the form

the results showed that chitosan-calcium sorption

of acetic acid solution after freezing process it becomes ice

membrane with CaCl2 concentration of 0.1 M and 0.5 M

crystals very rapid was the main reason for these macro-

exhibited

pores [11] within the membrane and when immersed the

1.000+0.153 mg/L, respectively. Until 12 hours later it was

chitosan membrane in CaCl2 solution, calcium ions will

found that the chitosan- calcium sorption membrane with

bind to the electrons from nitrogen among the amino

CaCl2 concentration of 0.1 M and 0.5 M exhibited calcium

groups of chitosan [8] seen that with the increased

releases

concentrations of CaCl2 the pore size will be smaller. The

respectively.

pore size of chitosan-calcium sorption membrane with

continuously until at day 9 and found that the chitosan-

CaCl2 concentration of 0.1 M was larger pore size while

calcium sorption membrane with CaCl2 concentration of

that of CaCl2 concentration of 0.5 M was less than

0.1 M and 0.5 M were calcium released at 5.834+0.507 and

chitosan-calcium

CaCl2

5.692+0.622 mg/L, respectively and release less until

concentration of 0.1 M as seen in Figure. 2 (f,g). Cross-

gradually stable at day 14 CaCl2 concentration of 0.1 M

section of bilayer membrane showed that PBS layer was

and 0.5 M showed calcium releases at 6.308+0.493 and

dense structure and chitosan layer was porous structure as

6.198+0.570 mg/L, respectively.

sorption

membrane

with

seen in Figure. 2 (h).

calcium

at

releases

3.637+0.235
Then,

and

calcium

at

1.811+0.193

3.352+0.359
ions

were

and

mg/L,
released

The results in Figure. 3 found that calcium released

The results of chitosan/poly(butylene succinate)

from the chitosan-calcium sorption membrane with CaCl2

bilayer membrane obtained from SEM. Chitosan layer is

concentration of 0.1 M was released more than CaCl2

designed with a porous structure, expecting high

concentration of 0.5 M as a result of the salt adsorption and

interconnectivity for the proliferation of osteoblast cells

impact on the interfacial behavior. the number of

and PBS layer is designed with a dense structure expecting

dissociated Cl- ions is twice of Ca2+ ions and reduces the

preventing fibroblast cells invading periodontal defects.

interfacial width. The more interfacial width, it might repel
more Ca2+ cations than less Cl- anions [12]. Therefore, it

3.3 Concentrations of calcium ions released from chitosan-

Concentration of calcium (mg/L)

calcium sorption membrane

was found that at the membrane at CaCl2 concentration of
0.1 M released more calcium concentration than that of at

7

CaCl2 concentration of 0.5 M.

6
5

3.4 Swelling percentage of chitosan-calcium sorption

4
3

membrane

2

The chitosan membrane or chitosan-calcium sorption

1
0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Day

or bilayer membranes were immersed in water for time
period. The swelling percentage was calculated using the

Figure. 3. Concentration of calcium ions within chitosan-

equation 1. As shown in Figure. 4, the swelling ratio of the

calcium sorption membrane released within 14 days

membrane increased with time. The swelling ratio of

The calcium ions released from chitosan-calcium

chitosan and chitosan-calcium sorption membrane over

sorption membranes were determined by ICP-AES. All

180 minutes showed the high swelling ratio when

samples were immersed in deionized water for a period of

compared with bilayer membrane as a results of porosity,

time. Then supermanent was taken and analyzed the

morphology of pores and membranes ability to uptake and
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hold water while bilayer membrane including chitosan
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Abstract
The synthesized copolymers from the chemical reaction of N-Succinyl chitosan-g-poly(N-isopropylacrylamide)
were synthesized in an aqueous solution of poly(N-isopropylacrylamide) (NIPAm), N-Succinyl chitosan (NSC) and N,Nmethylenebisacrylamide (MBA) as a crosslinking agent. The copolymers were synthesized via free radical
copolymerization and physico-chemical properties characterized by Fourier-transform infrared (FT-IR) spectroscopy,
proton nuclear magnetic resonance (1H-NMR) spectroscopy, differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Morphology was investigated by scanning electron microscopy (SEM). The objective
of the research was to prepare and confirm the chemical structure of the synthesized copolymers for hydrogel applications.
The results described in this paper confirm the successful synthesis.
Keywords: Poly(N-isopropylacrylamide), N-succinyl chitosan, graft copolymer, hydrogel.
weak mechanical strength.3 Among the natural polymers,

1. Introduction
Hydrogels are three-dimensional (3D) hydrophilic

chitosan is a copolymer of glucosamine and N-acetyl

polymers produced by chemical or physical crosslinking

glucosamine units linked by 1-4 glucosidic bonds. It is

1

of soluble polymers. They can swell and de-swell in water

derived from the partial deacetylation of chitin. Chitosan

reversibly for up to thousands of times their equivalent

is one of the most abundant natural amino polysaccharides

weights in water increase until the absorption process

which has pH-sensitive properties. In addition, chitosan

reaches an equilibrium state. Fully swollen hydrogels have

derivatives have a variety of applications in industrial

common physical properties in living tissues, such as

pharmacy, biotechnology, and are commonly used as

being soft and elastic with low interfacial tension and

wound

showing

specific environmental stimuli responsive

biocompatibility, biodegradability, are hemostatic and

properties (e.g. temperature, pH, and ionic strength.). Such

have antibacterial activity. High molecular weight

smart physiological responses of hydrogels toward

chitosan is insoluble in water and has low solubility in

changes in physiological variables have led to their use in

physiological fluid, caused by its strong-intermolecular

dressing

materials

since

they

exhibit

2

hydrogen bonding. However, it can be dissolved in the

Principally, natural polymers are biocompatible,

aqueous-acetic acid solution.4 Several methods have been

non-toxic and swell/de-swell in water, in addition to being

used to modify raw chitosan to improve its properties.

biodegradable which are inherent advantages of natural

Physical modification

polymers. However, natural polymer hydrogels have very

properties, while gel formation decreases crystallinity and

several biomedical applications.

can increase

its adsorption
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involves an expansion of the porous network. Another

were obtained from Labscan and were of chromatographic

possibility for increasing the adsorption capacity is the

or AR grade.

grafting of supplementary functional groups, such as

2.2 Preparation of NSC-g-PNIPAm copolymers

carboxymethyl, and carboxybenzyl. N-succinyl chitosan

Copolymers of NCS-g-PNIPAm were synthesized
via

succinyl groups at the N position of the glucosamine units

copolymerization was carried out in a two-necked round-

of chitosan in order to make it water- soluble with low

bottomed flask equipped with a magnetic stirrer under a N2

5-6

a

free

radical

copolymerization.8

(NSC) has also been synthesized via the introduction of

Briefly,

atmosphere.9 A suitable amount of NCS (0.25 g) was

toxicity.

In contrast, synthetic hydrogels have higher

dissolved in 100mL deionized water in the flask with

mechanical strength. They are also easy to prepare with

stirring and heated to 80 °C with APS (1.5 mL, 1.0×10−2

properties that can be modified easily. However, synthetic

mol/L) added. The solution was stirred for 10 min before

hydrogels

and

NIPAm (0.5, 1.0, and 1.5 g) (hereby referred to as NP0.5,

biocompatibility, while some are hydrophobic in nature.

NP1.0, and NP1.5 respectively) and MBA (0.010 g) were

Poly(N-isopropyl-acrylamide) (PNIPAm) is a synthetic

added. The mixture was stirred for a further 3 h. The

polymer with hydrophilic amide groups and hydrophobic

resulting product was dialyzed against distilled water and

isopropyl sidechains and is one of the most studied

then freeze-dried.

have

thermally-sensitive

lower

biodegradability

(thermo-responsive)

polymers.

PNIPAm has a low critical solution temperature (LCST)

2.3 Characterization of NSC-g-PNIPAm copolymers

of 32°C, which is a useful temperature for biomedical
applications since it is close to body temperature (37°C).

2.3.1 Infrared spectroscopy (FT-IR)

Adjustment of the LCST of PNIPAm has been achieved by
copolymerizing

with

hydrophilic

or

The structure of the graft copolymer samples were

hydrophobic

investigated using an FT-IR spectrophotometer (Bruker

monomers to adjust the overall hydrophilicity of the

Tensor 27, Germany Japan). The FTIR spectra of the

polymer. However, the application of PNIPAm as a drug

prepared samples by thin film in transmission mode were

delivery system is restricted by its synthetic nature.

2, 7

In this research, NSC/PNIPAm copolymers have

recorded over the range of 400–4000 cm-1 and collected
with a total of 32 scans at a resolution of 4 cm-1.

been synthesized by free radical copolymerization using
ammonium persulfate (APS) as an initiator and N,N-

2.3.2 Nuclear magnetic resonance spectroscopy (1H-

methylenebisacrylamide (MBA) as a cross-linking agent.

NMR)

The resultant copolymer products have been characterized

The structure of the graft copolymers was

by a combination of analytical techniques, namely: FTIR,

confirmed by 1H-NMR spectra in D2O as the solvent using

1

a 400 MHz Bruker Advance NMR spectrometer operating

H-NMR, SEM, DSC and TGA.

at 25 °C.
2. Experimental methods
2.3.3 Scanning electron microscopy
2.1 Materials
PNIPAm, MBA and APS were all purchased from
Sigma-Aldrich and used without further purification. NSC
was synthesized in the Polymer Research Laboratory,
Department of Chemistry, Faculty of Science, Chiang Mai
University. All other chemicals, reagents and solvents

Scanning electron microscopic (SEM) images of
the freeze-dried samples were gold sputter-coated then
captured using a Prisma ESEM for Materials Science,
USA. The magnification used was x4000, as shown in
Figureure 5.
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at 1387 and 1364 cm-1 is indicative of the isopropyl group

2.3.4 Differential Scanning Calorimetry (DSC)
DSC analysis of the graft copolymer samples was

(CH(CH3)2).8 The absorption bands at 3301 and 3263

carried out using a Perkin-Elmer DSC7 Differential

cm-1 indicate hydrogen bond formation between the –OH

Scanning Calorimeter over the temperature range from

and –NHCO groups.11

40 °C to 250 °C under nitrogen atmosphere with a flowrate of 20 ml/min and with a heating rate of 10 °C/min.
NP 1.5
NP 1.0

2.3.5 Thermogravimetric Analysis (TGA)

NP 0.5

The thermal stability of the synthesized copolymers

PNIPAm

was using a Netzsch TGA7. Decomposition profiles of the

NSC

pure NCS, PNIPAm and NCS-g-PNIPAm were analyzed
at a heating rate of 20 °C/min under a dry nitrogen
atmosphere with a flow-rate of 20 mL/min between 50 and
550 °C.

Figure 1. FT-IR spectra of the NSC-g-PNIPAm series
The grafting of the PNIPAm onto NSC are reflected
in changes in the characteristic absorption bands of

3. Results and Discussion

amide I and II at 1658 and 1559 cm-1. The two methyl

Characterization of NSC-g-PNIPAm
The amine groups of NSC in the grafted NSC with
different amounts of PNIPAm were studied. A series of
grafted copolymers was prepared using different molar
ratios of NSC and PNIPAm. The grafting process
temperature of 80 °C, which is much higher than the LCST
of PNIPAm (32 °C), was chosen in order to produce short

groups in NIPAm repeating unit are shown in the
absorption bands at 1387 cm-1and 1364 cm-1.12 The peaks
at 2971 cm-1 and 1455 cm-1 correspond to the asymmetric
stretching and asymmetric deformation respectively of the
methyl groups.13
NSC

PNIPAm chains rather than long-chain graft polymers.
Consequently, the resultant copolymers tended to
precipitate at this temperature. The chemical structures of
the grafted polymers were then confirmed by a
combination of FT-IR, 1H-NMR, DSC and TGA analysis

PNIPAm

NP 1.5

NP 1.0

and compared with data in previous literature reported.
NP 0.5

FT-IR analysis
The FT-IR spectra of the NSC-g-PNIPAm
copolymers are shown in Figureure 1 The spectra of the
NSC and NP copolymer show a broad band between 32633500 cm-1 corresponding to the –OH and –NH stretching
vibrations in NSC as well as to bands at 2853-2995 cm-1
due to C–H stretching of the methyl and methylene groups.
-1

In addition, the asymmetric stretch at 1600 cm symmetric
stretch at 1400 cm-1 are representative of the –COO– ion,
while the absorption bands at 1670 cm-1 (amide I), 1550
-1

-1

10

cm (amide II) and 1387 cm (amide III) also appear. A
broad band of PNIPAm comprising symmetric stretching

Figure.2

1

H-NMR spectra of the NSC-g-PNIPAm

copolymer series
1

H-NMR spectroscopy

Graft polymerization of NSC and PNIPAm was
confirmed by 1H-NMR spectroscopy. Figure.2 shows the
spectra of NSC, NIPAm and NSC-g-PNIPAm. The peaks
at 1.83, 2.32 and 2.45 ppm are consistent with the presence
of the –NH–(CO)–CH3, –NH–(CO)–CH2- and CH2–COO
units respectively.3 The peaks near 3.9 ppm and 1.10 ppm
correspond to the (–NH–CH<) and methyl groups

COMP-P12

166

respectively. In addition, the spectra of the NCS-gPNIPAm copolymers displayed peaks at 1.00-2.20 ppm (–
CH–CH2), 3.90 ppm (–NH–CH<) and a strong methyl
group peak at 1.07 ppm. Base on this evidence, it can be
concluded that the graft copolymerization of NIPAm on
NSC was successfully achieved.8
DSC analysis
DSC thermograms of the NSC and NSC-gPNIPAm graft copolymers are compared in Figure. 3. The
first endothermic peak appearing at 60 to 70 °C can be
attributed to the loss of moisture while the copolymers

Figure 4 TGA curves of the NSC-g- PNIPAm

melting peak is observed at around 125 °C.

copolymers
Scanning electron microscopy
The SEM micrographs of the NSC-g-PNIPAm
copolymers are shown in Figure. 5. While the NP 0.5
structure was seen to be irregular and containing many
small pores, the structure of NP 1.5 was seen to contain
many large pores. The structure of NP 1.0 shows regular
small pores in a network structure. It therefore appears that
the NIPAm content in the copolymer leads to an increase

Figure 3 DSC curves of the NSC-g- PNIPAm series

in the pores in the network structure. This in turn indicates

Thermogravimetric analysis (TGA)

that a higher NIPAm content in the copolymer would allow

TGA thermograms of NSC, PNIPAm, and the

for the penetration of more water into the hydrogel

NSC-g-PNIPAm copolymer are composed in Figure. 4.

network.

The degradation temperature range of NSC was from

(a)

315 °C to 450 °C. The maximum degradation rate
temperatures (Tmax) of NSC and pure PNIPAm were 450
and 170 °C respectively. In comparison, the NSC-gPNIPAm copolymers exhibited both first (170 – 280 °C)
and second (300 – 460 °C) stage degradation behavior
corresponding to the degradation of the NSC and grafted
PNIPAm chains respectively.

(b)
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Abstract
This study investigates the effect of thermoplastic starch (TPS) content on the mechanical property of
TPS/polybutylene succinate-co-adipate (PBSA) film. The PBSA was chosen as a major phase due to its superior
mechanical properties. Due to the high price of PBSA, TPS was selected as a minor phase. The PBSA/TPS blend was
prepared as a masterbatch (50:50 w/w) using a twin-screw extruder and the masterbatch was dry blended with neat PBSA
resin to obtain the final PBSA/TPS blends with TPS concentrations of 5, 10, and 20 wt%. The processing parameters
were precisely controlled to obtain a total film thickness of 0.030 mm. During the blowing film process, all PBSA/TPS
blend exhibited stabilized film bubbles with “pocket” shape similar to that of LDPE, whereas neat PBSA showed a less
stabilized, long-stalked bubble. It was noticed that the addition of TPS led to an improvement of bubble stability. The
SEM micrographs revealed an incompatibility between TPS and PBSA but a well-dispersed TPS domain in the major
PBSA matrix in all film compositions. From DSC results, the crystallinities of PBSA matrix phase of all samples did not
significantly affect by blending with TPS. Meanwhile, the tensile moduli of all PBSA blends did not changed from that
of neat PBSA. With small TPS content of 5 wt %, the PBSA/TPS film exhibited an improvement of tensile strength at
yield point compared with that of neat PBSA (37±1 MPa and 24±1 MPa, respectively). With higher TPS content of 10
and 20 wt%, the tensile strength of PBSA/TPS film dropped to 33±2 MPa and 26±1, respectively. The migration of small
molecules, which acted as plasticizers, from TPS to PBSA phase could lead to a lower mechanical strength. In addition,
the elongation at break of TPS/PBSA films declined significantly with increasing TPS contents. Thus, a TPS content of
10 wt% is an optimal level recommended balancing between cost saving and overall mechanical properties of TPS/PBSA
films and lends themselves to single-use packaging applications.
Keywords: TPS, PBSA, mechanical properties, OTR
1. Introduction
In 2020, world globalization is much more attention
to the environment issue. However, in order to make the
environment better, the circular economy campaign has
been created. In terms of using natural resources produced
biodegradable plastic, many biodegradable polymers are a
commercially available such as poly (butylene succinateco-adipate) (PBSA). PBSA is one of the biodegradable
polymers with many interesting properties, including
biodegradability (can be composted at home in soil),

melt processability, thermal and chemical resistance.
Earlier studies have demonstrated that PBSA exhibits
significant biodegradation within 2 months of treatment in
soil, water with activated sludge, and seawater [1].
However, only one drawback condition of used PBSA is
relatively high cost.
However, Thailand is an agricultural country, which
biological resources (cassava), which can produce Tapioca
starch are easy to find and much not expensive. Starch does
not melt as a normal plastic do, but it can be plasticized
and flow just like synthetic polymer [2] together with heat
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and shear incorporating with the presence of plasticizers

profile (100 – 175 0C) and designed screw elements, where

(15-30 %) [3], which called thermoplastic starch (TPS).

intensive mixing and volatile vent were applied. The ratio

TPS is the most promising bio-based and compostable

of PBSA/TPS was fixed at 50:50 wt%. The blend was

materials with discreetly cost on the biodegradable market.

pelletizer before film processing.

Many researchers have investigated the blending
TPS or starch with biodegradable polyesters [4-11].
However, only a few studies have been carried out on
PBSA with granular corn starch and TPS. Ratto et al.
(1999) [12] found that the addition of corn starch (5, 10,
15, 20, 25 and 30 wt%) led to an increase in a modulus, but
adversely drop in tensile strength, elongation at break and
the toughness of the film but it rushed biodegradation rate
in soil. Avérous et al. (2001) [13] investigated the
mechanical properties of TPS/PBSA by melt-blending
using injected blends. They found that the elongation at
break of TPS/PBSA was decreased with an addition of
PBSA (10 and 25 wt%). However, the addition of other
biodegradable polyester in TPS matrix induced an
improvement of water barrier properties and the blends
stay biodegradable [14].
Aforementioned above, PBSA/TPS blend especially
in film application has been less attention. In our work, we
focused the TPS content from a masterbatch, where the
masterbatch PBSA/TPS (50:50 wt%) was prepared by the
twin-screw extruder, and the various compositions of TPS
were diluted by neat PBSA resin. The effect of TPS
contents on the mechanical, thermal and barrier properties
of the film will be investigated.
2. Materials and methods
2.1 Materials
A commercial grade PBSA (FD92PM, PTTMCC)
has a MFI of 4 g/10 min (190°C, 2.16 kg), Tm of 84°C,
and density about 1.24 g/cm3. The thermoplastic starch
(TAPIOPLASTTM) was supported by SMS Corporation
Co., Ltd.
2.2 Preparation master batch PBSA/TPS blends
The preparation master batch PBSA/TPS was
carried out by twin-screw extruder (JSW TEX30, Japan,
Screw diameter = 30mm, L/D=42) with temperature

2.3 Preparation of PBSA/TPS film
The masterbatch PBAS/TPS was diluted with
adding neat PBSA by wt% ratio. The compositions of this
blend were shown in Table 1. All samples were carried out
to film by single layer blown film machine and the
processing parameters are shown in Table 2.
Table 1 The composition of the blend
Samples
PBSA (reference)
90 PBSA +10 compound
80 PBSA +20 compound
60 PBSA +40 compound
Compound (reference)

TPS
0
5
10
20
50

PBSA
100
95
90
80
50

Name
TPS 0
TPS 5
TPS 10
TPS 20
TPS 50

Table 2 The processing parameters for single-layer
blown film
Key parameters
Instrument/Machine
Temperature profile (OC)
Screw speed (RPM)
Pressure/Torque
Lay Flat Width (cm)
Blow up ratio (BUR)
Take up ratio (TUR)
Forming ratio (FR)
Environment temperature

Details
Single layer blown film
(HAAKE, Germany)
110,125,125 and die
=130oC
45 rpm
55-65 bars / 52-60 Nm
16 cm.
3.4
5.7
1.7
Air conditioning room

2.4 Attenuated Total Reflectance Fourier-Transform
Infrared Spectroscopy (ATR-FTIR)
FT-IR spectra were recorded with the OPUS 7.0
software on a Bruker Tensor 27 spectrometer, using the
Attenuated Total Reflection (ATR) mode, in the range of
3600-600 cm-1 with a resolution of 2 cm-1.
2.5 Crystalline structure analysis by differential scanning
calorimetry (DSC)
Thermal properties of all films were investigated
using a differential scanning calorimetry, DSC (PYRIS™
Diamond, PerkinElmer, USA). All samples were scanned
from 25°C to 200°C with a high scanning rate of 10°C/min.
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Degree of crystallinity in percentage was calculated using

3. Results and discussion

the following equations:

3.1 Characteristic of the materials

% Xc =

×

(1)

where Xc is the percentage of crystallinity, ΔHm and ΔHcc
are the measured heat of fusion and enthalpy of cold
crystallization from experiment (J/g), respectively, and
ΔH°m is the enthalpy of fusion of 100% crystalline
polymer (113.4 J/g for PBSA), and W is the weight
fraction of polymer in the film.
2.6 Mechanical properties
Tensile tests were performed according to ASTM
D 882 on an Instron machine Model 5969, Instron
Engineering Corporation USA, at 25°C, with the crosshead speed of 500 mm/min. A minimum of five samples
was tested, and results on elastic modulus, yield stress,
stress at break, and elongation at break was obtained from
the average values.
2.7 Morphology of the blends by SEM
The images of the cross-sectional view of the films
were observed in MD and TD direction for the

Figure 1 The ATR-FTIR spectrum of film samples

microstructure of blends using a scanning electron
microscope, SEM (SU5000, Hitachi, Japan) operated at an

In Figure 1, the ATR-FTIR spectroscopic was

accelerating voltage of 5 kV. The samples were

performed to assess the molecular interaction by hydrogen

cryogenically fractured in liquid nitrogen to minimize any

bonding. Due to C-O bond stretching of C-O-H group,

possibility of phase deformation and coated with gold to

there were four characteristic peaks in the range of 900-

prevent charging.

3500 cm-1. The first wavenumber cm-1 was contributed to
the hydroxyl group (O-H) of starch, whereas C-H bonding

2.8 Gas transmission rate measurement

was at 2953 cm-1. Moreover, at wavenumber 1727 cm-

Oxygen transmission rates (OTR), which reported

1was corresponded to the ester group (C=O), while C-O-

in cubic centimeters per square meter per day were

H of starch was at the peaks of 1080 and 1101 cm-1.

measured at 23°C, 0% RH (ASTM D3985), using

However, PBSA had some differences peaks at 1160 and

Oxtran ‐ 2/21 (Mocon, USA). To convert the OTR to

806 cm-1, which was coincidental to C-O ester and C-C

oxygen permeability (PO2), OTR value was multiply by

stretching, respectively, but C-O-H was not observed in

film thickness and partial pressure difference (Δp),

PBSA spectra. For the compound ATR-FTIR spectra, the

normally one atmosphere. The partial pressure of oxygen

characteristic peaks of starch and the ester group of PBSA

in the carrier gas was considered to be zero. PO2 was

were observed. The several of the TPS content on ATR-

reported in cubic centimeters multiplied by millimeter per

FTIR spectra was only distinguished the changing

square meter per day per atm.

intensity of O-H group (3400 cm-1) corresponding to high
TPS contents.
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3.2 The effect of TPS contents on bubble stability of the

difference between two phases. It probably said that the

film

smooth surface corresponded to the PBSA matrix phase,
During blow film process with constant processing

while the rough surface was the TPS phase indicating that

temperature, air cooling temperature and take up were

the film probably was tough but the boundary between

precisely controlled a total film thickness (0.030 mm). The

these phases was not clear. It could be inferred that TPS

bubble of the film samples was observed as show in Figure

was seemed to be compatible with PBSA and well-

2. It was found that neat PBSA exhibited a long stalk

dispersed of the film thickness.

bubble and instability of the bubble. However, the addition
of TPS content led to an increase of bubble stability. It was
because the presence of TPS increased the film stiffness
according to its chemical structure. Moreover, the uniform
films were obtained in the presence of amylose starch and
modified starch using different quantities of plasticizer
[15]. Interestingly, 50 wt% of TPS film was processed a
stabilized film bubble with “pocket” shape in a similar
fashion to that of LDPE.

Figure 3 The SEM micrograph of film samples
3.4 The effect of TPS contents on thermal property of the
film
The DSC thermograms and percent crystallinities
of the PBSA matrix phase in all samples were evaluated as
shown in Figure 4 and Table 3, respectively. It was found
that

PBSA

possessed

less

percent

crystallinity

corresponding to a lower stiffness leading to unstable film
bubble than the other blends. On the other hand, the
Figure 2 The TPS content showed the increase of bubble

addition of a small content of TPS (5 – 10 wt%) was not

stability

significantly effect on the crystallinity of the PBSA.
However, the presence of high content of TPS 20 and 50

3.3 The effect of TPS contents on morphological property

wt% might lead to an increase the percent crystallinity of

of the film

PBSA from 29.1 % to 44.4% and 97.6%, respectively, This

The microstructure of the blends are shown in

could be confirmed that the addition of TPS could enhance

Figure 3, it was found that neat PBSA possessed the

the stiffness of the film sample leading to an improvement

smooth surface of the film, whereas the addition of TPS

of bubble stability of the film. Note that, the presence of

about 5wt% (TPS5) was found the dispersion of small

TPS was effect on the calculation of the PBSA melt

holes (less than 2 μm). Moreover, the phase between TPS

enthalpy. It was because the glass transition temperature

and PBSA could not be surely distinguished. However, the

(Tg) of TPS was approximately 60

high TPS contents were added (10, 20 and 50 wt%), the

overlapped the onset of PBSA melting temperature.

morphological cross-sections of the film were found the

o

C, which was
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However, an X-ray Diffraction (XRD) could be used to

For % elongation at break, the addition of TPS led to a

calculate the exact percent crystallinities of the blends for

dramatic decrease % elongation in both MD and TD

further investigation.

(compared to neat PBAS 458% in MD and 283% in TD)
except for TPS5 and TPS10. They possessed higher the %
elongation at break in TD direction, which is interested in
further research.
3.6 The effect of TPS contents on oxygen transmission
rate of the film
The oxygen permeabilities of the PBSA/TPS film
under 23 oC and 0%RH are shown in Figure 6. It was found
that Neat PBSA (TPS0) possessed PO2 lower than Neat

Figure 4 The DSC thermogram of the film samples
Table 3 The percent crystallinity of the film.
Samples
TPS 0
TPS 5
TPS 10
TPS 20
TPS 50

Hm (J/g)
32.97
34.68
34.57
40.30
55.37

Xc (%)
29.1
32.2
33.9
44.4
97.6

PBSA (PO2, PBSA= 45.6 cm3-mm/m2.day) except for
TPS5. It probably might be because the presence of the
glycerol content in TPS could lead the polymer chain
flexibility, which allows a small oxygen molecule
permeated through the film. However, the presence of TPS
(10, 20 and 50 wt%) led to a significant decrease in PO2
from 50.3 (TPS5) to 41.4, 36.0 and 35.4 (TPS10, TPS20
and TPS50) cm3-mm/m2.day, respectively. It was

3.5 The effect of TPS contents on mechanical property of

probably due to the presence of the TPS and the

the film

crystallinity effect, which did not discuss in this research.
The mechanical properties of the blend are shown

in Figure 5, it was found that the addition of TPS (5, 10
and 20 wt%) did not affect significantly compared to neat
PBSA (TPS0). It was probably because the strength in the
MD direction came from the orientation of polymer chain
PBSA and TPS during the Film processing. The bubble
expanding and pulling with collapsing frames were key
factors, which polymer chain orientated in MD direction.
On the other hand, the addition of TPS content (TPS=50
wt%) clearly increased the modulus was in both MD and
TD direction. Moreover, tensile strength at yield indicated
the strength of the film before it deforms permanently. It
was found that the addition of TPS5 and TPS10 possessed
the efficiency to maintain the film deformation under
tension. In addition, tensile strength at break, which was
not shown in this research had the same trend in tensile
strength at yield. This could support the selection of TPS
contents, which was suitable for 5-10wt% for improved
strength of PBSA (compared to TPS0 or Neat PBSA).
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4. Conclusion
The presence of TPS led to increase the bubble
stability of the film during film processing. The tensile
strength at yield of PBSA/TPS film was improved by
adding a small TPS content (5 and 10 wt %), compared
with that of neat PBSA. Although the elongation at break
of TPS/PBSA films declined significantly with increasing
TPS contents, the elongation at break in TD for a small
TPS content (5 and 10 wt %) was increased. For the
oxygen transmission rate, the addition of TPS led to a
decrease in PO2 of the film except for TPS5. However, a
TPS content of 5-10 wt% is a suitable formulate balancing
between costs saving and mechanical properties of the
films, which could be a good candidates for film packaging
applications.
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Preparation of V-type cassava starch-coconut oil complexes using a combination treatment
of enzymatic debranching and different complexation temperatures
Sophea Chheun, Chariya Kaewsaneha, Pakorn Opaprakasit, and Siwarutt Boonyarattanakalin*
School of Bio-Chemical Engineering and Technology, Sirindhorn International Institute of Technology (SIIT),
Thammasat University, Pathum Thani 12120, Thailand
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Abstract
The complexation of lipids with starch molecules is known to retard the digestibility of starch. In this study, enzymatic
debranched cassava starch was used to complex with virgin coconut oil (VCO) by a simple thermal treatment process.
The native cassava starch was debranched by using the pullulanase enzyme and then complexed with VCO. The effects
of enzyme concentration and complexation temperature on the complex formation and the contents of rapidly digestible
starch (RDS), slowly digestible starch (SDS) and enzyme-resistant starch (RS) were investigated. The results showed that
by using the pullulanase enzyme at 30 PUN/g and a low complexation temperature at 70 °C, the debranched starch-VCO
complexes showed a high complexing index (CI) value of 47.83%, indicating highly effective complex.
Keywords: Triglyceride, cassava starch, virgin coconut oil, in-vitro starch digestibility
intestine and it is fermented in the large intestinal3. Not

1. Introduction
Starch is one of the most important human diets as

only provide the health benefits, but RS is also used in

an energy source. Among unindustrialized countries, about

various food applications, including stabilizer in bread, fat

90% of caloric intake contributes to starch1. Generally,

replacer in bakery and dairy product, and encapsulating

starch is breakdown into the dextrins or maltose by the

agent

activity of salivary amylase enzyme in the mouth and

nutraceutical or bioactive substance through the food

further digested into the glucose monosaccharide

processing2 4, 7.

to

encapsulate

flavor/aromatic

compounds,

by pancreatic amylase enzyme in the small intestinal2.

RS has been classiﬁed into ﬁve general subtypes,

Starch digestibility is categorized into three portions,

namely RS1, RS2, RS3, RS4 and RS5. RS5 is the youngest

including rapidly digestible starch (RDS: digestible in 20

generation among the five RS8. It is the complexation

min), slowly digestible starch (SDS: digestible in 120 min),

between amylose and a lipid component such as fatty acids

and enzyme-resistant starch (RS: indigestible after 120

and their esters and monoglycerides. The portion of the

min and continues its passage from the small to the large

hydrocarbon of the lipid molecules protrudes into the

3, 4

intestine)

. However, most of the native starch is RDS,

amylose helical cavity to form a single helical inclusion,

which can increase much glycemic index after the diet.

which known as V-amylose (generic name)2,

Many studies have confirmed that starch is the main

helical complex forms the crystalline structure that resists

contributor to increase obesity and type-2 diabetes

2, 4-6

4, 9

. The

. To

the enzyme digestion and traps the amylose molecules in

avoid these drawbacks, various modification techniques

the structures of crystallite. However, the retarding of

have been widely studied and currently used to develop the

enzyme digestion of RS5 can be affected by several factors,

modified starch portion to serve as resistant starch (RS).

including amylose content, type of lipids (fatty acid chain

The modified starch escapes digestion in the small

length, saturation and concentration), and conditions of the
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complexation (temperature and time)10-12. Even though the

debranched starch solution was heated in a boiling water

effect of individual fatty acid on the digestibility of starch

bath for 15 min to terminate the enzyme activity. The

has been commonly reported

13-15

. The comprehensive

study on the effect of the complexation between

temperature of the solution was adjusted to 60 °C, and it
was stored at this temperature for further use.

commercial cooking oil (triglyceride) and starch is still
inadequate. Additionally, no work has been investigated
on the complex formation between cassava starch and
coconut oil.

2.2 Preparation of starch-VCO complex
To prepare the starch-VCO complex or RS5,
10%w/w VCO in hot absolute ethanol was added to the

The aim of this work is to prepare an RS5 by

freshly prepared native and debranched starch solutions.

complexation between cassava starch and virgin coconut

The starch-VCO mixture was complexed at various

oil (VCO). The native cassava starch was debranched by

temperatures, i.e., 70, 80 and 90 °C for 2 h with continuous

using the pullulanase enzyme and further complexed with

stirring in an oil bath. The starch-VCO complex was

VCO by a thermal treatment process. Effects of the

washed 3 times with absolute ethanol to remove the free

enzyme concentration and the complexation temperature

starch and oil, followed by centrifugation. Finally, the

on the complex formation and the contents of RDS, SDS

complex starch-VCO was dried at 50 °C in an oven for

and RS of the RS5 samples were investigated.

overnight.

2. Experimental

2.3 Complexing index
The complexing

index (CI) was evaluated

according to the previous work16. DI water was added to

2.1 Materials
Native cassava starch was kindly supplied from

400 mg of dried starch to make up a 5 g of total weight.

SMS group, Thailand. A common food-grade virgin

The mixture was vortexed and gelatinized in a boiling

coconut oil (VCO) was used. Pullulanase (Sigma E2412),

water bath for 20 min with occasional shaking. The

porcine pancreatic α-amylase (Sigma A3176) and

gelatinized starch was cooled down to room temperature,

amyloglucosidase (Sigma A7095) were purchased from

and 25 mL of DI water was added. After vortex for 2 min,

Sigma-Aldrich Chemical Company. All other reagents,

0.5 mL of gelatinized starch was pipetted into the new tube

such as absolute ethanol, sodium hydroxide, phenol crystal,

containing 15 mL of DI water and 2 mL iodine solution

sulfuric acid and acetic acid were of analytical grade.

(1.3% I2 and 2.0% KI in DI water). Native cassava starch

Deionized (DI) water was used throughout the work.

was used as a reference. The CI value was calculated by
measuring the UV absorbance at 620 nm according to the

2.2 Preparation of debranched starch
Native

cassava

starch

calculation shown below:

was

debranched

by

14

pullulanase as described elsewhere . Briefly, 5 %w/v
starch suspension was made by dispersing native cassava
starch in a 0.1 M acetate buffer at pH 5.0. The starch
suspension was gelatinized in a boiling water bath for 30
min. The gelatinized starch was cooled down to 55 °C and
the pullulanase enzyme was added to achieve the
concentrations of 15, 30 and 45 PUN/g of dried starch. The
mixture was incubated in an oil bath at 55 °C, with
constant stirring for 24 h. At a specific time, the

𝐶𝐼(%) =

𝐴𝑏𝑠 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝐴𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100
𝐴𝑏𝑠 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Abs: Absorbance
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2.4 In-vitro starch digestibility

(α, 1–6 glycosidic), which facilitates the formation of

Starch digestibility was conducted according to a
3

starch-lipid complexes and V-amylose crystals. Among

previous report with a slight modification . The dried

the various concentrations of enzyme used for debranching,

sample powder (100 ± 5 mg) was added into a test tube,

DS30-VCO showed the highest CI value of 38.87%,

containing 4 mL of 0.1M sodium acetate buffer solution at

followed by DS45-VCO of 34.03% and DS15-VCO of

pH 5.2. The suspension was vortexed and placed in a water

31.52%, respectively. This indicates that debranching with

bath at 37 °C. 400 μL of the enzyme solution comprising

30 PUN/g provided more complex formation, which may

2,400 U/mL of porcine pancreatic α-amylase and 60 U/mL

be because the amylose contents (linear chains) produced

amyloglucosidase was added. The starch-enzyme mixture

by this condition was the highest. Another possible reason

was incubated at 37 °C with continuous stirring for 20 min

may be that the debranched starch prepared with 15 PUN/g

and 120 min. At each specified time, 0.5 mL of aliquot was

could insufficiently be hydrolyzed, resulting in further

taken into a new tube, containing 20 mL of 66% ethanol to

production of a lower amount of linear chains. On the other

terminate the enzyme activity. Then, the mixture was

hand, those prepared with 45 PUN/g could produce excess

centrifuged at 5,500 rpm for 10 min and the supernatant

hydrolysis, resulting in the production of the too short

was collected to determine the concentration of digested

linear chains that cannot form a blue iodine complex20.

glucose by the phenol-sulfuric acid assay17. The amount of
digestion in 20 min was identified as RDS, between 20 and

50
40

starch digestibility was calculated by applying a factor of

30

0.9 to convert values for monosaccharide to starch.

CI (%)

120 min as SDS, and indigested in 120 min as RS. The

20
10

3. Results and discussion

0

3.1 Effects of pullulanase enzyme concentrations
The starch sample was debranched at different

Native
15 PUN/g 30 PUN/g 45 PUN/g
Concentration of Pullulanse enzyme

concentrations of pullulanase enzyme, i.e., 15, 30 and 45

Figure 1 CI values of NS-VCO and debranched starches

PUN/g of dried starch before complexation with VCO.

at different concentrations of pullulanase enzyme e.g.,

The CI values of native starch-virgin coconut oil

DS15-VCO, DS30-VCO and DS45-VCO

(NS-VCO) complex and debranched starch-virgin coconut
oil

(DS-VCO)

complex

prepared

at

different

The amounts of RDS, SDS and RS (%) of starch-

concentrations of pullulanase enzyme (15, 30 and 45

VCO complexes are summarized in Table 1. Native

PUN/g named DS15-VCO, DS30-VCO and DS45-VCO,

cassava starch used in this study contained 77.39% of RDS,

respectively) are shown in Figure 1. The results showed

12.15% of SDS and 10.46% of RS. The complex formation

that the CI values of all DS-VCO complexes were

under thermal treatment for either native or debranched

significantly higher than NS-VCO. These results revealed

starch dramatically decreased the RDS content, while

that the debranching treatment markedly improved the
formation of starch-VCO complexes, which agreed with

increased the SDS and RS contents. This outcome was in
accordance with the previous results by Zhang et al.19,

those of study by Wang et al.18, Chang et al.15 and Zhang

Wang et al.16 and Ai et al.13, which reported that the

et al.19. These studies explained that the debranching

complexation of lipid with starch molecules resulted in the

treatment enhanced the linear chain/amylose content as the

formation of V-amylose complexes, which exhibited less

result of hydrolyzing the branched-chain of amylopectin

susceptible to enzyme digestion.
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In comparison with NS-VCO, the DS-VCO

results revealed that the starch-VCO complex prepared at

complex obviously decreased the RDS content, whereas

70 °C provided the greatest complex formation. The

increased the SDS and RS contents. This result is clearly

previous literature reported that the starch-linoleic acid

defined that debranching treatment significantly reduced

complexed at 70 °C had higher complex formation than

the starch digestion by increasing the formation of starch-

those complexed at 90 °C and 50 °C22. Because thermal

VCO complexes. It is important to note that the results of

treatment is required to increase the mobility of amylose

starch digestibility showed a positive correlation to the CI

chains for interacting with fatty acid (linoleic acid). The

value (Figure 1). The DS30-VCO complex provided the

heating at 70 °C might offer the appropriate mobility for

highest complexes formation (CI value). Accordingly, the

raising the interaction between starch and fatty acid.

maximum RS content of 37.10% was found in DS30-VCO,
followed by 33.33% in DS45-VCO and 30.80% in DS15-

50

VCO, respectively. Despite this, the SDS content steadily

40

concentration of enzyme increased from 15 to 30 and 45
PUN/g, respectively. One possible explanation was that
the debranching at 45 PUN/g might be extensive

30

CI (%)

increased from 15.14% to 22.42% and 30.22% when the

20
10

hydrolysis which released the short linear chains. Those
short linear chains were readily forming a complex with

0
70

VCO, but the complexes formation possibly sensitive to

80
90
Complexation temperature (°C)

the enzyme digestion, physical and mechanical force, and

Figure 2 CI values of DS30-VCO at different temperatures

high temperature in this case. Thus, a certain length of the

e.g., 70, 80 and 90 °C

linear chain is essential to stabilize the structure of
complex formation21.

The RDS, SDS and RS of debranched starch after

Table 1 The RDS, SDS and RS contents of native and
debranched starch-oil complexes samples

complexed with VCO at different temperatures e.g., 70, 80
and 90 °C are summarized in Table 2. Results showed that
by using 70 °C for complexation, the SDS and RS of DS30-

Samples

RDS (%)

SDS (%)

RS (%)

NS
NS-VCO
DS15-VCO
DS30-VCO
DS45-VCO

77.39±1.02
67.12±3.63
54.06±1.18
40.47±1.77
36.45±1.13

12.15±1.72
18.85±3.75
15.14±0.11
22.42±0.91
30.22±0.73

10.46±1.24
14.03±0.17
30.8±1.24
37.1±1.02
33.33±1.25

VCO were high at 26.64 and 40.67 %, respectively. By
increasing the complexation temperature to 80 °C and
90 °C, both SDS and RS contents were decreased. The
results supported that the complexion temperature at 70 °C
is a suitable temperature for complexing between

3.2 Effects of complexation temperatures
In this study, the debranched starch with 30 PUN/g
was used to complex with 10% of VCO (DS30-VCO) at
different temperatures, e.g., 70, 80 and 90 °C, and the CI
values of complex starch-VCO are shown in Figure 2.
It was found that the starch-VCO complex showed
a high CI value of 47.83% when using a low temperature
of 70 °C. When increasing the temperature to 80 °C, the
CI value was significantly decreased to 32.45%, and raised
to 38.87% when increasing temperature to 90 °C. The

debranched cassava starch and VCO.
Table 2 The RDS, SDS and RS contents of DS30-VCO
complexes prepared at different temperatures
Temperature
(°C)
70
80
90

RDS (%)

SDS (%)

RS (%)

34.69±1.73
47.43±0.83
40.47±1.77

24.64±2.38
16.7±1.81
22.42±0.91

40.67±0.65
35.87±1.4
37.1±1.02
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4. Conclusion

5.

The effects of enzymatic debranching treatment

López, J.; Pérez ‐ Alvarez, J. A. J. S. S., Resistant

and the in-vitro starch digestibility were observed in this

starch as prebiotic: A review. Starch‐Stärke 2011,

study. Debranching has a significant effect on the complex
of the starch linear chains resulted from the debranching

63 (7), 406-415.
6.

of Slowly Available Starch. In Starch in Food,

formation. In comparison with the various complexation
the

starch-VCO

complexes

prepared

at

70

°С.

Elsevier: 2018; pp 805-826.
7.

structural

characteristics,

methods

of

preparation, significance, and potential applications.

also found in those complexes prepared at 70 °С. In
complexation temperature plays a key role in enhancing

Obiro, W. C.; Sinha Ray, S.; Emmambux, M. N., Vamylose

Correspondently, the highest SDS and RS contents were
general, the combination of debranching and a suitable

Priebe, M. G.; Eelderink, C.; Wachters-Hagedoorn,
R. E.; Vonk, R. J., Starch Digestion and Applications

treatment is necessary to stabilize the structure of complex
temperatures, the highest complex formation was found in

Sánchez ‐ Zapata, E.;

Sendra, E.; Sayas, E.; Navarro, C.; Fernández ‐

and complexation temperature on the complex formation

formation and the digestibility of starch. The certain length

Fuentes ‐ Zaragoza, E.;

Food Reviews International 2012, 28 (4), 412-438.
8.

Hasjim, J.; Ai, Y.; Jane, J. l., Novel applications of
amylose ‐ lipid complex as resistant starch type 5.

the complex formation, as well as the SDS and RS contents.

Resistant starch: Sources, applications health benefits
2013, 79-94.
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Abstract
Jew’s ear mushroom (Auricularia A. auricula-judae) is an edible basidiomycetous fungus, and is well-known as a
tonic and healthy food in East Asian countries. Jew’s ear mushroom is a rich source of glucan polysaccharides that are
widely known for its health benefits. Oligosaccharides are digested from polysaccharides for better absorption and ease
of consumption. β-glucans have been shown to have promising potential prebiotic properties to prevent obesity and
prevent diarrhea. This study applied microwave radiation heating and HCl as a catalyst to hydrolyze β-glucan from the
jew’s ear mushroom to obtain glucan-oligosaccharides which were evaluated as a potential immune immunomodulatory
agent to induce the immune response. The molecular weights obtained by GPC/SEC analysis indicated that 2-20 repeating
units of glucans were obtained the maximum percent yield (2.24%) extracted oligosaccharides was obtained at the
conditions of 130°C, 15 min with 0.6 M HCl as a catalyst. This study reveals a set of milder reaction conditions for the
glucan-oligosaccharide extraction achieved by the microwave heating and HCl catalyst resulting in better oligosaccharide
yields within a shorter reaction and simpler reaction set up.

1. Introduction

outweigh the issues of safety or tolerability. Currently,
alum adjuvants can be administered through the traditional

Adjuvants are used to improve the immune
response against a vaccine antigen [1]. Key adjuvant
functions are to enhance the immunogenicity, accelerate
the immune response, increase the period of protection,
and improve the effectiveness in immune parameters. In
the past, vaccination is done by injecting weakened
pathogens to mimic the initial phase of the pathogen
infection. The immunization may lead to the body
producing immunity [1]. With advances in vaccine
development, an adjuvant is used in vaccines for

intravenous injection method, and via other routes such as
intranasal. However, there are concerns about the safety of
current adjuvants (alum and squalene emulsion) which
makes it important for potential adjuvants to be safe for
human health.

Carbohydrate compounds including

polysaccharide are generally considered safe because there
is minimal risk of toxins in the long term effects. Since
they are considered safe, it is not surprising that many of
the carbohydrate compounds tested were found to have
adjuvants properties [6].

increasing the efficacy and safety of vaccination.
Mushroom
An adjuvant helps to improve the efficiency of
vaccines to generate the qualified immune response. The
current alum-based adjuvants hold a relative monopoly
over the human vaccine. New adjuvants face many
challenges because they have to be proven that the benefits

contains

interesting

carbohydrate

compounds that are β-glucans which are polysaccharides
consisting of linked glucose molecules. β-glucans are
linear and branched glucans with different types of
glycosidic linkages such as β-1,3,/ β-1,6- glucans and α1,3-glucans [15, 16]. The β-glucans are good adjuvant
potential, and they have beneficial properties such as
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enhancement of macrophage function and host resistance

The developed method may contribute to solving

to many bacterial, viral, fungal, and parasitic infections;

the

complications

involved

activation of the non-specific immune stimulation; and

oligosaccharide

reduction of blood cholesterol and blood glucose levels [1-

investigated the effect of acid concentrations, reaction

3, 4-7].

temperatures, and optimization conditions on the yield of

extraction

in

in

the

food

scale-up
industry.

of
We

For the productions of oligosaccharides from a

oligosaccharides by microwave facilitated acid hydrolysis

polysaccharide, the synthesis of oligosaccharides is more

of Jew’s ear mushroom. The obtained oligosaccharide

difficult than other polymers such as peptides and nucleic

products from Jew’s ear mushroom were characterized for

acids. The reactions need to be regio- and stereocontrolled

their

specifically, and the degradation of oligosaccharides is

chromatography (SEC) analysis method.

needed to be done. The synthesis process is more
expensive, low yielding, and difficult to reproduce on a

molecular

weight

by

using

size

exclusion

2. Material and methods

large scale [7]. Extractions of oligosaccharides from
abundantly available non-cellulosic agricultural products
would efficiently provide valuable saccharides for
consumption for various health benefits. The ideal
extraction method should simplify the oligosaccharide
production process, lower the cost, reduce oligosaccharide
degradation, and give a high yield. The efficient
oligosaccharide

extraction

method

would

make

commercial-scale productions feasible. The limitations of
hydrolysis reaction done previously are 1) long reaction
time, 2) low yields, and 3) high cost [8-9]. The hydrolysis

2.1 Preparation of Jew’s ear mushroom powder
Jew’s ear mushroom was purchased from Talad
Thai market, Pathum Thani, Thailand. Jew’s ear
mushroom was cut into small pieces, and washed with
water three times. After washing, Jew’s ear mushroom was
dried at 60 °C for 3 days in a hot air oven. Afterward, it
was blended in a household blender and sieved to obtain a
particle size of less than 0.25 µm. The dried powder of
Jew’s ear mushroom was stored in air-tight containers for
subsequent experiments.

may take a long time to complete, thus, microwave
irradiation is also applied in the hydrolysis reaction to
speed up the process. The microwave facilitated hydrolysis
would

constitute

the

simple,

cost-effective,

and

reproducible protocol on an industrial scale [7]. In this
study, we investigated the combination of microwave
heating and acid catalysis to promote the hydrolysis of
polysaccharides in Jew’s ear mushroom into possibly more
biologically active oligosaccharides.
Recent demands of adjuvant have increased the
need to search for a new potential affordable source of
adjuvant. In this research, we have explored the feasibility
of extracting oligosaccharides from Jew’s ear mushroom.

2.2 Reagents
Hydrochloric acid, sulfuric acid (95-97%), phenol,
Coomassie Brilliant Blue G-250, ethanol (99.8%) and
dihydroxyacetone (DHA) were purchased from Merck
(Germany). Sodium hydroxide, potassium sodium tartrate
and 3, 5-dinitrosalicylic acid were purchased from SigmaAldrich (USA). Pullulan polysaccharide calibration kits
were purchase from Agilent. Mannose and arabinose were
purchased from Senn Chemicals (Switzerland). Galactose
and glucose were purchased from Fluka (USA). All
chemicals purchased were analytical grade.
2.3 Microwave radiation hydrolysis

The major component of the mushroom is β-glucan which

The hydrolysis experiments were carried out in a

could be a potential candidate to be applied as an adjuvant.

microwave reactor (CEM, USA, Discover SP 909155).

Jew’s ear mushroom is abundantly available in Thailand,

Jew’s ear mushroom was dried at 60 °C for 3 days to

thus the mushroom is explored as a potential source of βglucans.

remove moisture before being hydrolyzed by using
microwave radiation and acid catalyst. Microwave
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radiation was done in a 10 mL batch-type reactor vessel in

SL =

a closed-system. The reactions were done in the following

IS − RS
× 100 %
IS

conditions: maximum pressure at 290 psi, power of 150

Where, SL: Solid loss (%, based on the dried weight of

watt, and ramping time was 5 min. 0.1g of Jew’s ear

Jew’s ear mushroom),

mushroom was mixed with 1 mL of HCl solution as a

IS: Initial dried solid (g)

catalyst in the microwave reactor for 15 min.

RS: Residual dried solid (g)

After the hydrolysis reaction, the samples were
cooled to room temperature. 8 mL of reverse osmosis (RO)
water was added and stirred for 1 hr. to separate the soluble
and insoluble portions.

2.6 Determination of total carbohydrate (TC)
TC was determined by the phenol-sulfuric acid

The diluted samples were

assay method [13]. 0.2 mL of the Jew’s ear mushroom

neutralized and centrifuged at 14000 rpm at 4 °C for 15

solution was diluted to 10 mL using RO water in a

min, and the residual solid is collected by filtering through

volumetric flask. 1 mL of diluted sample solution was

a Whatman paper No.93 on Buchner filter equipped with a

mixed with 1 mL of aqueous phenol solution (5%) in a

vacuum pump. The residual solid is dried at 60 °C

closed test tube, and then 5 mL of sulfuric acid (95 - 97%)

overnight. The crude product is kept in the refrigerator at

was added to the mixture. The mixture was thoroughly

4 °C for further analysis.

mixed and kept in a water bath at 25 °C for 20 min. The
absorbance of the mixture was measured at 490 nm by

2.4 Proximate composition analysis of Jew’s ear

using a UV-VIS spectrophotometer (Thermo Fisher

mushroom powder

Scientific, G10S UV-VIS, USA). A mixture of RO water,

The proximate constituents of mushrooms were

aqueous phenol solution (5%), and 95 - 97% sulfuric acid

analyzed by using the standard method set by AOAC

(1:1:5, v/v/v) was used as blank. Glucose aqueous

(A.O.A.C., 2000). The moisture content was obtained by

solutions at different appropriate concentrations were used

heating 2.0 g of fresh Jew’s ear mushroom at 105 °C until

to construct a standard curve for TC determination of

a constant weight is obtained. Crude protein is determined

sample solution of mushroom. TC was reported in %

by using Kjeldahl method which involves finding the

(gram of TC in 100 g of the dried weight of Jew’s ear

percent of total nitrogen in 2.0 g of sample, then multiply

mushroom).

the number by 6.25. Crude fat is determined by using
petroleum ether to extract fat from 5.0 g of sample in a

2.7 Determination of reducing sugar (RS)

Soxhlet apparatus. Ash is determined by taking 10.0 g of

RS was measured by the dinitrosalicylic acid assay

sample and incinerating it at 550 °C for 5 hr. Crude fiber

[14]. To prepare the dinitrosalicylic acid solution, 5.0 g of

is obtained by using sulfuric acid and sodium hydroxide to

3,5-dinitrosalicylic acid and 150 g of potassium sodium

digest 2.0 g of sample, then incinerating the residue in a

tartrate were mixed together in 100 mL of 2.0 M NaOH.

furnace at 550 °C for 5 hr. [18].

The mixture was adjusted to 500 mL by using RO water.
0.2 mL of the sample solution and 2 mL of the

2.5 Determination of solid loss

dinitrosalicylic acid solution were mixed thoroughly in a

The solid loss occurs through the hydrolysis of the

closed test tube. The mixture was immersed in boiling

carbohydrate portions of the biomass. The residual solid

water for 10 min before rapidly cooled to room

was collected by filtering through a Whatman paper No.93

temperature

on a Buchner filter equipped with a vacuum pump. The

spectrophotometer (Thermo Fisher Scientific, G10S UV-

residual solid was dried at 60 °C overnight. The solid loss

VIS, and USA) was used to measure the UV absorbance

was calculated by the equation shown below [10-11],

of the mixture at 570 nm. A mixture of RO water and

by

using

ice

water.

A

UV-VIS
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dinitrosalicylic acid solution (0.2:2, v/v) was used as a

similar levels with a previous report by Lisheng Fan and

blank. Glucose aqueous solutions at different appropriate

et al [12]. Carbohydrate is the only major component of

concentrations were used to construct a standard curve for

the dry mass of Jew’s ear mushroom.

RS determination of sample solution of mushroom. RS
was reported in % (gram of RS in 100g of the dried weight

Table 1. Proximate composition of Jew’s ear mushroom

of Jew’s ear mushroom).

(percent based on dried weights)
Jew's ear mushroom

2.8 Monosaccharide analysis
Moisture (%)

1.48 ± 0.01

sample were analyzed by using HPLC (Agilent 1260

Lipid (%)

1.60 ± 0.06

Infinity, G1329B, Germany) equipped with a carbohydrate

Crude Protein (%)

11.54 ± 0.14

column (Transgenomic CARBOSEP CHO682, LEAD

Crude fiber (%)

1.25 ± 0.02

column, CHO-99-9854, USA). The diluted sample was

Ash (%)

3.03 ± 0.02

neutralized and filtered through a 0.2 µm membrane. 20

Carbohydrate (%)

81.10 ± 0.15

The saccharide compositions of the hydrolyzed

µL of the sample was injected into HPLC. DI water was
used as the mobile phase with a flow rate of 0.4 mL/min.

Based on dried weights, carbohydrates contribute

The column’s temperature was maintained at 80 °C. The

81.10% of Jew’s ear mushroom’s contents. The

monosaccharides and oligosaccharides were monitored by

carbohydrates consist of various compounds such as

using a refractive index detector.

monosaccharides, oligosaccharides, and polysaccharides.
Carbohydrates are mainly present in the Jew’s ear

2.9 HPLC size exclusion chromatography (SEC) analysis

mushrooms as polysaccharides in the forms of glycogen,

The SEC analysis was done by using HPLC

indigestible residue (cellulose, dietary fibers, chitin, α- and

(Agilent 1260 Infinity, G1329B, Germany) equipped with

β-glucans) and other hemicelluloses (mannans, xylans, and

a PL aquagel guard and 3 of PL aquagel-OH columns (PL

galactans).

aquagel-OH 20 SEC columns, 5 µm, 7.5x300 mm). The
diluted sample was neutralized and filtered through a 0.2

3.2 The effect of extraction temperature

µm membrane. 100 µL of the sample was injected into

The reaction temperature has an important role in

HPLC. DI water was used as the mobile phase, with a flow

the hydrolysis reaction of Jew’s ear mushroom. Generally,

rate of 0.9 mL/min. During the analysis process, the

solid loss (SL), total carbohydrate (TC) and reducing sugar

column’s temperature was maintained at 36 °C. A

(RS) of the hydrolyzed mushroom increased with

refractive index detector on the HPLC was used to monitor

increasing temperature. SL reached the maximum value of

the

98.27% under the conditions of 130 °C, 15 min, and 0.8 M

molecular

weights

of

monosaccharides,

oligosaccharides, and polysaccharides in samples.

HCl (Figure 1a). TC reached the maximum value of
83.47% under the conditions of 150 °C, 15 min, 0.2 M HCl

3. Results and Discussion

solution (Figure 1b). RS reached the maximum value of
55.76% under the conditions at 150 °C for 15 min with 0.2

3.1 Proximate compositions analysis

M HCl solution (Figure 1c). The maximum values of SL,

The results of the proximate composition analyses

TC, and RS are in the reaction temperature range of 130 °C

of the Jew’s ear mushrooms are summarized in Table 1.

– 150 °C. Beyond this reaction temperature, SL, TC and

The carbohydrate, moisture, lipid, ash, protein, and crude

RS decreased because some the carbohydrates and

fiber content from Jew’s ear mushrooms are found to be at
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proteins in the hydrolyzed mushroom may be decomposed

160 °C because the monosaccharides degraded to form

into a residual black solid at higher temperatures.

intermediate degradation products of Maillard browning

A

and caramelization reactions, and some residual black

Percent of solid loss
(%)

100
80

0.2M

60

0.4M

Percent of total carbohydrates
(%)

reaction temperature must not be too high. High extraction

40

0.6M

temperatures cause saccharides to break down faster.

20

0.8M

Higher temperatures also lead to more solvent loss and

0

Water

increased cost of the extraction processes. The high yield

70

80

90

100 110 120 130 140 150
Temperature (°C)

B

solid. Since the objective is to obtain oligosaccharides, the

of glucan obtained in this study can be attributed due to the

100

utilization of a combination of microwave radiation

80

heating and HCl as a catalyst.
0.2M

60

0.4M
40

0.6M

20

0.8M

0

Water
70

80

90

100 110 120 130 140 150

The concentration of HCl has an important role in
the hydrolysis of mushroom. SL, TC, and RS significantly
increased with increasing HCl concentrations. SL, TC, and

Temperature (°C)

80

3.2 The effect of HCl concentration

RS increased dramatically when the HCl concentrations
Percent of reducing sugar
(%)

C
60
0.2M
40

0.4M

20

conditions of 130 °C, 15 min, and 0.8 M HCl solution

0.8M

(Figure 2). TC gradually increased and reached the

0
80

90

reached the maximum value of 98.27% under the

0.6M

Water
70

increased from 0.2 to 0.8 M. SL gradually increased and

maximum values of 83.47% under the conditions of
150 °C, 15 min, and 0.2 M HCl solution. RS gradually

100 110 120 130 140 150
Temperature (°C)

increased and reached the maximum value of 55.76%

Figure 1. The effect of reaction temperature on the

under the conditions of 150 °C, 15 min, and 0.2 M HCl

hydrolysis of Jew’s ear mushroom: A) solid loss, B) total

solution, respectively.

carbohydrates, and C) reducing sugars at reaction time 15
min, ratio of reaction volume to Jew’s ear mushroom mass
of 10:1, v/w.
Jew’s ear mushroom was hydrolyzed by a
combination of the heat generated by microwave radiation
with HCl as a catalyst, to produce polysaccharides and
oligosaccharides. In general, the total amount of
monosaccharides increased gradually with increasing
temperature

while

the

polysaccharides

and

oligosaccharides steadily decreased. Glucan and mannan
are the two main polysaccharides of the cell wall of Jew’s
ear mushroom, which was in agreement with literature [17].
Polysaccharides that are subjected to high heat will result
in hydrolysis to monosaccharides. The monosaccharides
decreased when the reaction temperature was higher than
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M HCl. Oligosaccharides with 2-20 units (94%) were

80

obtained under the conditions of 130 °C, 15 min, and 0.6

Percent of solid loss
(%)

A

186

60

M HCl solution. Monosaccharides were obtained under the

40

conditions of 120 °C, 15 min, and 0.8 M HCl solution at

20
0
Water

0.2M

0.4M

0.6M

about 75.5%.

0.8M

HCl Concentrations (M)
Percent of total
carbohydrates
(%)

B

100

3.4 HPLC analyses for types of monosaccharides

80

Polysaccharides in Jew’s ear mushroom were

60

hydrolyzed by a combination of the heat generated by

40

microwave radiation at the temperature range of 70 °C to

20

150 °C, HCl concentration of 0.2 M to 0.8 M, and reaction

0
0.2

0.4

0.6

0.8

time of 15 min to produce oligosaccharides and

C

Percent of reducing sugar
(%)

HCl concentrations (M)
80

monosaccharides.

60

polysaccharides and oligosaccharides were present at the

40

retention time of less than 20 min. The monosaccharides

20

that were present were glucose, arabinose, and mannose

0
0.2

0.4

0.6

After

the

hydrolysis

reaction,

with the retention times of 20, 25 and 30 min, respectively

0.8

HCl concentration (M)

(Figure 3).

Figure 2. The effect of HCl concentration on the
hydrolysis of Jew’s ear mushroom: A) solid loss, B) total
carbohydrates, and C) reducing sugars at the reaction
time15 min, ratio of reaction volume to Jew’s ear
mushroom mass of 10:1, v/w. (
90 °C,

100 °C,

140 °C,

110 °C,

70 °C,
120 °C,

80 °C,
130 °C,

150 °C)

Figure 4. The HPLC chromatogram of the Jew’s ear
mushroom after hydrolysis by using carbohydrate column.

3.3 Size Exclusion Chromatography (SEC) analysis

4. Conclusion

To see the effects of the reaction conditions on the

In this study, we successfully development of

oligosaccharides’ sizes, the products were analyzed by size

HPLC assay for saccharide size characterization to

exclusion chromatography. Oligosaccharides with 2-20

measure

units had retention times at 29 min, and polysaccharides

oligosaccharides from Jew’s ear mushroom. The major

had reaction times less than 25 min. Monosaccharides had

saccharide composition of jew’s ear mushroom is glucose,

reaction times of 31 min. After the hydrolysis reaction,

while mannose is a minor composition. Jew’s ear

monosaccharides were obtained at higher reaction

mushroom was extracted by using microwave hydrolysis

temperatures of 140-150 °C. The reaction conditions with

to

the extraction temperatures around 120-130 °C provided

temperature and acid concentration were investigated to

oligosaccharides while the low temperatures resulted in

see the optimization conditions which provides the highest

higher

shorter

oligosaccharide yield. The best conditions for the

polysaccharides obtained were 883-1037 units with the

hydrolysis on jew’s ear mushroom, which result in

yield of 61.82% at the conditions of 70 °C, 15 min, and 0.6

oligosaccharides show the number average of molecular

polysaccharides.

The

length

of

obtain

the

number

of

molecular

glucan-oligosaccharides.

The

weight

effect

of

of
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weight 384-3842 Da., (2-20 units) are at 130 °C, the

pediatric gastroenterology and nutrition. 1998,

reaction time of 15 min, and with 0.6 M HCl solution.

27(3), 323-332.
10. Hui, Y.H.; et al. Food biochemistry and food
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Polylactic acid membrane for controlled release fertilizer application
Wachirabhorn Pongputtipat, Sureelak Rodthong, Pranee Chumsamrong, and Chantima Deeprasertkul*
1

School of Polymer Engineering, Institute of Engineering, and 2Center of Excellence in Microbial Technology for
Agricultural Industry, Suranaree University of Technology, Nakhon Ratchasima 30000
Phone +66 4422 4434, Fax +66 4422 4605, *E-Mail: chantima@sut.ac.th

Abstract
The present study aims to produce polylactic acid (PLA) membrane for controlled release application. Using
spraying technique, the membranes of 0.05 mm and 0.1 mm thickness were prepared. Morphology, tensile test, and release
ability of the membrane were conducted. SEM micrographs showed the connected fibrous and porous structure inside the
membrane. The tensile strength and Young’s modulus of the membrane were lower than typical PLA film. As for
controlled release fertilizer, the PLA membrane containing NPK fertilizer immersed in deionized water showed a similar
release to the bare fertilizer. The results suggest that the membrane with this micro size of fibrous and porous structure
cannot effectively slow down the fertilizer diffusion process.
Keywords: Polylactic acid; controlled release fertilizer; membrane;
1. Introduction

is designed to enclose the fertilizer and to slow release the

Bioplastics have become viable to wide range of

fertilizer nutrients via small channels. Morphology,

applications e.g. packaging, medical, and agricultural

mechanical properties, as well as the fertilizer release

applications, as they can be produced from renewable

ability via electrical conductivity measurement of the

resources and are environmentally friendly materials.

membrane were studied. The prolong and/or slow release

Controlled release fertilizer is one field of bioplastics

of drug and fertilizer in a controlled fashion would make a

being used in agricultural applications. Slow or controlled

great use of drug and fertilizer over a period of time.

release fertilizer (CRFs) are developed to effectively
release the plant nutrient components and to overcome the

2. Materials and methods

loss of fertilizer by surface runoff, leaching and
vaporization [1]. The CRFs are commonly produced by
coating fertilizer granules with polymers. However, most

2.1 Materials
Polylactic acid with

4043D grade from

conventional polymers used for coating fertilizer cannot

NatureWorks LLC

was used. Chloroform AR grade

degrade in soil. This non-degradable polymers in turn

(CARLO ERBA Reagents) was used. NPK 16-16-16

become a threat to environment, plants and water.

fertilizer was purchased from Chia Tai Co., Ltd.

Biodegradable plastics have been studied for CRF
applications [2-4]. Besides of coating, controlled release

2.2 Preparation of solutions and fabrication of PLA

application could be produced based on other approaches,

membrane.

e.g. membrane, host-guest, and mixture, etc. [5-7]. Among

The PLA solutions with a concentration of 10 %

bioplastics, polylactic acid (PLA) is most popularly used.

w/v were prepared by dissolving PLA in chloroform and

In this work, PLA membranes were prepared for controlled

stirring at 290 rpm at 40 °C for 6 hours until a

release application. As PLA does not dissolve in water, it

homogeneous solution was formed. The PLA solutions
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were sprayed on Teflon substrate with a pneumatic spray

2.5 Electrical conductivity measurement

gun. With air pressure fixed at 30 psi, the distance between

The release ability was done by electrical

a spray nozzle and the substrate was kept at 20 cm. By

conductivity (EC) measurement. Correlation of EC (in

varying the number of layer-by-layer deposition cycles,

mS/cm) and fertilizer concentration ([F] in g/100 ml) was

the PLA membranes with controlled thickness of 0.05 mm

made. Linear calibration curve, EC = 13.5[F], was

and 0.1 mm were obtained. Thickness of membrane or

obtained. Ten grams of fertilizer granules were placed into

coated film affects the release rate. In general, the

glass bottle with 500 ml deionized water and kept in a

thickness of coated film used for controlled release

water bath incubator at 50 ± 0.5 °C in three replicates. At

fertilizer is in the range of 20-100 µm [8, 9].

a specified period of time, the EC of the sample medium
2

A PLA membrane bag with a size of 3 x 7 cm was

was measured using EC meter. EC data of fertilizer

prepared. One gram of fertilizer granules was loaded to the

granules were collected at 1, 3, 5, 7, 10, 17, and 24 days.

membrane bag. The membrane bag was heat sealed. The

Same procedure was performed on PLA membrane bag

PLA membrane bag containing NPK fertilizer for release

containing NPK fertilizer.

test was shown in Figure 1.

The release ability of membrane was compared to
PLA film. PLA film was casted from solution and used for
bag. Clear PLA film bag was loaded with NPK fertilizer
and heat sealed. Electrical conductivity was thus
monitored after immersion as mentioned above.

3. Results and discussion

Figure 1 PLA membrane bag containing NPK fertilizer.
2.3 Scanning Electron Microscopy (SEM) Analysis
Morphological properties of PLA membrane were
observed using a scanning electron microscope (JEOL,
JSM6010). Acceleration voltage of 15 keV was used to
collect SEM images of the samples. The membrane

3.1 Morphology of PLA membrane
Under

the

specified

conditions,

the

PLA

membranes with controlled thickness of 0.05 and 0.1 mm
are obtained. The thickness of the membranes used for bag
containing fertilizer is shown in Table 1.
Table 1 Thickness of PLA membrane prepared.
Sample

surfaces of specimens were coated with gold before
analysis.
2.4 Tensile testing
A universal testing machine (Instron, 5565 model)
with a load cell of 5 kN was employed. Tensile test of PLA

Thickness of PLA membrane (mm)

No.

PLA 0.05 mm

PLA 0.1mm

1

0.053±0.0058

0.103±0.0058

2

0.053±0.0058

0.097±0.0058

3

0.057±0.0058

0.100

4

0.057±0.0058

0.093±0.0058

5

0.060

0.103±0.0058

membranes was performed according to ASTM D882. A
The morphology of the 0.05 mm PLA and 0.1 mm

crosshead speed of 12.5 mm/min was used. At least five
specimens were tested and tensile properties were

PLA

membranes

are

shown

in

Figure

2.

The

determined.

interconnected microfibers and voids structure inside the
membrane with pores on membrane surface are observed.
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Clearly, both 0.05 and 0.1 mm-thick membranes have

1.99 MPa,

and 240.73± 16.47%, respectively, at

similar morphology. It is expected that thicker membrane

crosshead speed of 50 mm/min). As known for PLA, the

would prolong the release of fertilizer. It is noted that

brittleness is a major drawback in various applications.

spraying rate and solvent evaporation rate govern the

Nevertheless, the PLA membrane is strong and tough

morphology. High humidity (more than 30-40%) very

enough for packing and handling of the controlled release

often provides porous structure [10, 11].

application. It is that PLA membrane bag containing
fertilizer can be fabricated, heat-sealed, handled under

0.05

0.1

applied force even immersed in water without breaking.

3.0

PLA 0.05 mm

(a) surface (100x)
0.05

0.1

Stress (MPa)

2.5

a

PLA 0.10 mm

2.0
1.5
1.0
0.5
0.0

(b) surface (500x)
0.05

0.1

Tensile strength
(MPa)

0.0

0.5

1.0

1.5
Strain (%)

2.0

2.5

3.0

3.0

b

2.0
1.0
0.0
0.05

Thickness (mm)

0.1

0.20

Young's modulus
(GPa)

c

0.15

(c) cross-section (200x)
Figure 2 SEM image of 0.05 mm PLA (left) and 0.1 mm
PLA (right) membranes : (a) surface (100x) (b) surface

0.10
0.05
0.00
0.05

3.2 Tensile properties of PLA membrane
Tensile stress-strain curves of PLA with different
thicknesses are shown in Figure 3(a). Both the 0.05 mm
PLA and 0.1 mm PLA membranes showed brittle behavior.
The tensile mechanical properties of these PLA
membranes are presented in Figure 3. It was observed that
the tensile strength, Young’s modulus and elongation at
break decrease as the thickness of PLA membrane
increased. The tensile properties of the membrane was
lower than that of casted PLA film (0.33±0.01 GPa, 16.80±

Elongation at
break (%)

(500x) and (c) cross-section (200x).

Thickness (mm) 0.1

3.0

d

2.0
1.0
0.0
0.05

Thickness (mm)

0.10

Figure 3 Tensile test of PLA membrane with different
thicknesses: (a) stress-strain curve, (b) tensile strength,
(c) Young's Modulus, and (d) elongation at break.
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For comparison, fertilizer containing bag was

The release of water-soluble nutrient components

fabricated from solvent casted PLA film. It was found that

of the fertilizer was monitored with electrical conductivity

the immersed PLA film bag containing fertilizer showed

meter. Electrical conductivity (EC) of the 0.05 mm PLA

insignificant release over first ten days, then increased to

and 0.1 mm PLA membrane bags containing NPK

27 mS/cm upon 31 days at 50C. Small cracks was

fertilizer and NPK fertilizer granules in aqueous medium

observed on the PLA film bag, possibly resulting of high

over 24-day period is shown in Figure 3. As seen, the EC

internal water/vapor pressure and PLA hydrolysis process.

of aqueous medium for NPK fertilizer reached its

Clearly, transport mechanism in film differs from

maximum of 27 mS/cm in one day of immersion. While

membrane. Physical interaction among polymer, water and

the EC of aqueous medium for the 0.05 mm PLA and 0.1

fertilizer are present. Solubility and diffusivity among

mm PLA membrane bags containing NPK fertilizer were

them govern the transport process. Water can easily

25.50 and 22.43 mS/cm, respectively. The membranes

penetrate in and dissolve fertilizer, then dissolved fertilizer

show slightly lower EC than NPK granules. Immersion

mainly penetrates out of the PLA membrane via voids and

days onward until 24 days of experiment, slightly change

pores. While water must be absorbed and diffuse in to

in EC of aqueous medium of immersed PLA membrane

dissolve fertilizer, then the dissolved fertilizer must be

bags containing NPK fertilizer was observed. The 0.05

absorbed and diffuse out through the PLA film. The

mm membrane slightly increased and reached 27 mS/cm

process of fertilizer release of PLA membrane differs from

within 10 days. It is noted that the 0.1 mm-thick membrane

that of PLA film, resulting in different release rates.

has not reached the maximum of 27 mS/cm. The PLA
membrane bags are not effective to slow down the release

4. Conclusion

of fertilizer. The results suggest that the membranes with

The 0.05 mm and 0.1 mm-thick PLA membranes

fibrous and porous structure are not suitable for the

were successfully fabricated by spraying technique with a

application of controlled release NPK fertilizer under

pneumatic spray gun. The membranes with interconnected

immersion.

microfibers with voids and porous structure were obtained.
The tensile properties of the 0.05 mm PLA membrane was
larger than that of 0.1 mm. The PLA membrane bags
containing NPK fertilizer immersed in aqueous medium at
50C showed similar release rate to bare fertilizer as
measured by electrical conductivity.

Figure 4 Electrical conductivity of the 0.05 mm PLA and
0.1 mm PLA membrane bag containing NPK fertilizer and
NPK fertilizer in aqueous medium.
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Abstract
Due to brittleness and low mechanical properties of cassava starch (CS); therefore, hydroxypropylated starch
(HPS) with propylene oxide at 15 - 30 % (w/w starch basis) were prepared. Different films were prepared by solvent
casting using glycerol as a plasticizer. FTIR spectra showed the ether group at the peak intensity of 929 cm −1 with
increased propylene oxide concentration. From surface morphology by SEM, smoother surface was observed for HPS
films. The results showed that transparency, solubility, and strain at maximum load of HPS films were significantly
higher than those of CS.
Keywords: Biodegradability, Etherification, Hydroxypropylated starch
1.Introduction

We prepared cassava starch (CS) by reacting with

Packaging materials from natural polymers (e.g.

propylene oxide in an alkaline environment at 15%(w/w)

proteins or polysaccharides) can decrease packaging

(HPS15) and 30%(w/w) (HPS30) and characterized using

wastes made from petroleum oil and reduce consequent

Fourier transform infrared spectroscopy (FTIR) and

environmental problems. Starch has advantages as a based

Scanning Electron Microscopy (SEM) and tested for

material for forming films: low price, biodegradability and

transparency, solubility and mechanical properties.

wide availability. However, native starch films exhibit
several shortcomings such as brittleness and lower

2. Experimental Methods

mechanical properties.

2.1 Materials

Hydroxypropylated starch is an etherification

CS was purchased from Tong Chan (Bangkok,

process formed by the reaction between propylene oxide

Thailand). Propylene oxide 99% (ACS grade) was

and starch. The hydroxypropyl group is hydrophilic, which

purchased from Italmar Co., Ltd. (Bangkok, Thailand).

make the bond between the starch structure changes. The

Glycerol were supplied from Sigma-Aldrich.

properties of the starch depend on the degree of
substitution. The hydroxypropyl group will replace the

2.2 Sample preparation

carbon at the positions 2, 3 and 6 of the glucose ring.

Modified starch was prepared by mixing 50 g CS,

Hydroxypropylated rice starch films with 0 – 12 at %

0.65 g NaOH and 7.5 g Na2SO4 in 60 ml distilled water

1

and either 7.5- or 15-ml propylene oxide, stirring at 300

Gelatinization temperature of the hydroxypropylated

rpm at ~35 °C for 30 min. The slurry was then transferred

starch had lower than native starch. The modified starch

to centrifugal bottles and continuously shaken in water

was in the range of 60 – 69 °C, whereas that of the native

bath at 40 °C for 24 h. The slurry was adjusted to pH 5.5 -

propylene oxide show high stretch and are transparent.

starch was 70 °C.

2

6.0 with 1N hydrochloric acid to terminate the reaction.
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The slurry was washed distilled water for 4 times and dried
in a hot-air oven (UN, Germany) (60°C for 8 h).

2.6 Mechanical properties
A sample was cut into a 15 × 100 mm2 rectangles

Films were prepared by mixing 5 g of CS or HPS,

and conditioned at 60±2% relative humidity. Mechanical

100 ml of distilled water and 1.25 g of glycerol. The

properties were measured following ASTM D 882-02 with

mixture was at stirred 300 rpm for 5 min at the temp ( CS

a Universal Testing Machine (LLOYD instrument, LR 5K,

~65 °C, HPS15 ~53 °C and HPS30 ~47 °C) . Film forming

UK) using 100 N load cell, crosshead speed of 50 mm/min
and gauge length of 50 mm.

solutions (80.0 g) were poured into plastic mold and finally
dried (60 °C, 8 h).

3. Results and Discussion
3.1 FTIR

2.3 Fourier transform infrared (FTIR) spectroscopy

Figure 1 shows FTIR spectra of CS, HPS15 and

FTIR spectra were scanned on a 2000 GX

HPS30 samples and those were similar. The broad peak at

spectrometer (Perkin Elmer, USA), using KBr disks, from

3600-3000 cm-1 was from O–H stretching. The peak at

4000 to 400 cm-1 at a resolution of 4 cm-1 with 6 scans per

2932 cm−1 corresponded to C–H stretching, while the peak

sample at ~25ºC.

at 1644 cm−1 was from bound water. The peak at 1458 cm−1
was assigned for OH bending and the peak at 1158 cm−1

2.4 Scanning electron microscopy (SEM)

was belong to C–O and C–C stretching. In addition, it was

Sample morphology was analyzed by scanning

found that the peak position at 929 cm−1 was an ether group

electron microscopy (LEO 1 4 5 5 VP, ZEISS, Germany).

in the structure of film and increased with propylene oxide

The sample was prepared in liquid nitrogen and sputter-

concentration.3

coated with thin gold layers to prevent electrical charging
during the observation.
2.5 Film solubility (FS)
Sample films (25 × 25 mm2) were dried at 100 oC
for 3 h and then weighed for the initial dry mass. The film
was immersed in distilled water (~35ºC, 24 h). The
remaining solution and film pieces were poured onto filter
paper (Whatman #1) and dried at 100 °C for 3 h to
determine the dry mass of the film. The total soluble
matter was calculated from the initial gross mass and the
final dry mass using the following equation:
% FS = (Mi-Mf)/Mi × 100
where Mi and Mf were the initial and final dry
mass, respectively.

Figure 1 FTIR spectra of CS, HPS15 and HPS30 films.
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3.2 Appearance and Morphology

CS

Sample film appearance is shown in Figure 2. CS
film was the most opaque among the film samples. The
opacity of the starch film seemed to decrease with increase
of the propylene oxide concentration.
Figure 3 shows cross-sections of CS, HPS15 and
HPS30 films. The surface of CS was rather rough, with
many imperfections and ridges. On the other hand, HPS15
and HPS30 surface were apparently smooth with no cracks
or breaks. This was because hydroxypropyl groups,
prevented proper alignment of starch chains during chain

HPS15

aggregation and crystallization. The relative increase in
amorphous region of film resulted in transparency and
smoother surface appearance.4

HPS15

CS

HPS30
HPS30

Figure 2. Visual appearance of CS, HPS15 and HPS30
films.
Figure 3. Micrographs of CS, HPS15 and HPS30 films.
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3.3 Film solubility
The effect on solubility at room temperature
(~35ºC) for different films is presented in Figure 4. For all
samples, solubility increased with an increase in the
concentration of propylene oxide because of the
interactions between starch chains arisen from the
increased

hydrophilicity

hydroxypropyl groups.

of

the

starch

by

the

5

Figure 4 Solubility of CS, HPS15 and HPS30 films.

Figure 5 Mechanical properties of CS, HPS15 and HPS30
films.

3.4 Mechanical properties
The influence of propylene oxide concentration
on mechanical properties is shown in Figure 5. There was
a decrease in stress at maximum load and an increase in
the strain at maximum load with increase in propylene
oxide concentration, because the hydroxypropyl group
which is capable of disrupting inter and intra-molecular
hydrogen bonds in the starch chains which corresponded
to film transparency and morphology.
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Abstract
AA/AMPs poly(acrylic acid:2-acrylamido-2-methylpropane sulfonic acid) is an important cationic polymer that is
used as an anti-scalant in water cooling system. It is a negative charge polymer that severally used in cooling system to
prevent a scale formation and also has a good dispersion efficiency. During cooling operation involving water
evaporation, concentration, blow-down, and make-up water. The concentration of the antiscalant has to be monitored in
order for optimum dosing. In this work, a simple technique to determine AA/AMPs concentration was developed using
complexing agent to the polymer that can then form large cluster for light scattering enabling rapid turbidity
measurement.
Here, benzethonium chloride, a large cationic molecule was used as a complexing agent for AA/AMPs to form a
larger particle which can be detected via the UV-Vis spectroscopy technique. Turbidity was measured to confirm the
complexation between these two types of chemicals. The result showed that benzethonium chloride can be used for
AA/AMPs concentration determination down to the concentration of about 1 ppm.
Keywords: Anti-scalant, cooling system, UV-Vis Spectroscopy
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bacterial attachment in the system.7 Excessive use of anti-

1. Introduction
Functionalized polymers have been widely used
across industrial fields. One of its usage is as an anti-

scalant will also increase an unnecessary operating cost
of the cooling system.

scalant or scale inhibitor in the piping and cooling system

The technique for determination of anti-scalant

of the factories, particularly those employed heat

concentration is important in order to efficiently operate

exchangers such as those in power plants. Heated water

the system. Normally the anti-scalant concentration is

pass-through the cooling unit to transfer the heat. 1-2 In an

estimated based on the initial concentration dose, the

open-circuit cooling system, the excess heat is removed

number of cycles of the circulated water in the cooling

from the system by evaporation of the water e.g. in the

system. Another technique to determine the concentration

cooling tower, and the remaining water in the system

of the actual anti-scalant in the system relies on the use of

becomes more concentrated. If the water is allowed to be

specially synthesized fluorescence-tagged anti-scalant

very concentrated, some hard scales e.g. calcium scale

polymers.

can be formed in the cooling system and pipelines,

The fluorescence tagged onto the polymer is widely

blocking the water flow. Make-up water is needed to be

used

added in the system in order to prevent the cooling water

Luminescence principle of the particle is used for this

from

becoming

too

concentrated.

3

for

anti-scalant

concentration

determination.

Additionally,

technique to get the amount of anti-scalant that remained

polymeric anti-scalant can also be used into the system to

in the system.8-10 In the contrary, using this technique

suppress the calcium or magnesium hard scale formation.

should change all chemicals to become fluorescence

Scale formation is a huge problem when it occurred in the

material. Thus, the cost of the anti-scalant polymer will

cooling process. Heat transfer efficiency will drop due to

be increased, although it can reduce the cost of using

the scale formed on the wall of the pipes and may even

under or over-amount of the anti-scalants.

4

Potentiometric titration method can also be used for

1)

polyacrylate (PA) concentration determination via a

supersaturated 2) nucleation 3) crystal growth. Polymeric

copper ion-selective electrode by adding Cu2+ to complex

anti-scalant can prevent this scale formation in various

with PA similar to those of calcium titration.11 However,

ways. The prevention mechanisms may be one the

the titration technique requires many careful steps to be

followings:

1) crystal modification; preventing the

conducted. High-pressure liquid chromatography can also

build-up of the regular lattice and layers of the crystal

be used to determine the concentration of various

scale 2) crystal dispersion; preventing the crystal

compounds including the PA in the solution, but this

accumulation due to increased charge imparted from the

technique may not be suitable in factory or power plant

anti-scalant polymer, and 3) threshold inhibition which

environment.

lead to a dangerous level of excessive heat in the system.
There

are

3

stages

of

scale

blocks the active crystal growth sites.

formation

5

Another method that could be used for determination

AA/AMPs is a copolymer called poly(acrylic acid:2acrylamido-2-methylpropane

sulfonic

acid).

It

of anti-scalant polymer in the water relies on the

is

complexation of large molecules with the polymer that

generally used in the cooling system to prevent a scale

can be detected by a UV-Vis spectroscopy or a simple

formation. Some study has shown that AA/AMPs had a

turbidity measurement.

good efficiency for scale dispersion and crystal
6

In this study, the technique to measure concentration

modification for scale inhibition. However, excessive

of the anionic anti-scalant polymer AA/AMPs through

use of AA/AMPs may pose the problem of bio-fouling in

the complexation with a positively charged benzethonium

the system as AA/AMPs and in general polyacrylic acid

chloride molecule will be developed. The complexation

based polymer may have tendency to induce biofouling,

results in an increased light scattering or absorbance
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which can be monitored using UV-Vis spectrometer and

2.3 Effect of PBTC interference

a construction of the standard curves allowing for the

PBTC or 2-Phosphonobutane-1,2,4-tricarboxylic

polymeric anti-scalant AA/AMPs concentration to be

acid is one type of phosphonate anti-scalant12, also using

determined.

in the cooling system along with AA/AMPs to prevent a
scale formation together. Interference of this chemical in

2. Experiment method

determining the AA/AMPs was also conducted to test

Two types of water were used in this work which

about the effect of PBTC by varying its concentration

are: (1) the make-up water (treated raw water used for re-

with AA/AMPs at 5 ppm using make-up water as the

filling the cooling water), and (2) the water in cooling

mixing.

system. The calcium concentration in the water samples
was

determined

using

inductively-coupled

plasma

3. Results and discussion

spectrometer (ICP), while the turbidity and the pH of the

The result in Table 1 showed that water in cooling

water samples were measured via the portable turbidity

system had a calcium ion concentration 164.80 ppm more

meter (Hach 21000Q) and a pH meter.

than that in the make-up water at 26.50 ppm. The results
of turbidity and pH were presented the same trend as

2.1 Effect of benzethonium chloride concentration

calcium ion concentration. Water in the cooling system

Three concentrations of benzethonium chloride

has a higher turbidity and pH due to their circulation

®

cycles in the system.

(Merck , analytical grade) were used from 50 ppm, 100
ppm, 500 ppm to complex with the AA/AMP. Four
concentrations of AA/AMPs at 5 ppm, 10 ppm, 15 ppm
and 20 ppm in make-up water were used to react with
each concentration of benzethonium chloride by a simple
mixing and wait for 10 minutes for the reaction to
develop. After complexation, the absorbance at 320 nm
and turbidity values are measured via a dip-probe

Table 1 Water characteristics
Sample
Make-up
water
Water in
the cooling
system

[Ca2+]/(ppm)

Turbidity
(NTU)

pH

26.50

2.92

8.35

164.80

14.33

9.45

portable UV-Vis spectrometer (Stellar-Net Inc.).
3.1 Effect of benzethonium chloride concentration
2.2 Effect of calcium ion concentration
Calcium cations presenting in the water can
compete with the benzethonium molecule for binding
with the AA/AMPs, hence the concentration of calcium
may also affect the turbidity developed. This experiment
was conducted to simulate the effect of calcium ion in the
water for the measurement sensitivity. Various calcium
ion concentrations (25,50,100,200,400,500,600 ppm)
were added into the make-up water containing AA/AMPs
at 20 ppm before the reaction with benzethonium
chloride. The reaction was allowed to proceed for 10
minutes and the absorbance at 320 nm was measured.

Turbidity was generated after the complexation
had occurred and absorbance was measured after 10
minutes due to it obtained the maximum absorbance
value in Figure 2. The absorbance result had changed
slightly after that. At 50 ppm of benzethonium chloride
concentration, the absorbance and turbidity did not
increase as significantly compared to benzethonium
chloride at 100 ppm and 500 ppm that had showed the
significant

increasing

when

increased

AA/AMPs

concentration showed in Figure 3(a). Hence, the less
amount of benzethonium chloride was not suitable for
AA/AMPs concentration determination because the
turbidity was not developed. In order to minimize the
chemical usage, benzethonium chloride at 100 ppm was

PPMA-O1
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chosen for determination of AA/AMPs concentration.
Moreover, the R-square of using benzethonium chloride
100 ppm was higher than benzethonium chloride at 500
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(a)

100
80

Turbidity

ppm showed in Figure 3(b).

60
40
20
0
0

(b) 0.6
0.5

Absorbance

Figure. 1 Spectra of benzethonium chloride

Absorbance

complexation

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

25

500 ppm
y = 0.0228x + 0.0564
R² = 0.979

0.3
0.2

100 ppm
y = 0.019x - 0.0073
R² = 0.9934

0.1

0
-0.1 0

5

10

15

20

AA/AMPs concentration (ppm)

Figure. 3 Effect of benzethonium chloride concentration
to (a) turbidity and (b) absorbance when mixing with
AA/AMPs

0

10

20
30
Time (min)

40
3.2 Effect of calcium ion concentration
The result showed that calcium ion affected the

Figure. 2 Absorbance development (at 320 nm) with time
(min); AA/AMPs 20 ppm, benzethonium chloride 100
ppm.

0.4

5
10
15
20
AA/AMPs concentration (ppm)

development technique in term of absorbance decreasing
when increased calcium ion concentration. The minimum
was 25 ppm to maximum concentration at 600 ppm. The
relation of absorbance and Ca2+increasing is revealed in
Figure. 4. The absorbance of the benzethonium chloride
and AA/AMPs complexation decreased when the
experiment increased calcium ion concentration in the
system. Absorbance decreases because some of the
polymers react with the Ca2+ and less number forms
complex with the benzethonium chloride. The turbidity
tends to drop with increased calcium ion concentration.
However, the result shows a small effect of
2+

Ca concentration at 0 - 200 ppm to the development
technique for water that had Ca2+in the system. The
calcium ion concentration of cooling water is revealed in
table 1. Even the system has a high Ca2+concentration
case, our technique still detects the ‘free polymer’ which
available complex with benzethonium chloride.
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Absorbance

AA/AMPs at 5 ppm in various PBTC concentrations, it
shows a higher turbidity than the pure PBTC case. The

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

result shows in table 2. Turbidity is increased around 30
NTU that had the same result of the complexation
between pure component of AA/AMPs at 5 ppm and
benzethonium chloride at 100 ppm. It could be
summarized that PBTC does not have a synergistic effect

0

200
400
600
Calcium ion concentration (ppm)

Figure. 4 Effect of calcium ion to the development
technique; AA/AMPs 20 ppm, benzethonium chloride
concentration 100 ppm, wavelength 320 nm.

in term of turbidity generation with AA/AMPs when the
solution

was mixed

with

benzethonium

chloride.

Turbidity in this case was obtained from AA/AMPs
complexation only.
The result here shows that we can use this
technique for AA/AMPs concentration analysis when it is
in the system that also added PBTC in the water-cooling

3.3 Effect of PBTC interference
PBTC was tested with benzethonium chloride as a
pure component and in the mixture with AA/AMPs. The
result showed that pure PBTC did not show the effect in
term of turbidity and absorbance increasing when
increased concentration.

system.
3.4 AA/AMPs concentration analysis of water in the
cooling system
In order to test the ability of the current method
for prediction, the water from actual cooling system was

Table 2 Effect of pure PBTC and mixture component of

required to measure the anti-scalant concentration. This

PBTC to turbidity when complexed with benzethonium

cooling water from an electrical power plant contains

chloride 100 ppm

certain amount of AA/AMPs, but the precise value was

PBTC
concentration
(ppm)
0
5
10
20

Turbidity (NTU)
Pure PBTC
PBTC mixed with
AA/AMPs 5 ppm
3.57
29.87
4.17
35.32
5.65
30.82
4.25
37.14

not known as the system has been continuously operating
and the water sample collected mid-cycle of the
operation. To test the ability of the technique to predict
value of AA/AMPs in the actual water sample, the water
sample was spiked with series of known concentrations
of AA/AMPs, reacted with benzethonium chloride and

Absorbance

absorbance at 320 nm measured. The change in the
AA/AMPs concentrations obtained from the model was
then obtained.
Concentration analysis of AA/AMPs can be
Wavelength (nm)

calculated from the standard curve equation for

Figure. 5 Effect of PBTC to absorbance when complexed

benzethonium at 100 ppm using the equation in Figure.

with benzethonium chloride 100 ppm; (a) pure PBTC, (b)

3(b).

PBTC mixed with AA/AMPs 5 ppm.
Figure. 5 illustrates that absorbance at 320 nm
does not change when increases PBTC concentration
significantly.

In

the

mixture

component

between
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Table 3 Result of AA/AMPs concentration determination

remained in the cooling water system, however, given the

analysis of water in the cooling system

high linear response of the spiked concentration with the

Actual water spiked with AA/AMPs
5 ppm 10 ppm 15 ppm 20 ppm

Sample
Absorbance
at 320 nm
Measured
AA/AMPs,
ppm

0.49

0.57

0.61

0.79

26.3

30.2

32.5

41.4

slope of almost one, the value should be quite close to the
actual value of AA/AMPs in the system.
4. Conclusion
The technique for determination of AA/AMPs

Calculted
concentration, ppm

concentration used in the cooling system to prevent scale
formation was achieved. The concentration of active

45
40
35
30
25
20
15
10
5
0

polymer in the system can be determined via the
complexation with the positively charged benzethonium

y = 0.988x + 20.4
R² = 0.9124

chloride and measured via the UV-Vis spectroscopy. The
AA/AMPs concentration was obtained. This standard

0

10

20

Experimentally added AA/AMPs
concentration (spike), ppm

curve can be used to estimated concentration of

30

AA/AMPs in the actual cooling water sample. In addition,

Figure. 6 The correlation between the calculated
concentration values and the experimentally added

this technique is not interfered by the presence of PBTC,
another commonly added anti-scalant, and can be applied
for analysis of AA/AMPs in the actual cooling system.

AA/AMPs concentration (spike)
Table 3 shows the result of the actual cooling
water sample that was spiked with AA/AMPs 5 ppm, 10
ppm, 15 ppm, and 20 ppm. The concentration of
AA/AMPs obtained from the equation was then 26.3 ppm,
30.2 ppm and 32.5 ppm, 42.0 ppm and 41.4 ppm,
respectively. The plot between the measured AA/AMPs
value of the spiked samples and the spiked amount is
shown in Figure. 6. It can be seen from the plot that the
predicted increase in AA/AMPs concentration follows
quite well as the experimental increase (spike) in the
AA/AMPs.

The linear relation between the added

amount and the measured amount was obtained with the
slope

of

almost

correspondence

0.98

between

indicating
the

a

very

experimentally

good
added

AA/AMPs amount and the measured response of the
model. The correlation between the calculated values and
the experimental values has the R2 value of 0.91.
Extrapolating the graph to the zero concentration yields
the value of 20.4 ppm, which is predicted value of the
active AA/AMPs in this cooling water sample. The
accuracy of this value is not known as currently there is
no easy way to measure the amount of the AA/AMPs that
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Abstract
This work aims to study effect of types of aromatic polyester polyol and isocyanate indexes on properties of
polyisocyanurate (PIR) foams. PIR foams were prepared at three isocyanate indexes of 250, 280 and 300. The mixture of
four polyols, namely polyol A, B, C and D, was used in foam formulation. It was found that compressive strength and
thermal stability of PIR foams depended on the types of polyol used in foam formulation and isocyanate index.
Keywords: polyisocyanurate, aromatic polyester polyol, thermal stability
The isocyanurate structure is a key parameter to

1. Introduction
Polyisocyanurate (PIR) foam is a thermoset
polymer as well as polyurethane (PUR) foam but PIR
foam is prepared with higher isocyanate index than PUR
foam [1]. PIR foam has an excellent mechanical properties
such as high compression resistant, excellent physical
properties such as low density and low thermal
conductivity which make it widely used as a thermal
insulation material [2,3]. PIR foam has high thermal
stability since it contains isocyanurate rings in the
structure [4]. Isocyanurate ring is obtained by the

achieve fire resistant properties of PIR foam because
thermal stability of isocyanurate structure is higher than
that of urethane structure [4,5]. The common formula of
PIR foam uses an expensive polyol that is a main
component. This work aims to use aromatic polyester
polyol A and B to replace an existing polyol in
commercial formular because these polyols are products
of IRPC and therefore providing cost reduction. Therefore,
it had to study various formulation to find a formula that
can be used in commercial applications.

trimerization reaction of isocyanate groups as shown in
2. Experiment and method

Scheme 1.
O
trimerization

R"

3 ( R" N CO)
isocyanate

O

N

N
N

R"
O

R"
isocyanurate

Scheme 1. Trimerization reaction of isocyanate groups to
give isocyanurate ring

2.1 Materials
All materials employed in the preparation of PIR
foam were supplied by IRPC Co., Ltd (Thailand).
2.1.1

Polyols


Polyol A (aromatic-based polyester polyol,
functionality

= 2,

hydroxyl

value = 220

mg.KOH/g and viscosity = 20,000 cP at 25 C).
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Polyol B (aromatic-based polyester polyol,
functionality

= 2,

hydroxyl

value = 350

mg.KOH/g and viscosity = 1,600 cP at 25 C).


Polyol

C (sucrose-based

functionality

= 2,

polyether

hydroxyl

value

polyol,
= 220

mg.KOH/g and viscosity = 8,800 cP at 25 C).


Polyol D (mannich-based polyether polyol,
functionality = 4.6, hydroxyl value = 470
mg.KOH/g and viscosity = 10,000 cP at 25 C).

2.1.2

Polymeric methylene

diphenyl diisocyanate

investigated. The density of foams was measured
according to ASTM D1621. The formulations that gave
the suitable density, which is > 35 kg/m3, were chosen to
study in the mold test method because PIR foam having
density lower than 35 kg/m3 has poor mechanical
properties.
2.2.2 Foam preparation by mold test method
The PIR foams were prepare using the same
method as the cup test but the mixture was pour into a
plastic mold with dimension of 30 x 30 x 10 cm3. After
that, PIR foams were kept in the mold for 24 hour then

(PMDI, B9001, NCO content = 31%).

demolded for characterization and mechanical testing.

2.1.3

Polysiloxane surfactant (Evonik, DC193).

The density of foams were measured according to ASTM

2.1.4

Catalysts

D1622.

• N,N-dimethylcyclohexylamine (DMCHA)
• Pentamethyldiethylenetriamine (PC5)

2.1.6

The compressive strength of foams in parallel and

• Potassium octoate (KOct)

perpendicular to the foams rising direction was performed

• 2-Hydroxypropyl trimethylammonium chloride

by using Universal Testing Machine (Instron model 4302)

(TMR2)
2.1.5

2.3 Mechanical properties

Flame

according to ASTM D-1621, the specimen size was 5.0 x
retardant

[tris(1-chloro-2-propyl)

5.0 x 5.0 cm3, the rate of crosshead movement was fixed

phosphate, TCPP]

at 5 mm/min and the load cell was 10 KN. The

Blowing agent (cyclopentane)

morphology of foams in parallel and perpendicular to the
foam rising direction was investigated by using scanning

2.2 Sample preparation
2.2.1 Foam preparation by cup test method
The PIR foams were prepared from four different
polyols and three different isocyanate (NCO) indexes. PIR

electron microscope (SEM, SU3500, HITACHI Japan).
The samples were gold coated before scanning and
accelerating voltage at 5 kV in order to avoid degradation
of sample.

foam formulations are shown in Table 1. In the first step,
polyol mixture, surfactant, catalysts and blowing agent

2.4 Thermal properties

were mixed in a 750 mL paper cup and stirred at 2000

Thermal degradation of foams was performed

rpm. In the second step, PMDI was added to the mixture

using thermogravimetric analysis (TG 209F1 Libra,

and mixed by mechanical stirrer at 2000 rpm for 10

NETZSCH, Germany) under nitrogen flow from 25–600

seconds. The foam density and foam reactivity, including

ºC with heating rate of 20 ºC/min.

cream time, gel time, tack free time and rise time were

PPMA-P1

206
increased with increase of isocyanate index. This is due to

3. Results and Discussion

a crosslink structure formation. This leads to increase in
3.1 Foam preparation by cup test method

viscosity of the mixture and also to retard the foaming

The reactivity of PIR foams were prepared from

reaction [5,6,8].

four different polyols and three NCO indexes was

PIR foam formulations that gave required foam

investigated and listed in Table 2. The reactivity of

density (> 35 kg/m3) which was suitable for panel

foaming reaction was followed by cream time, gel time,

insulation applications (Figure 1) were F2 (NCO index =

tack free time and rise time. Cream time is the beginning

300), F3 (NCO index = 300), F4 (NCO indexes = 280 and

of bubble formation and the polyol and isocyanate
mixture becomes cream-like. Gel time is the time at the

300), F5 (NCO indexes = 280 and 300) and F6 (NCO

beginning of polymerization and the mixture becomes

indexes = 280 and 300). PIR foam having density of > 35

gel. Tack free time is the time when the surface of foam

kg/m3 has

loses its stickiness. Rise time is the time when the foams

mechanical property depends on the foam density. These

reach its maximum height. It was found that all PIR foams

PIR foam formulations were then studied in the next step

had similar trend of reactivity which gel time and tack

(mold test method).

good compressive

strength

since

free time
Table 1 PIR foam formulations
Raw material (g)

Polyol

Surfactant

Catalyst

Flame
retardant
Blowing
agent

Formulation
F3
F4
90

Polyol A

F1
70

F2
80

F5
-

F6
-

Polyol B

-

-

-

70

80

90

Polyol C

15

10

5

15

10

5

Polyol D

15

10

5

15

10

5

Total

100

100

100

100

100

100

DC193

2.5

2.5

2.5

2.5

2.5

2.5

DMCHA

0.15

0.15

0.15

0.15

0.15

0.15

PC5

0.2

0.2

0.2

0.2

0.2

0.2

KOct

0.5

0.5

0.5

0.5

0.5

0.5

TMR2

0.2

0.2

0.2

0.2

0.2

0.2

TCPP

4

4

4

4

4

4

Cyclopentane

20

20

20

20

20

20

250

175.73

161.29

146.84

230.50

223.52

217.26

280

196.82

180.64

164.46

258.16

250.74

243.33

300

210.88

193.55

176.21

276.60

268.65

260.71

PMDI

NCO

(B9001)

index

this
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When the NCO index was varied at 250, 280 and

Density (kg/m3)

40

300 (Table 3), density of PIR foams increased with

30

increasing of NCO index. This is because NCO group can

NCO index 250

20

NCO index 280

undergo trimerization reaction to give isocyanurate ring

NCO index 300

10

which is the crosslink structure that causes the increase in

0
F1

F2

F3

F4

F5

F6

density of PIR foams [5-7].

Sample formular

3.3 Mechanical properties of PIR foam
Figure 1 Density of PIR foams prepared by cup test
method

Figure 2 shows compressive strength of PIR foams
measured in parallel and perpendicular to the foams
rising direction. It was found that PIR foams prepared

3.2 Foam preparation by mold test method
From Table 3, the density of PIR foams prepared

from Polyol B had higher compressive strength than those

from Polyol A was lower than that prepared from Polyol

prepared from Polyol A. This is because PIR foams

B since Polyol A has lower hydroxyl value than Polyol B.

prepared from Polyol B have higher density than those

The higher hydroxyl value in Polyol B leads to higher

prepared from Polyol A. Compressive strength of PIR

crosslink structure that increases the foam density.

foam depends on foam density. When the foam density
increases, compressive strength also increases.

Table 2 Reaction time, density and height of PIR foams
Polyol

F1

F2

F3

F4

F5

F6

NCO
index

Cream time
(sec)

Gel time
(sec)

Tack free
Time
(sec)

Rise time
(sec)

Density
(kg/m3)

Height
(cm)

250

31

107

156

173

27.84

25.7

280

31

91

149

163

31.10

26.7

300

30

106

176

189

31.63

25.2

250

27

95

128

151

32.22

23.1

280

24

131

205

237

32.57

23.5

300

28

120

178

189

35.54

23.1
23.4

250

28

101

161

174

31.95

280

30

102

147

191

32.48

22.9

300

32

116

153

207

35.09

22.5

250

33

97

119

179

33.47

27.3

280

39

107

151

184

35.26

25.8

300

34

119

204

229

38.28

25.3

250

29

92

139

149

33.34

26.5

280

36

114

186

207

300

37

109

166

193

36.54
37.03

25.0
24.9

250

36

112

153

174

34.66

25.8
25.0
24.9

280

45

115

185

212

36.90

300

43

125

197

209

37.78
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Compressive strength (kPa)

400

a

Parallel

300

b

Perpendicular

200
100
0

F2
300

F3
300

F4
280

F4
300

F5
280

F5
300

F6
280

Figure 4 SEM of PIR foams prepared from F5 (NCO

F6
300

Sample formular

index = 300); (a) top view; (b) side view

Figure 2 Compressive strength of PIR foams measured in
parallel and perpendicular to the foams rising direction

3.4 Thermal property
From

thermogravimatric

analysis

(TGA),

The compressive strength of foams measured in

thermograms (Figure 5), all PIR foams show similar

parallel to the foams rising direction was higher than that

thermal decomposition step, which is two weight loss

measured in perpendicular to the foams rising direction

stages. The first stage at 190-330 C related to the

because the foam cells were elongated in the same

decomposition of the urethane segment and the second

direction of foam rise (Figure 4) [9]. These results agreed

stage at 350-580 C related to degradation of isocyanurate

with SEM results which showed that all PIR foams were

segment. The initial decomposition temperature (IDT),

anisotropic foams (Figures 3 and 4).

which is the temperature at 5% weight loss, was found in

Table 3 Density of PIR foams prepared by mold test

the range 291-302 C and the residue weight at 600 C

method

was in the range 35.5-39.1% (Table 4). IDT of PIR foams

Polyol

NCO index

Density (kg/m )

slightly increased with increase of NCO index due to the

F2

300

35.52

increase of isocyanurate ring in the structure which is the

F3

300

35.60

280

38.68

300

39.68

280

39.81

300

39.95

280

41.79

300

42.99

F4
F5
F6

(a)

3

key factor in thermal stability feature [10-12].

(b)
Rise direction

Figure 3 Foam cell model; (a) isotropic foam, spherical
cell, equal properties in all direction; (b) anisotropic foam,
ellipsoid cell, properties depend on direction

Figure 5 TGA thermograms of PIR foams
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Table 4 TGA data of PIR foams
Polyol

NCO index

F2

IDT (5% weight

Weight residue (%) at different temperature (°C)

loss, °C)

100

200

300

400

500

600

300

291

99.4

98.8

93.9

58.1

43.4

35.5

F3

300

293

99.5

98.9

94.1

59.4

44.5

36.4

F4

280

292

99.2

98.6

94.3

58.2

43.6

35.5

F4

300

301

99.2

98.7

95.1

58.5

43.9

35.9

F5

280

298

99.2

98.8

94.7

58.7

45.8

37.8

F5

300

300

99.3

98.8

95.0

59.3

45.8

37.5

F6

280

302

99.4

98.9

95.4

60.6

47.4

38.9

F6

300

302

99.2

98.7

95.3

60.0

47.4

39.1

4. Conclusion

5.

Singh, S. N.; Fife, J. S.; Dubs, S.; Coleman, P.D., Effect

Most PIR foams showed good compressive

of Formulation Parameters on Performance of

strength and high thermal stability. Among all PIR foams,

Polyisocyanurate Laminate Boardstock Insulation.

F6 formulation showed the highest compressive strength

Huntsman Advanced Technology Center. 2006; pp

and therefore has a potential for using in commercial

819-833.

application as panel insulation. The further work about

6.

thermal conductivity and fire behavior of PIR foams is

Ali, E. S.; Zawaai, E. Z. E. J. Phys. Conf. Ser. 2019,

under investigation.
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Effects of rice husk on manufacturability of bioplastic plant-pot
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Abstract
This research focuses on the effect of ground rice-husk content on efficiency of plant pot manufacturing using
injection molding process. Polylactic acid (PLA)/rice husk (RH) green-composites with various RH contents (0, 10,
30 %wt) were prepared using a twin-screw extruder. Computer aid engineering (CAE) (Moldex 3D) was used to
simulate an application range of injection molding processes as well as optimize product design and manufacturability.
The results showed that hexagonal shape was selected as the best geometry design of plant pot. Besides, an optimum
melting temperature for good quality plant pot products varied with rice husk content. The melting temperature
decreased with increasing RH content. With an addition of 30 %wt RH, a capital cost of green-composite pellets and
plant pot products reduced significantly, when compared with that of the neat PLA.
Keywords: Poly(lactic acid), Rice husk, Green-composite, Injection molding, Twin-screw extruder.
1. Introduction
To our knowledge, green-composite material,

20% silica. Therefore, it can be considered to use as
reinforcing material as well as cost reduction filler.

composed of bioplastic and natural material, is one of the

In this study, polylactic acid (PLA)/rice husk (RH)

answers to diminish plastic waste in the environment.

green-composite pellets with various RH contents (0, 10,

This is because green composite material is completely

30 %wt) were prepared using a twin-screw extruder.

biodegradable and environmentally friendly [1]. In

Product design and manufacturability of neat PLA plant

addition, the use of low cost natural materials makes

pot were optimized with Moldex 3D computer aid

green-composite materials more attractive owing to its

engineering (CAE). The CAE results were subsequently

low cost.

used as reference guidance in the mold trial injection

Polylactic acid (PLA) is a biodegradable and eco-

process. Hexagonal plant pot was then produced from the

friendly aliphatic polyester with good mechanical

PLA/RH green composite pellets by injection molding

properties. PLA has become a popular material due to it

process. Finally, the capital cost of green-composite

being produced from renewable resources. PLA is usually

pellets and plant pot products were analyzed.

produced through two main routes: an indirect route via a
lactide intermediate, and a direct polymerization by

2. Experimental Methods

polycondensation [2].
Rice husk is a waste product from rice milling and
always sold at a cheap price for mixing in animal feed
and being burnt to make energy and silica [3,4]. Rice
husk consists of 50% cellulose, 25-30% lignin, and 15-

2.1 Materials
PLA biopolymer 3251D (NatureWorks®) was
supplied by PTTGC PCL. Rice husk was obtained from
the Northeast of Thailand. Processing additives, e.g.
additive A (an internal lubricant for improving material
flow in twin screw extruder), additive B (an external
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lubricant for reduce shivering when mixing with twin

step format and imported to Moldex 3D R15 designer.

screw) and additive C (a coupling agent that help to

Step 3: cooling system was built by generating moldbase

improve the compatibility between RH and PLA) were

and spiral cooling channel in the core insert. Step 4: solid

supplied by Multibax PLC and Oleofine Organics

mesh was created on level 4 (estimated element count:

(Thailand) Co., Ltd.

600k ~ 1m) and exported to a solid mesh file.
2.3.2 Analysis

2.2 Preparation of green-composite

The analysis procedure was divided into 2 steps.

The appropriate amount of PLA, RH and additives
used for preparing PLA/RH green-composites is shown
in Table 1. PLARH10 and PLARH30 are greencomposites with 10 %wt RH and 30 %wt RH (with
respect to PLA weight), respectively.

by setting 3D solid model solver [e-Design] function, and
injection molding mode. Step 2: a new run was created by
importing solid mesh file. The material data of the neat
PLA biopolymer 3251D, from the material data library of

Prior to the processing, PLA was dried at 90 ℃ for
5 hours to remove moisture. RH was also dried at 80 ℃
overnight and ground into powder and finally sieved to
obtain RH powder with less than 600 micron particle
size. Then PLA, RH and additives were dry-mixed before
feeding into a twin-screw extruder. The temperatures in
the barrel were set between 180-200 ℃. After well
mixing, the molten composites was cooled down and
pelletized into 3-mm pellets. The resulting PLA/RH
green-composite pellets were dried at 90 ℃ for 5 hours
and kept in air-tight containers.

Moldex 3D, was then put into the simulation calculations
[5]. After that, a method was set with CAE mode and
maximum injection was set at 203 MPa (maximum
injection pressure of injection machine). The volume in
each part of the mold was also inserted into the
calculation. Then the optimization was automatically
calculated by Moldex 3D software. CAE results can be
obtained by varying injection parameters in Moldex 3D
software until the optimum CAE results were obtained. In
our experiments, the plant pot designs of square and
hexagonal shapes were evaluated by Moldex 3D

Table 1 Material compositions for preparing PLA/RH

software. The CAE results of each product design were
compared.

green-composite.
Sample

Step 1: a new project was created in both classic mode,

Material content (% by weight)
PLA

RH

2.4 Injection molding process

Additive

Injection machine (Toshiba EC 180S) with screw

A

B

C

diameter 32 mm, clamping force of 129 Ton and the

Neat PLA

100

0

0

0

0

maximum injection pressure of 203 MPa was used in

PLARH10

87.14

8.71

1.75

1.6

0.8

injection molding process. Injection molding parameters

PLARH30

71.76

21.53

4.31

1.6

0.8

obtained from CAE results for neat PLA were inserted as
followings: injection pressure 112 MPa, holding pressure

2.3 CAE simulation obtained from Moldex 3D

50 MPa, holding time 3 sec, cooling time 14 sec, and

2.3.1 Pre-process

mold temperature 40 ℃. The barrel-nozzle temperature

Pre-process was carried out using 4 steps as

(4 zones) was set at 190, 195, 200, 210 ℃ and melt

follows. Step 1: A cavity model was imported by

temperature (hot runner temperature) was varied between

converting the CAD 3D part model into a step format

170 ℃ and 230 ℃.

before importing to Moldex 3D R15 designer. After that
the e-Design function of Moldex 3D R15 designer was
used to generate 3D mesh. Step 2: A runner system was
built by converting the CAD 3D hot runner model into a
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3. Results and Discussion
3.1 Optimum product design
In order to optimize plant pot design and
manufacturability, CAE simulation was applied. Two
designs of plant pot, e.g. square and hexagonal shapes,
were created in CAD 3D software and imported to
Moldex 3D for simulation. The material data of neat PLA

(a)

(b)

Figure 3 Filling stress (a) 5.6 and (b) 0.68 MPa.

were used in the calculation. The CAE results revealing
the filling time, filling pressure, filling stress, sink mark
displacement and warpage displacement are shown in
Figures 1-5 and Table 2.
Table 2 Summary of CAE results
Parameter

Square

Hexagonal

Filling time (s)

0.65

0.59

Filling pressure (MPa)

35.9

36.4

Filling stress (MPa)

5.6

0.68

Sink mark displacement (mm)

0.5

0.5

Warpage displacement (mm)

0.77

0.73

(a)

(b)

Figure 4 Sink mark displacement (a) 0.5 and (b) 0.5 mm.

(a)

(b)

Figure 5 Warpage displacement (a) 0.77 and (b) 0.73 mm
According to Suhas [6], the parameters are defined
as follows. Filling time is the time used for completely
(a)

(b)

Figure 1 Filling time (a) 0.65 and (b) 0.59 sec.

filled the mold cavity with the molten plastic. Filling
pressure is the pressure used for injecting molten plastic
into the mold cavity. Filling stress is the stress caused by
the flow of molten plastic in the mold cavity. Too high
stress causes defects such as stress crack and warpage [6].
Sink mark displacement is the shrinkage size of the
product after completion of the injection process.
Warpage displacement is the warpage size of the product

(a)

(b)

Figure 2 Filling pressure (a) 35.9 and (b) 36.4 MPa.

after ejection of mold cavity
CAE results show that square shape exhibits
longer filling time than that of the hexagonal shape.
Although the results of filling pressure, sink mark
displacement and warpages displacement of both square
and hexagonal shapes are not significantly different, the
filling stress of hexagonal shape is significantly lower
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than that of square shape. This is because a hexagon is
the shape that best fills a plane with equal size units and
leaves no wasted space. Therefore, in this research work,
hexagonal shape design was chosen for plant pot
manufacture.
3.2 Effects of RH content on processing temperature
In our trials, melt temperatures used in injection

Figure 8 A good quality product of PLARH30, at a
processing temperature of 190 ℃, with a little sink mark.

molding process were set between 170 ℃ and 230 ℃
with 10 ℃ decrement. Ten samples were prepared for

At 200 ℃, neat PLA showed sink mark defect,

each processing temperature. At 170 ℃, molten neat PLA

while PLARH10 showed good quality product with a

was too viscous and could not be injected into the mold.

little sink mark. However, for PLARH30, big flow mark

PLARH10 showed short shot defect (Fig. 6), while and

and sink mark were obviously observed as displayed in

PLARH30 showed good processing ability with good

Fig. 9.

quality without any defects.

Figure 9 Big flow mark defect found in PLARH30 at a
Figure 6 Short shot defect found in PLARH10 at a

processing temperature of 200 ℃.

processing temperature of 170℃.
At 210 ℃, the level of sink mark in neat PLA
At 180 ℃, neat PLA showed short shot defect,

increased. PLARH10 showed good quality product with a

while a smaller amount short shot defect was found in

little sink mark. However, the molten PLARH30 was not

PLARH10. In case of PLARH30, the good quality

solidified in the mold after cooling (Fig. 10). This may be

product was obtained with some demolding problem. Fig.

due to the degradation of PLARH30 that caused the

7 shows a crack located on the surface of the plant-pot

reduction in its molten viscosity.

and extended completely through the substrate.

At 220 ℃, the sink mark defect in neat PLA
increased, while PLARH10 was not solidified in the mold
after cooling and the molten PLARH30 was leaked out
from the hot runner tip (Fig. 11) and could not be
processed.

Figure 7 Demolding problems of PLARH30, at a
processing temperature of 180 ℃, due to a crack.
At 190 ℃, neat PLA showed less short shot than
that found at 170 ℃. Both PLARH10 and PLARH30
showed good quality products with a little sink mark as
shown in Fig. 8.
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When RH was added, the melt temperature was
found to be lower compared with that of the neat PLA.
The higher the RH content, the lower the processing
temperature was. This may be due to the effect of both
RH and lubricant A that make the PLA chains move
easier.
Normally, sink marks in injection molded plastic

Figure 10 PLARH30 product after being injection

parts develop when material is in the region of thick

molded at a processing temperature of 210 ℃.

features such as ribs or bosses shrinks more than the
material in the adjacent wall [9]. It was found in Fig. 12

At 230 ℃, the sink mark defect in neat PLA
further increased. Both molten PLARH10 and molten
PLARH30 were leaked out from the hot runner tip and
could not be processed.

that the increase in RH content helped to decrease the
sink mark defects. This was due to RH acted as a
reinforcing material that prevents PLA from shrinking.
Therefore, the addition of RH can reduce shrinkage and

Therefore, it’s worth noting that if processing

diminish sink marks.

temperature is at 210 ℃ or higher, the molten composites
cannot be solidified in the mold after cooling. This may
be due to the degradation of PLA at high temperatures. It
was reported by F. Signori et al. [7] that the degradation
of

PLA

progressively

increased

as

processing

temperature increased. Moreover, there are many factors
that affect thermal stability of PLA, e.g., moisture
promotes hydrolytic degradative pathways, and oxygen
triggers thermal oxidation.

Figure 12 The sink marks (from left to right) in neat PLA,
PLARH10 and PLARH30.
3.3 Capital cost analysis
The capital cost of both PLA/RH composite
pellets and plant-pots was calculated and the results are
displayed in Fig. 13 and Fig. 14, respectively. It’s clearly
seen from the figures that with 10%RH addition,
PLARH10 shows higher capital cost than the neat PLA.
This was owing to the cost of additives used in the
composite preparation. With further increase in RH

Figure 11 Molten PLARH30 was leaked from hot runner

content up to 30%, PLARH30 showed the lowest price

tip at a processing temperature of 220 ℃.

among the three materials. Hence, RH can be considered
to use as a reinforcing material as well as a cost reduction

Basically, short shot defect was caused by too
small injection pressure. With too small injection
pressure, the molten material could not be injected into
the mold cavity. From the above experimental results it’s
worth noting that with an increase in melt temperature at
a fixed pressure, the material viscosity reduced, resulted
in the decreased short shot defects [8].

filler in PLA/RH green-composites at the appropriate
amount of 30%wt.

Price per
P kilogram
R
(baht)
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Abstract
A thermo-chemically reprocessable rubber was produced by crosslinking Epoxidized Natural Rubber (ENR) with
Hydrolyzed Maleic Anhydride (HMA) in the presence of 1,2-DiMethylImidazole (DMI) as crosslinking accelerator and
Zinc Acetate Dihydrate (ZAD) as transesterification catalyst. Zinc acetate catalyst causes the intermolecular adaptability
of the rubber network during reprocessing at an elevated temperature, promoting the reprocessability to ENR vulcanizates
when compared to a conventional sulfur-cured reference which possesses a permanent or irreversible network. This is due
to the reversibility of ester crosslinks; the crosslinked samples can be reprocessed with maintained mechanical properties
compared to the original counterparts. The output from this investigation provides further inspiration for evolving novel
rubber vulcanizates with a reprocessable or recyclable potential.
Keywords: Reprocessing, epoxidized natural rubber, transesterification, maleic anhydride, crosslink

intermolecular self-adhesion inducing reprocessability of

1. Introduction
Apart from the allylic positions on epoxidized natural
rubber (ENR) molecules that are reactive towards

the obtainable ENR vulcanizates were investigated. The
results from this investigation are discussed.

conventional vulcanization reactions, ENR can also be
crosslinked at the oxirane rings,1-2 most often by amine
3

4

functional groups, carboxylic acids, and anhydrides,

5-7

in the presence of a suitable catalyst e.g. bisphenol or
phenol.8 Dicarboxylic acids react with epoxide groups of
ENR forming β-hydroxy-ester crosslinks among the
rubber chains.9 This crosslinking system was reported to
possibly compete with peroxide and sulfur conventional
vulcanizations.10 Interestingly, the ester crosslinks can
thermo-chemically be reversed using a catalyst to

In the present study, ENR with 50 mol% epoxide content
(ENR-50) was crosslinked with hydrolyzed maleic
anhydride (generally called dicarboxylic acid). A
catalyst

was

2.1 Materials
ENR-50 containing 50 mol% epoxide content
(Muang Mai Guthrie PCL, Thailand), Kaolin clay (Siam
Chemicals

Co.,

Samutprakarn,

Thailand),

combined.

The

Maleic

Anhydride (MA, 99%, Sigma-Aldrich, China), Zinc
Acetate

Dihydrate

(ZAD,

Zn(OAc)2.2H2O,

Ajax

Finechem, Australia) and 1,2-DiMethylImidazole (DMI,
98%, Alfa Aesar, China) were used as received.

generate a transesterification reaction.11

transesterification

2. Experimental
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2.2 Sample preparation
Maleic anhydride (MA) was first hydrolyzed by
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reprocessed sheets were tested for their tensile properties
to be compared with the virgin counterparts.

distilled water12 in order to obtain the reactive
dicarboxylic acid in a form of Hydrolyzed Maleic

Table 1 Formulations of the mixes used in the present

Anhydride (HMA) or succinic acid. ENR-50, HMA, DMI,

investigation.

and different amounts of ZAD were mixed in an internal
mixer (Haake PolyLab OS, Germany) for 17 min with a
rotor speed of 70 rpm at 40°C. The compounds were
press-cured into 1.5 mm thickness sheets at 180°C for
their optimum cure time. The formulations of the
investigated compounds are shown in Table 1. For

3. Results and discussion

comparison, a conventional ENR-50 vulcanizate was

3.1 Cure acceleration of dicarboxylic acid by

prepared with the same processing conditions (i.e. cured

dimethylimidazole

at 180°C); in this mix, the formulation is as follows: ZnO
5 phr, stearic acid 1 phr, TBBS 1 phr, DPG 0.5 phr, and

Table 2 Cure characteristics of the investigated

sulfur 2 phr.

compounds vulcanized at 180˚C.

2.3 Cure characterization
Cure characteristics of the samples were determined
using a Moving Die Rheometer (MDR2000, Alpha
Technologies, USA) at 180 °C for 60 min according to
ASTM D 5289. Optimum cure time (Tc90) and rheometer
cure torque are reported.
2.4 Tensile properties
The tensile test was carried out by a universal
tensometer (Instron 3365, USA) with a crosshead speed
of 100 mm/min according to ASTM D638 with a die-cut
type V at room temperature without a humidity control.
Five specimens of each vulcanizate were tested and the
median values are reported.
2.5 Reprocessing validation
Cured rubber sheets were ground to small grains
using a mortar grinder (Fritsch Pulverisette 2, Germany).

Figure 1 Rheometer cure curves of the investigated

Liquid nitrogen was used to process the cryogenic

compounds analyzed at 180˚C.

grinding at a temperature below the glass transition of the
samples.13 The obtained ground rubber was pulverized on
a two-roll mill for 1 min,14 and finally heated at 180 ˚C
for 40 min in a compression molding. The obtainable
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Table 2 and Figure 1 show the cure characteristics and

covalent crosslinks of HMA which directly bonded with

the rheometer cure curves of the ENR-50 compounds with

ENR molecules, and thus different cure moduli of the

and without 1,2-DiMethylImidazole (DMI), as well as

samples was indicated. All-in-all, the exchangeable

with different quantities of Zinc Acetate Dihydrate (ZAD).

crosslinks are promising to be generated through this

Comparing between the ones showing the impact of DMI

mechanism of ZAD.

as accelerator for HMA cure, i.e. compounds EM versus

3.2 Reprocessability of the obtained vulcanizates

EMZ0, the results clearly indicate that the optimum cure

After reprocessing, the uniformity of the EM, EMZ0

time (Tc90) is significantly decreased about two-fold for the

and ENR-S compounds were not achievable, as these

compound with dimethylimidazole as accelerator. This

rubber samples were still crumbled. This is due to the

means that the crosslinking of ENR-50 with HMA is

formation of permanent covalent crosslinks which possess

tremendously accelerated by DMI. The cure kinetic of

a constraint to exchange crosslinking bonds, and so

HMA-cured ENR-50 is slower than the conventional

hindered chain mobility as well as intermolecular diffusion

sulfur-cured system (ENR-S). However, the cure kinetics
of these two curing systems cannot be compared as the

at the interface. By adding 1 phr of zinc acetate dihydrate
(EMZ1), the uniformity of the sample was partially

mechanisms of the two reactions are different, depending

recovered after reprocessing, i.e. 66 and 76 % of its tensile

mainly on the particular reactive sites on rubber molecules

strength and strain at break, respectively, as illustrated in

as well as the dosage of curing agents. Sulfur reacts with

Figure 2. However, one of the features of zinc acetate

an ENR molecular chain at the allylic positions due to the

dihydrate as transesterification catalyst is a direct control

presence of carbon-carbon double bonds. Whilst, the

of the exchange reaction kinetics through its catalysis.

hydrolyzed maleic anhydride reacts with an ENR-50 chain
at the hydroxyl groups from the opened oxirane structure.
Considering the effect of ZAD with its empirical
structure Zn(CH3COO)2.2ּH2O (see Table 2 and Figure 1),
the Tc90 substantially increases, and the maximum torque
(MH) decreases with zinc acetate dihydrate loading. The
retardation effect of ZAD on the crosslinking reaction of
ENR-50 could be attributed to the complex formation of
Zn2+ interacting with the adjacent carboxylate groups of
HMA. This hinders the covalently crosslinking of HMA to
the rubber molecules through an esterification reaction. For
the maximum torque, the decrease in the MH with an

Figure 2 Stress- strain curves of the investigated samples

increase of ZAD content reflects the decrease in crosslink

before grinding (pristine) and after reprocessing.

2+

density (Table 2). This is due to Zn ions intervene the
crosslinking mechanism of HMA, as discussed earlier,

When

the

concentration

of

transesterification

creating a number of intermediate ionic groups which

catalyst ZAD increases, the tensile properties of the

prevent HMA from boding with the epoxy groups on ENR-

reprocessed rubber, particularly EMZ5, interestingly

50 chains, and so decreased cure torque or modulus.11 The

show an improving trend. With 3 phr ZAD catalyst, the

ionic crosslinks generated by ZAD are weaker than the

rubber material can maintain about 88% of its tensile
strength and 98% of its elongation at break, which is
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superior than the one with ZAD at 1 phr. Whereas, with
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Abstract
The present study aimed to develop an intumescent coating from modified natural rubber ( NR) containing
expandable graphite (EG). The modified NR, namely graft copolymers of NR and poly(methacrylic acid) (NR-g-PMAA),
was first synthesized using solution polymerization technique. The intumescent coatings were then formulated by mixing
the solution of the NR- g- PMAA10 with the particles of EG. The polyisocyanate crosslinker was added to the resulting
coating before it was applied to wood surfaces. A considerable reduction in the flammability of wood was observed after
it was coated with the NR-g-PMAA10 coating. The LOI value of the wood increased from 20% to about 36.6% after the
flame- retardant treatment. The UL94 V test also revealed that the coated wood exhibited self- extinguishing behaviour.
Additionally, the NR-g-PMAA10 coating on the wood surface exhibited a 4B class of adhesion as determined by a crosscut tape test which indicates good adhesion between the coating and the wood surface.
Keywords: Natural rubber, Graft copolymers, Wood, Intumescent coating

1. Introduction
Wood has long been used as a building material. It not
only has low heat conductivity and relatively high strength,
but it also creates a warm and cozy feeling. However,
wood is a combustible material which limits its end-use.
The inherent flammability of wood can typically be
reduced by treatment with flame retardant (FR) [1].
FR can generally be impregnated into the structure of
wood under high pressure. However, the major limitation
of the pressure impregnation method is that it has to be
carried out during the manufacturing process [2]. The
application of an FR coating to the wood surfaces is the
other method of improving its flame retardancy. This
method does not require special equipment and skill as the
FR coating can be applied to the surface of wood products
by spraying, dipping, or brushing.The FR coating usually
contains intumescent additives which will swell and create
an insulating layer of carbon when heated. This
intumescent layer acts as a physical barrier to retard the

transfer of heat and mass between a fire source and wood
surface [3,4].
This work aimed to develop the intumescent
coating for wood from modified natural rubber (NR),
namely graft copolymers of NR and poly(methacrylic
acid), NR-g-PMAA (see Figure. 1). The FR additive used
in the preparation of the intumescent coating was
expandable graphite (EG). Polyisocyanate(poly-HDI) was
employed as a cross-linking agent for the corresponding
FR coating since the crosslinking reactions are feasible at
ambient temperatures. The effect of the coating thickness
on the flame retardancy of wood was evaluated in terms of
limiting oxygen index (LOI) and UL-94V vertical testing.
The adhesion of the coating to the wood surface was
measured using a cross-cut tape test.
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2. Experimental methods

corresponded to poly‐ HDI: MAA molar ratios of 2: 1. It
should be noted that the equivalent weight of isocyanates

2.1 Materials
The high ammonia concentrated natural rubber
( HANR) used in this work was manufactured by Yala
Latex Co. , Ltd. ( Yala, Thailand) . The methacrylic acid
( MAA) and benzoyl peroxide ( BPO) were manufactured
by Sigma- Aldrich Chemicals ( Steinheim, Germany) . An
aliphatic

polyisocyanate

based

on

hexamethylene

( NCO) of the poly‐ HDI is about 247 g. This NCO
equivalent weight indicates the amount of poly‐ HDI as
supplied that contains 1 mol of active NCO. Proposed
crosslinking reaction between the grafted PMAA present
in NR molecules with poly-HDI is shown in Figure 1.
Carboxyl group
O

HO

OH

diisocyanate ( poly- HDI) was manufactured by BASF SE

+

( Ludwig- shafen, Germany) . Sulfuric acid intercalated

C

O

C

N

N

O

+

O

Poly(hexamethylene diisocyanate), poly-HDI

expandable graphite (EG, Grade L-200) was employed as
a flame retardant.

It was manufactured by Metachem
Unstable carbamic-carboxylic anhydride

Manufacturing Company Pvt Ltd. , Maharashtra, India.

O

O

The particle size of the corresponding EG was in the range

O

O
NH

NH

O

O

of 20- 450 m, having a mean particle size of 191. 87 m.
HO

All chemicals were used as received.

O

2

2.2 A general procedure for the preparation NR-g-PMAA

Anhydride

Graft copolymers of NR and poly(methacrylic acid)

O
HO

prepared using 10 wt% of MAA ( abbreviated as NR- gPMAA10) was synthesized via solution polymerization.

NH

-CO2

NH

H2N

nitrogen atmosphere. 13. 5 g of NR, which had been
dissolved in 85 mL of toluene. The resulting solution was
then mixed with MAA monomer (1.5 g) and BPO (0.07 g)

O

O

contained in a thermostatic water bath, under a flowing
masticated on a two- roll mill for 10 min, was first

OH

+ 2

-CO2

Poly-HDI

Solution polymerization was carried out in a flanged vessel

O

O

O

NH

NH

NCO

Biuret

Figure 1. Proposed chemistry of crosslinking between
the carboxyl groups present in the NR-g-PMAA with
poly-HDI.

in the flanged vessel. The polymerization was then
conducted at 80°C for 8 h under stirring.

2.4 Characterizations
2.4.1 1H NMR Spectroscopy

2.3 Preparation of NR-g-PMAA coating
3 g of EG was first added to the solution of NR- gPMAA10 in toluene ( 100 g) with vigorous stirring.
The resulting mixture was stirred for a further 30 min to
ensure even distribution of the EG. Poly- HDI crosslinker
was then mixed into the formulated NR- g- PMAA10
coating by stirring for 5 min before use. The amount of
poly- HDI for preparing each type of NR- g- PMAA10
coatings was calculated based on the initial moles of
PMAA present in the grafting reactions. Poly‐HDI (11.44
g) was added to the NR‐ g‐ PMAA10 coatings, which

1

H NMR spectra were recorded on a Bruker Avance

III 400 MHz spectrometer. The integrated intensity ratio of
the chemical shifts between 1.24 and 5.13 ppm in
the 1H NMR spectrum of NR-g-PMAA10 was used to
determine the amounts of grafted poly(methacrylic acid),
PMAA, in the NR-g-PMAA10. The mol and weight
percentages of PMAA were calculated using equation 1
and 2, respectively.
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3. Results and Discussion

mol% of PMAA =

.

/

/

.

.

(1)

× 100

3.1 Structural characterization

where I1.24 = the integrated peak area of the methyl protons

The overlaid 1H NMR spectra of unmodified NR

of PMAA repeat units; and I5.13 = the integrated peak area

and NR- g- PMAA10 are shown in Figure 2. It can be seen

of the olefinic protons of NR.

that the three signals at 5.13, 2.03, and 1.67 ppm appeared

wt% of PMAA

in both spectra, which were characteristic signals from cis-

=

mol%PMAA ×
(mol%PMAA ×

MAA

MAA ) (mol%NR ×

NR )

× 100

(2)

1,4-polyisoprene [5,6].
These signals correspond to the olefinic proton

Where mol% PMAA = the mole percentage of

(–C=CH–),methylene proton (–CH2–C(CH3)=CH–CH2–),

PMAA in the graft copolymers; mol% NR = the mole

and methyl proton (–C(CH3)=CH–) in the repeating units

percentage of NR in the graft copolymers; MMAA = the

of polyisoprene, respectively. However, the appearance of

molar mass of repeating units for MAA; and MNR = the

a signal at 1.24 ppm could only be seen in the spectrum of

molar mass of repeating units for NR.

NR- g- PMAA10, which is assigned to the methyl protons
( – CH2– C( CH3) – C= O) . These results confirm the
successful grafting of poly(methacrylic acid), PMAA, onto

2.4.2 The Flammability Test

the NR molecules.

The flammability of wood and wood coated with
the

fire- retardant

coating

was

investigated using

The estimated mole and weight

percentages of the grafted PMAA were 3.41 mol% and
4.27 wt%, respectively.

the limiting oxygen index ( LOI) . The LOI test was
performed following ASTM D2863. About 1. 5 g of
coating solution ( 0. 5 g of dried coating) was applied by
brush to the wood surface ( i. e. , 135 g/ m2) , and the
specimen was then allowed to dry at 30 C for a week.
Besides, the flammability of the wood was also
investigated using the UL 94 vertical burning test. This test
was conducted following ASTM D3801, which provided
information on the upward- burning characteristic of the
wood. The dimensions of wood specimens were 13 × 127
× 3 mm3.
2.4.3 Adhesion and hardness tests
The tape test ( cross- cut adhesion test) was carried
out to assess the adhesion of the NR- g- PMAA coating
containing EG on the wood surface, according to ASTM
D3359- 09. The grade of adhesion was classified based on
the percentage of the coating in the cross- cut area peeled
off from the wood surface, which gave a scale in the range
of 0B to 5B. The scale 5B was given when no detachment
in the cross-cut area was observed.

Figure 2.1H NMR spectra of unmodified NR and NR-gPMAA prepared using 10 wt% of MAA.
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3.2 Flammability
The flame- retardant properties of the wood treated
with NR- g- PMAA10 coating were investigated and
compared to those of the untreated wood. For comparison,
the flammability of the NR- g- PMAA10 films, with or
without the addition of EG, was also studied. The results
in Figure. 3a suggest that the untreated pinewood is

It was also observed that the flame retardancy of the
treated wood was comparable to that of the NR- gPMAA10 film containing 10 phr of EG. On the other hand,
the NR- g- PMAA10 film without the addition of EG gave
LOI value ( i. e. , 18. 3% ) less than 21. 0% [ 7, 8] , which
indicated that it was more flammable than the untreated
wood.

relatively flammable without the addition of EG. It

Moreover, it was found that the thickness of the

exhibited LOI values of 20.0% while the values of LOI for

flame- retardant coating also affected the value of the

the wood treated with the NR- g- PMAA10 coating was

oxygen index. The LOI values of the treated wood

about 30.0%.

increased from 30.0% to 36.6% when the thickness of the
coating was increased from 0. 32 mm to 0. 47 mm ( see
Figure 3b), as measured based on SEM images. However,
a further increase in the coating thickness did not
noticeably improve the flame retardancy of the treated
wood. Hence, it can be stated that an optimum thickness of
the coating was about 0. 5 mm for attaining the LOI value
of approximately 36.0%.
Besides, it was also observed that the wood coated
with the NR- g- PMAA coating, containing 10 phr of EG,
achieved the UL 94 V-0 classification. This is because the
coated wood did not continue to burn after the flame
ignition source was removed. On the other hand, the
untreated wood and the wood coated with the NR- gPMAA10 in the absence of EG failed to pass the UL94 V
test as the test specimens did not self-extinguish.

Figure 3. (a) LOI values of NR- g- PMAA10 films,
uncoated wood, and coated wood and (b) LOI values
of wood coated with different thickness of the NR- gPMAA10 coating.

Figure 4. SEM micrographs of EG after expansion.
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When EG is exposed to temperatures higher than

than 5% of the cross-cut area (see Figure 5). Hence, it can

160C, it will expand and generate an intumescent layer,

be stated that the coating had good adhesion on the wood

which has a worm-like structure. The worm-like structure

surface.

of EG is a result of decomposition of sulfuric acid
intercalation compound under high temperature ( see
Figure. 4).
The expanded structure of EG retards the spread of
fire by preventing oxygen from entering the combustion
area. The charred layer also limits the heat and mass
transfer between the wood and the heat source.
Consequently, the NR- g- PMAA10 coating can enhance
the flame retardancy
of wood.

4. Conclusion
The flame- retardant coating based on the NR- gPMAA10 containing EG was successfully prepared.
Crosslinking of the graft copolymers coating was achieved
by reaction with poly- HDI crosslinker under ambient
conditions. The results revealed that the incorporation of
EG into the NR- g- PMAA10 coating improved its flame
retardancy. The LOI value for the wood coated with the
NR- g- PMAA10 coating containing 10 phr of EG was in
the range of 30.0 to 36.6%, depending on the thickness of

3.3 Adhesion test
The adhesion of the NR-g-PMAA10 coating on the
wood surface was examined using the cross- cut tape test.
The wood coated with the NR- g- PMAA10 coating
containing EG was allowed to cure at ambient conditions
for 7 days before being subjected to the test.

the coating. On the other hand, the uncoated wood
exhibited LOI value ( i. e. , 20% ) less than 21% , indicated
that it was flammable material. It was also observed that
the coated wood achieved a UL 94- V0 rating as the wood
specimen self- extinguished within 10 s after the ignition
flame was removed. Additionally, the NR- g- PMAA10
coating on the wood surface also exhibited a 4B class of
adhesion as determined by a cross- cut tape test. The
corresponding coating not only enhances the flame
retardancy of wood, but it is also capable of curing under
ambient conditions. Thus, it offers great potential for
developing flame retardant coating based on modified NR
in combination with EG.
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Figure 5. Cross-cut test for the wood coated with
the NR-g-PMAA10 coating containing EG.
The results reveal that the coating adhered firmly to
the wood surface since the classification of the test results
fell within 4B scale. A little detachment of the coating (i.e.,
in the form of small flakes) was only observed at
the intersections of the cuts. Moreover, the area of
detachment for the corresponding coatings was also less
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Abstract
In this work, natural rubber (NR) foams were prepared by microwave heating. Effect of blowing agent concentration
on cure characteristics, physical appearance, and mechanical properties of the NR foams were investigated. Sodium
bicarbonate was used as a blowing agent and incorporated into NR compounds at different concentrations (5, 10, and 15
phr). The increasing blowing agent content in NR compound caused decreases in maximum torque, minimum torque,
scorch time, and cure time. Cross section images showed that foam cell size decreased while cell number increased as
blowing agent content increased resulting in decreased compressive strength.

Keywords: Natural rubber foam, Microwave heating, Cure characteristics, Physical appearance, Compressive strength.

conventional heating to microwave heating as it is more

1. Introduction
Natural rubber (NR) foams possess several desirable

economical and environmentally friendly. However, due to

properties including lightweight, good thermal insulation,

the heating mechanism of microwave heating is

sound absorption, excellent elasticity, and flexible

significantly different than the conventional heating which

cushioning performance [1-5]. NR foams, therefore, have

might alternate the foaming process and product

been used in many applications such as mattresses,

characteristics. Therefore, it is critical to obtain a better

pillows, packaging, cushioning, shoe insoles, wheelchair

understanding of how microwave heating affect the

cushion, thermal insulation, energy absorption, and

foaming process as well as parameters interplay with the

structural appliances. Additionally, NR being bio- based

microwave heating technique such as blowing agent type

elastomeric polymer and locally and economically

and content [1,7-8]. Systematic study is needed to be carried

available, it is considered to be an attractive and

out, especially in the complex system such as in rubber

sustainable alternate to petroleum based polymeric foam.

where vulcanization takes place during the heating as well.

Conventionally, foam is prepared using hot air
oven during foaming process.

However, microwave

heating has increasingly attracted significant attentions as
it gives faster heating time with better heating uniformity
[6]. Several industries have geared toward replacing the

This work aimed to investigate

the effect of

blowing agent content on cure characteristics, physical
appearance and mechanical properties of NR foams
prepared using microwave irradiation. Sodium bicarbonate
was used as a blowing agent at concentrations of 5, 10, and
15 phr. Microwave heating with constant irradiation time
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and power was used. The relationship between structure

microwave irradiation parameters were obtained from our

and properties of the NR foams prepared using microwave

preliminary experiment.

heating have been established.

2.4 Characterizations
Cure characteristics of NR compounds were tested

2. Experimental methods

by a moving die rheometer (MDR, GOTECH/GT-M200F)

2.1 Materials
Natural rubber (NR, STR 5L) was purchased from P
J Rubber Co., Ltd. (Thailand). Sodium bicarbonate
(NaHCO3) as a blowing agent was supplied from
Continental Food Co., Ltd. (Thailand). Zinc oxide (ZnO),

at 150ºC.
Compressive property of NR foams was tested
using a universal testing machine (UTM, INSTRON/5565)
with a load cell of 5 kN and a crosshead speed of 20
mm/min.

stearic acid, benzothiazyl-2-cyclohexyl-sulfenamide (CBS),

Physical appearances of NR foams were captured

tetramethyl thiuram disulfide (TMTD) and sulfur were

by a digital camera. Cell size and number of cells per unit

obtained from Chemical Innovation Co., Ltd. (Thailand).

area of the foams were measured.

2.2 Preparation of NR compounds

3. Results and Discussion

Formulations for NR compounds are shown in
Table 1. NR compounds were mixed using a two roll mill
(Yong Fong, IPT-015A-M-3) at room temperature for 30

3.1 Cure Characteristics
Cure characteristics of NR compounds at various

min.

blowing agent contents are listed in Table 2. Minimum

Table 1. Formulation of NR compounds

torque (ML) indicates the initial viscosity of unvulcanized

Content (phr)

rubber. When blowing agent content was increased, ML of

NR

100

NR foams slightly reduced. Maximum torque (MH)

ZnO

5

measures stiffness and also indicates the crosslink density

Stearic acid

2

of rubber. MH decreased with increasing blowing agent

CBS

1

content. This was because, at higher loading of blowing

Ingredient

2.5

TMTD
NaHCO3
Sulfur

agent, higher amount of carbon dioxide was generated in

5, 10, 15

rubber matrix and yielded more microvoids. These

0.5

microvoids led to reduced shear force [7]. Scorch time (ts)
and cure time slightly decreased with increasing blowing

2.3 Foaming Process

agent content. This was attributed to the effect of basicity

NR compounds were foamed using a conventional
microwave

oven

(Samsung,

MS23K3513AW).

NR

compounds were cut and placed into a silicone mold (5.5
cm x 5.5 cm x 2 cm). The microwave irradiation power and
time were kept constant at 800 W for 40 min, respectively.
A beaker contained 275 ml of water was placed in the oven
to prevent overheating of the microwave.

These

of NaHCO3 accelerated the curing reaction.
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3.2 Physical appearance

Table 3. Average cell size and number of cells in NR

Physical appearance of NR foams with different
blowing agent contents is presented in Figure 1. Nonuniform cell size and open cell structure were observed in

foams
Sample

Average cell

Average number

size (mm)

of cells/cm2

all NR foams. Higher blowing agent concentration resulted

NR/5NaHCO3

1.006 ± 0.54

89 ± 11

in smaller cell size and higher number of cell of the foams

NR/10NaHCO3

0.626 ± 0.36

128 ± 3

NR/15NaHCO3

0.375 ± 0.18

225 ± 8

as displayed in Table 3. For a given irradiation time, at
higher concentration of blowing agent, more carbon
dioxide gas can be generated thus increasing number of
cells per unit volume. This resulted in a smaller cell size of
the foam [7].
Table 2. Cure characteristics of NR compounds
Sample
NR/

ML

MH

MH-ML

ts

t90

[dN-m]

[dN-m]

[dN-m]

[min]

[min]

2.987

26.582

23.595

2.15

4.11

2.293

21.738

19.445

2.05

4.07

2.205

19.511

17.306

1.51

4.02

5NaHCO3
NR/

(a)

10NaHCO3
NR/
15NaHCO3

3.3 Compressive Property
Compressive strength at 50% compressive strain of

(b)

NR foams at various sodium bicarbonate contents are
shown in Table 4. The Compressive strength of NR foams
remarkably dropped when blowing agent content was
increased. This was attributed to lower density of the foams
produced at higher content of blowing agent which
reduced rigidity of the foam. At higher concentration of
blowing agent, smaller cell size and larger number of cell

(c)

per unit volume were obtained. This led to lower foam

Figure 1. Physical appearance of NR foams (a)

density [10].

NR/5NaHCO3, (b) NR/10NaHCO3, and (c) NR/15NaHCO3
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Table 4. Compressive strength at 50% compressive strain
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NR foams were prepared by microwave heating
technique at different sodium bicarbonate concentrations.
The

blowing

agent

content

affected

both

cure

characteristics and final properties of the rubber foams.
Higher content of the blowing agent generated higher
amount of carbon dioxide gas that dissolved and
accumulated between polymer chains, resulting in lower
viscosity of NR during foaming process, decreased
crosslink density, and higher number of cells.

with the foam structure. Greater number of cell in NR
led

to

decreased

compressive

strength.

Understanding of parameters affecting the NR foam
prepared via microwave heating is critical to further
improve the process and to obtain NR foam with desired
properties.
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Abstract
Natural rubber (NR) latex foam, a cushion material for upholstery, mattresses and pillows, is one of the high valueadded finished products that have brought extraordinary income to Thailand. However, there are some drawbacks to NR
latex foam such as being a flammable material. Therefore, flame retardancy of NR latex foam is necessary to improve.
An improvement of thermal properties is one of the methods for enhancing flame retardancy of NR latex foam. Recently,
layered double hydroxide (LDH), a metal-hydroxide nanofiller, has attracted great interest in the improvement of thermal
properties, while retaining good mechanical properties of polymers. Therefore, the aim of this research is to investigate
the thermal and mechanical properties of NR/LDH nanocomposite foam. The NR/LDH nanocomposite foams with
various amounts of LDH were fabricated by Dunlop process. The results showed that the stability of NR latex as indicated
by the magnitude of the zeta potential decreased with increasing LDH content, leading to the decreases in the gel time of
the nanocomposite foams. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) indicated the
possibility of LDH to improve the thermal properties of NR latex foam. Moreover, the NR/LDH nanocomposite foams
demonstrated the good mechanical properties in terms of compressive stress and compression set.
Keywords: Natural rubber; Latex foam; Layered double hydroxide; Thermal properties; Mechanical properties
1. Introduction

for upholstery, mattresses and pillows, is one of the high

Nowadays, Thailand is the world’s number one

value-added finished products. NR latex foam is a cellular

exporter of natural rubber (NR) products. However, 86%

material containing continuous or open cells. So, NR latex

of NR products are exported as latex and raw rubber that

foam not only has good strength and resilience, but also

the price is cheap and fluctuates, while finished products

good ventilation [1].

of NR, which are more valuable are only 14% of the

Nevertheless, NR latex foam is recognized to be a

export. This is a significant shortcoming of NR industry in

flammable material because NR is a hydrocarbon (cis-1,4-

Thailand. Therefore, finished products of NR are needed

polyisoprene) and the foam structure comprises many pores

to increasingly produce and enhance their properties in

containing air that assists combustion. Therefore, flame

order to increase the value of exports.

retardancy of NR latex foam is necessary to improve.

NR exhibits excellent mechanical properties such

The combustion of polymers needs 3 elements or fire

as high strength and good resilience. Thus, NR has been

triangle to occur i.e., heat, fuel and oxygen [2]. Since low

transformed to many finished products, including tires,

molecular weight products as a result of thermal degradation

gloves and condoms. NR latex foam, a cushion material

of polymers are fuel, a source of combustion, the
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improvement of thermal properties of polymers is one of the

thus to investigate the thermal and mechanical properties

methods for enhancing flame retardancy of polymers [2].

of NR/LDH nanocomposite foam.

Generally, the thermal properties of polymers can be
improved by adding mineral-based chemicals such aluminum

2. Experimental

trihydrate (ATH), which can improve thermal properties of
polymers by releasing water to reduce temperature of the

2.1 Materials

system during combustion [3-4]. However, it has been

NR latex (high ammonia latex) was purchased from

reported that ATH could lead to the lack of flexibility of the

Thai Rubber Latex Group Public Company Limited.

end products [5].

Potassium

A new class of materials, called nanofillers, avoids the

oleate

and

diethyldithiocarbamate

dispersion
(ZDEC),

form
zinc

of

zinc-

2-mercapto-

disadvantages of traditional mineral-based chemicals like

benzothiazole (ZMBT), sulfur, antioxidant (Lowinox®

ATH [4]. Compared with the traditional mineral-based

CPL), zinc oxide, diphenylguanidine (DPG) and sodium

chemicals, nanofillers are used at a small amount to improve

silicofluoride (SSF) was purchased from Thanodom

thermal properties and retain the mechanical properties such

Trading Co., Ltd. LDH (Mg-Al) was supplied by SCG

as strength and resilience (compression set) [5]. Recently,

Chemicals Co., Ltd. ATH was supplied by Behn Meyer (T)

layered double hydroxides (LDH), a metal-hydroxide

Co., Ltd.

nanofiller, has attracted great interest in the improvement of
thermal properties of polymers [6]. LDH consists of stacks of

2.2 Preparation of NR/LDH nanocomposite foams

positive charge brucite-type octahedral sheets balanced by

Table 1. Formulation of NR/LDH nanocomposite foams

negative ions and water as shown in Figure 1 [7].

Concentration

Quantity

(% w/w)

(phr*)

NR latex

60

100

Potassium oleate

20

2.5

ZDEC

50

1

ZMBT

50

1

Chemical

Sulfur

60

2

Lowinox® CPL

50

1

Zinc oxide

50

5

DPG

30

1

SSF

23

1.5

LDH or ATH

40

10, 20, 30

*phr: parts per hundred rubber
Figure 1. Structure of LDH consisting of brucite-type octahedral
sheets (M2+= Mg2+, Zn2+ or Ni2+, M3+ = Al3+, Ga3+, Fe3+ or Mn3+)
and negative ions together with water (Adapted from [7])
LDH can improve thermal properties of polymers by
releasing water and barrier properties [6]. Therefore, LDH
would be a promising chemical to improve thermal
properties of NR latex foam. The aim of this research is

The NR/LDH nanocomposite foams were prepared
by Dunlop process. NR latex and all the ingredients in
Table 1, except zinc oxide, DPG and SSF were mixed by
using magnetic stirrer for 30 min. Then, the mixture was
thoroughly beaten and foamed by using a mixer (NANO
TECH®) at a speed of 145 rpm until the volume was
increased up to 10 times the initial volume. After that, zinc
oxide, DPG and SSF were added into the mixture and the
foam was beaten for another 1 min at 80 rpm. The ungelled foam was quickly poured into molds and allowed to
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gel at ambient temperature. The gelled foams were then

3. Results and discussion

cured in a hot steam oven for 40 min. Once the foams were

Zeta potential, an electrical potential of particles, is

cured, they were removed from the molds and washed

a key indicator of the stability of particles in colloidal

thoroughly with water to remove unreacted elements.

systems. The magnitude of the zeta potential indicates the

After washing, the NR/LDH nanocomposite foams were

degree of electrostatic repulsion between similarly charged

°

dried in a hot air oven at 60 C for 12 h.

particles in a dispersion.

A high magnitude of zeta

potential will confer stability that resists aggregation. The
2.3 Characterizations and property measurements

zeta potential of NR latex after adding various amounts of

Zeta potential of NR latex added with various

LDH is shown in Figure 2.

amounts of LDH was determined by a zeta potential
analyzer (Malvern, Zetasizer Nano ZS).
Gel time of the NR/LDH nanocomposite foam was
determined by monitoring the change of the appearance of
the foam from liquid to solid after adding SSF.
The

thermal

nanocomposite
thermogravimetric

properties

foams
analysis

of

were
(TGA)

the

NR/LDH

determined
and

by

derivative

thermogravimetry (DTG) using a Netzsch TGA 209 F1
with a heating rate of 20°C/min under nitrogen atmosphere
from 40 to 600°C and under oxygen atmosphere from 600

Figure 2. Zeta potential of NR latex at various amounts

to 800°C.

of LDH

Compressive stress of the NR/LDH nanocomposite

It was found that the magnitude of the zeta potential

foams was measured by a universal mechanical tester

in the NR latex decreased with increasing LDH content.

(Instron 51714). Test specimens with dimension of

This was due to the neutralization between negatively

approximately 50x50x50 mm3 were utilized in this study.

charged NR particles derived from a protein-phospholipid

The crosshead speed of 10 mm/min and compressive strain

layer and positively charged brucite-like layers of LDH.

of 25% were applied with load cell of 50 kN for evaluation

This could be suggested that LDH reduced the stability of

of compressive stress.

NR latex as a result of the decrease in the electrostatic

Compression set of the NR/LDH nanocomposite

repulsion. The reduction of the stability of NR latex should

foam was measured by pressing the test specimen to 25%

affect the preparation of the NR/LDH nanocomposite

of its original thickness in between two aluminum plates

foams, especially the gelling process.

and the sample was kept at ambient temperature for 24 h.

Figure 3 shows the gel time of the NR/LDH

Compression set was calculated as the percentage of the

nanocomposite foams at various amounts of LDH. The

change in thickness of the foam against the original

results showed that the gel time of the composite foams

thickness of the foam.

decreased when the content of LDH increased.
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Figure
Figure 3. Gel time of NR/LDH nanocomposite foams at

4.

TGA and

DTG

curves of

NR/LDH

nanocomposite foams at various amounts of LDH

various amounts of LDH
The gelling process of the foams is the loss of
stability of NR latex (coagulation) as a result of SSF. The

Table 3 T5, Tmax and DTGmax of NA/LDH nanocomposite
foams at various amounts of LDH

higher amount of LDH caused the lower stability of the NR

T5

Tmax

DTGmax

(ᵒC)

(ᵒC)

(%/min)

NR

333

393

27.1

NR/10 phr LDH

315

395

25.8

NR/20 phr LDH

325

393

24.7

NR/30 phr LDH

307

394

23.6

Sample

latex, as supported by the zeta potential results. Therefore,
the foams containing higher amount of LDH were more
susceptible to gel.
The

thermal

properties

of

the

NR/LDH

nanocomposite foams are presented in Figure 4 and Table
3. The temperature at which 5% of total mass is lost (T5)
of the composite foams decreased with increasing LDH
content. The earlier start of decomposition found in the
foams containing higher amount of LDH, since the
decomposition temperature of LDH starts around 250°C
(lower than neat NR foam) caused by de-hydroxylation
reaction [8]. The initial decomposition of the foams was
proportional to the LDH content. The higher the LDH
content the earlier the decomposition of the foams. The
temperature of the maximum rate of mass loss (Tmax) was
insignificantly different for the foams with various
amounts of LDH. This indicated that the main
decomposition step was predominated by the polymer
matrix (NR). However, the possibility of LDH to improve
the thermal stability of NR latex foam could be presumed
by the slight decreases in the maximum rate of mass loss
(DTGmax) that decreased with increasing LDH content.

The mechanical properties i.e., the compressive
stress and the compression set of the NR/LDH
nanocomposite foams were also investigated in the present
work. The compressive stress can imply capacity of the
foams to withstand loads tending to reduce the size and
also the rigidity of the foams. As shown in Figure 5, the
compressive stress of the foams increased with increasing
LDH content. This indicated that the foams were more
rigid when the content of LDH, a rigid particle, increased.
It was found that at 30 phr of LDH and ATH the
compressive stress of the foams was not different.
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4. Conclusion
LDH resulted in the loss of stability of NR latex, as
proved by the zeta potential results. The reduction of the
stability of NR latex caused by LDH contributed to the
decreases in the gel time of the nanocomposite foams. The
nanocomposite foams containing higher amount of LDH
were

more

susceptible

to

gel.

The

NR/LDH

nanocomposite foams likely exhibited the improvement of
the thermal stability, while retaining the good mechanical
properties, especially the compression set.
Figure 5. Compressive stress of NR/LDH nanocomposite
foams at various amounts of LDH and NR/ATH (30phr)
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Abstract
Allergenic proteins in natural rubber (NR) latex, a cause of allergy to a small number of individuals, are the
limitation of NR utilized in medical applications. Electron beam (EB) vulcanization offers a solution for the protein
allergy issue, since the radiation can cause denaturing of NR proteins. However, the effect of EB on the allergenic proteins
in NR latex has been still unclear. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) technique
allows for the information of type of protein of interest. The aim of the present work is thus to investigate in detail the
effects of EB on the allergenic proteins by using SDS-PAGE technique. Fresh NR latex was irradiated by EB processing
system (EPS) at 0, 28, 56, 111, 222 and 370 kGy to obtain the EB vulcanized NR latex at various doses of EB. The EB
vulcanized NR latex was separated into cream phase and serum phase by centrifugation. The results showed that all
allergenic proteins decreased with increasing dose of EB. However, even at the highest dose of EB at 370 kGy, a small
amount of Hev b1 and Hev b3 still remained in the EB vulcanized NR latex, where the residual Hev b1 and Hev b3 were
present in the cream phase. Based on our findings, the EB vulcanized NR latex should be further purified in order to
remove the residual Hev b1 and Hev b3.
Keywords: Natural rubber; Proteins; Electron beam; Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE)
1. Introduction

I allergy to a small number of individuals [2]. This is the

Natural rubber (NR) latex from Hevea brasiliensis

main limitation of NR in medical applications. As shown

is a colloidal dispersion of rubber particles dispersed in an

in Table 1, there are a few proteins in NR resulted in the

aqueous serum of non-rubber constituents such as proteins,

allergenic reaction [3]. Moreover, contamination of

lipids, carbohydrates and inorganic salts. The surface of

nitrosamine as a carcinogenic substance are normally

the rubber particles is covered by a mixed layer of

caused by rubber accelerators such as dithiocarbamates,

phospholipids and proteins, derived from a biosynthesis of

thiazoles and amines in sulfur vulcanization system [4],

the rubber molecules [1]. Since Thailand is the largest

which is the conventional process for producing rubber

producer of NR, it is reasonable to explore the possibility

products.

of using NR to replace synthetic rubbers in several

Electron beam (EB) vulcanization of NR latex

applications for economic development of the country.

should

be

an

alternative

to

conventional

sulfur

Proteins in NR are known to cause allergy termed as Type

vulcanization for medical applications, since rubber
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accelerators are not required for the EB vulcanization.

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

Moreover, the radiation can cause denaturing of NR

PAGE) technique is a method of separating proteins based

proteins [5]. Therefore, EB vulcanization offers a solution

on the difference of their molecular weight that allows for

for both Type I allergy and nitrosamine issues.

the information of type of protein of interest. Therefore,

However, the effect of EB on the allergenic proteins

SDS-PAGE technique should provide insights into the

in NR latex has been still unclear. There are a few works

effect of EB on the allergenic proteins in NR latex. The

elucidating proteins in radiation vulcanized NR latex in

aim of this research is thus to investigate in detail the

terms of extractable protein content, as determined by

effects of EB on the allergenic proteins by using SDS-

modified Lowry method [5-6]. This method provided only

PAGE technique.

protein quantitation of EB vulcanized NR latex. Sodium
Table 1. Latex allergens recognized by the International Union of Immunological Societies (IUIS). [3]
Allergen

Name

Localization

MW (kDa)

Hev b 1

Rubber elongation factor (REF)

Rubber fraction

14

Hev b 2

b-1,3-Glucanase

Bottom fraction

34-36

Hev b 3

Small rubber particle protein (SRPP)

Rubber fraction

23-27

Hev b 4

Microhelix, cyanogenic glucosidase

Bottom fraction

53-55

Hev b 6

Hevein precursor

Bottom fraction

20

Hev b 7

Patatin-link protein

Serum fraction

42

Hev b 8

Proﬁlin

Serum fraction

15

Hev b 9

Enolase

Serum fraction

51

Hev b 10

Mn-superoxide dismutase

Bottom fraction

26

Hev b 11

Class I endochitinase

Bottom fraction

30

Hev b12

Nonspecific lipid transfer protein 1

Serum fraction

9

Hev b13

Esterase

Bottom fraction

42

Hev b14

Hevamine

Bottom fraction

30

Hev b15

Serine protease inhibitor

Serum fraction

7.5

2. Experimental

2.2 Separation of EB vulcanized NR latex into cream

2.1 Preparation of EB vulcanized NR latex

phase and serum phase

EB vulcanized NR latex was prepared from fresh

The EB vulcanized NR latex at each dose of EB

NR latex which was first preserved by 0.6% (v/v)

was separated into cream phase and serum phase by

ammonia together with 0.05% (w/w) sodium dodecyl

centrifugation at 4°C, 28,000 rpm for 45 min.

sulfate (SDS) and adjusted the concentration to 30% dry
rubber content by distilled water. EB irradiation of the

2.3 Analysis of allergenic proteins by SDS-PAGE

latex was carried out by using EB processing system

technique

(EPS) (Curetron NHV Corporation, Japan) at 0, 28, 56,

The proteins were isolated from the fresh NR

111, 222 and 370 kGy to obtain the EB vulcanized NR

latex, EB vulcanized latex, cream phase and serum

latex at various doses of EB.

phase samples by the extraction method described in the
published work [7]. The SDS-PAGE was constructed
using a 12.5% acrylamide separating gel and a 5%
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acrylamide stacking gel. The protein sample was loaded

Hev b1 and Hev b3 still remained in EB vulcanized NR

onto each lane of the SDS-PAGE gel and then were

latex in spite of being irradiated by high dose of EB.

separated by applying a voltage at 150 V for 3 h. After
electrophoresis, the gel was subsequently stained with a
solution of Coomassie Brilliant Blue G-250 for 24 h and
washed for several times with distilled water.
3. Results and discussion
Figure 1 shows the SDS-PAGE analysis of the
proteins in fresh NR latex used in this study as a control.
The result showed that all allergenic proteins as reported
in the literature were found in the fresh NR latex [3].

Figure 2. SDS-PAGE analysis of proteins in EB
vulcanized NR latex at various doses of EB.
The allergenic proteins in EB vulcanized latex
were further studied by the SDS-PAGE analysis of
proteins in serum phase and cream phase of EB
vulcanized latex (Figure 3). In the case of the serum
phase, before irradiation all allergenic proteins were
found like the case of EB vulcanized latex. After the
irradiation, all bands of allergenic proteins in the serum
phase decreased with increasing dose of EB. Moreover,
Figure 1. SDS-PAGE analysis of proteins in fresh NR

all bands even the band of Hev b1 and Hev b3 that were

latex.

found in EB vulcanized latex disappeared when the dose
of EB was up to 370 kGy. In the case of the cream phase,
SDS-PAGE analysis of the proteins in EB

it was clearly found the band of Hev b1 and Hev b3

vulcanized latex at various doses of EB was shown in

before the irradiation. This was consistent with the

(Figure 2). It was found that all allergenic proteins

results reported in the literature that Hev b1 and Hev b3

decreased with increasing dose of EB as indicated by a

were associated with the biosynthesis of rubber and

color fading of all bands in the SDS-PAGE gel when

tightly attached to rubber particles [3]. The band of Hev

increasing dose of EB. However, at the highest dose of

b1 and Hev b3 of the cream phase decreased with

EB (370 kGy), EB vulcanized NR latex still contained a

increasing dose of EB. However, at the highest dose of

small amount of Hev b1 and Hev b3, as can be seen the

EB (370 kGy) it was visibly found the band of Hev b1

very pale color at the band of Hev b1 and Hev b3.

and Hev b3. These indicated that the small amount of

These indicated that most allergenic proteins can be

Hev b1 and Hev b3 present in the EB vulcanized NR

significantly reduced by EB. Only the small amount of

latex were rich in the cream phase.
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Based on our findings, the EB vulcanized NR

for purification of EB vulcanized latex might be

latex should be further purified in order to remove the

washing the cream phase of EB vulcanized NR latex by

residual Hev b1 and Hev b3. Since the residual

centrifugation in the presence of surfactants. Hence, the

allergenic proteins (Hev b1 and Hev b3) were present in

work is currently in progress to further probe this

the cream phase of EB vulcanized NR latex, the method

suggestion.

Figure 3. SDS-PAGE analysis of proteins in (a) serum phase and (b) cream phase of EB vulcanized latex at various
doses of EB.
4. Conclusion
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Abstract
The aim of this study was to observe the effect of sulfur crosslink systems, namely conventional (CV) and efficient
(EV) vulcanization, on curing characteristics, crosslink density and stress relaxation behaviors of natural rubber (NR).
Result obtained from the curing characteristics has shown that the CV system provided higher crosslink density than the
EV system. This is simply due to a higher amount of sulfur which then resulted to increase the crosslink density. Thermooxidative degradation of the rubber chain in the EV sample was shifted toward higher temperature compared to the CV
sample. As for the stress relaxation behaviors, it exhibited that the relaxation peak was found to be at higher temperature
for the EV system. The peak of relaxation spectra for the EV sample appeared at 170 °C which was 20 °C higher than
that of the CV sample. Such shift was associated to the monosulfidic crosslink existed in the EV system which has higher
bond energy than the polysulfidic crosslinks found in the CV system. .
Keywords: Natural rubber; Crosslink degree, Thermal reversion properties,
1. Introduction

provides a formation of poly, di- and mono-sulfidic

Vulcanization is the chemical process that

linkages between rubber chains, depending on the ratio

changes raw viscous rubber to high elastic material by

of sulfur and its accelerator. General crosslinkage

forming

characteristics obtained from different crosslink systems

three

dimensional

networks

by

using

crosslinking agents and heat [1]. As a result of

is displayed in Table 1.

vulcanization, the vulcanizates possess a decreased the
sensitivity to heat and cold, and providing useful

Table 1 Characteristics of CV, semi-EV and EV

properties for final applications such as elasticity,

systems [5]

strength and stability over temperature range [2].
Sulfur vulcanization was found to be the most

Crosslink systems

CV

Semi-EV

EV

A/S ratio

0.1-0.6

0.7-2.5

2.5-12

95

50

20

5

50

80

common and frequently used crosslinking agent for

Poly and disulfidic

diene rubbers [3]. The sulfur vulcanization system is

crosslinks (%)

classified to three systems based on the ratio of
accelerator to sulphur (A/S), they are conventional
(CV), semi-efficient (semi-EV), and efficient (EV)
systems [4]. The application of sulfur crosslink systems

Monosulfidic
crosslinks (%)
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Sainumsai et al., [6] investigated the percentage

min, the N-cyclohexyl-2-benzothiazole sulfenamide

of poly-sulfidic, di- sulfidic and mono- sulfidic

(CBS), an accelerator was introduced to the mixer and

crosslinkages in the NR crosslinked with different

the mixing was continued for another 1 min. Finally,

sulphuring system, namely CV, Semi-EV and EV

sulfur crosslinker was added to the mixer. The total

systems. They confirmed that the polysulfidic linkage

mixing time of all samples were fixed at 5 min. The

was dominant in the CV system. The percentage of

obtained compounds were subsequently passed through

polysulfidic/ disulfidic/ monosulfidic linkages in CV,

a two- roll mill to obtain 2 mm sheet thickness and to

semi-EV and EV systems were 90.3%/ 9.7%/ 0%,

remove excess heat history. Finally, the compounds

54%/44.8%/1% and 21%/ 26.8%/ 52.2%, respectively.

were compression molded using a laboratory hot press

In this work, effect of crosslink systems on cure

based on their respective curing times.

characteristics, crosslink density and stress relaxation
behaviors of the NR were studied and relationship

2.2 Characterization

between type of crosslinkages and stress relaxation

Rheometric analysis of different NR compounds

behaviors was discussed. Two alternative crosslink

were measured at 160 °C for 10 minutes, using a Moving

systems (CV and EV) were selected in this study. The

die rheometer (MDR 3000 BASIC, Germany) according

curing properties were investigated by means of moving

to ASTM 2084. The maximum torque (MH), torque

die rheometer (MDR), and crosslink density as well as

difference (MH-ML) and cure rate index (CRI) were

stress relaxation behaviors were characterized by means

analysed.

of temperature scanning stress relaxation (TSSR)
measurements.

Temperature scanning stress relaxation (TSSR,
Brabender, Duisburg, Germany) measurement was
performed in order to estimate crosslink density (υ), and

2. Methodology

stress relaxation behaviors of the rubber vulcanizates.

2.1 Materials and preparation

The specimens were hold at the strain of 50% and the

The recipes of rubber compounds are shown in
Table 2.

temperature of 23 °C. After 2 h, non-isothermal testing
was performed at constant heating rate of 2 K/min until
the sample was ruptured. The υ was estimated from the

Table 2 Compound formulations.
Ingredients

initial part of the curve according to the following

Quantities (phr)
S/A; 2.5/0.5

S/A; 0.4/2.6

100

100

Stearic acid

1

1

Zinc oxide

3

3

CBS

0.5

2.6

Sulfur

2.5

0.4

NR

All NR compounds were prepared by using
laboratory-size internal mixer with fill factor of 0.8,
rotor speed of 60 rpm, and initial temperature of 50 °C.
The NR was firstly charged in to the mixing chamber
and allow it to masticate for 2 min. Activators, namely
stearic acid and Zinc oxide were then added. After 1

correlations [7].




R(   2 )

;   /T

(1)

Here, κ is the derivative of mechanical stress with
respect to temperature, R is the universal gas constant, λ
is strain ratio.
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3. Results and Discussion

densities (ν), the temperatures at which the stresses

The vulcanization characteristic of the NR

reduced by 10, 50 and 90% (T10, T50 and T90) are

crosslinked with different systems is shown in Figure 1.

summarized in Table 4. It is seen that normalized force

The parameters such as maximum torque (MH), torque

of both samples increased slightly at temperatures lower

different (MH-ML) and cure rate index (CRI) deduced from

than 50 °C then it kept constant till 100oCdue to the

the curing curves are tabulated in Table 3. The MH

entropy effect [8]. When the temperature was higher

generally represents the stiffness and modulus of the

than 100 °C, a reduction of the normalized force was

cured compound, and the MH-ML correlates with the

noticed due to thermo-oxidative degradation of the

total crosslink density formed within the rubber matrix.

rubber, including the cleavage of sulfur bridges and the

It is clearly seen that both the MH and MH-ML values of

scission of rubber chains.

the CV sample were higher than that of the EV one,
implying that the stiffness and crosslinking degree of the
CV was higher than the EV. This was simply due to the
higher sulfur crosslinking agent content of the CV. The
higher crosslink agents generate the greater active
sulfurating species during vulcanization.
Considering the CRI values, higher CRI value
was seen in the EV system, suggesting that faster cure is
obtained in the sample containing EV system where the
concentration of CBS is high. The faster cure reaction in
the EV system was due to the increase in acceleration

Figure 2 Normallized stress of NR vulcanizates with
two alternative crosslink systems

rate with the increase of accelerator concentration.
Table 4 Failure temperature and crosslink density of NR
vulcanizates with two alternative crosslink systems
Sample

ν
(mol/m³)

T10
(°C)

T50
(°C)

T90
(°C)

CV

111

124

152

191

EV

72

142

168

219

From Figure 2 and Table 4, the highest crosslink
density was observed from the CV sample which agreed
well with the torque different obtained from rheometric
Figure 1 Curing characteristics of NR with two

test. The thermo-oxidative degradation in the CV

alternative crosslink systems

sample appeared at lower temperature range than that of
the EV sample (See T10, T50 and T90 in Table 4). High

Table 3 Cure characteristics of NR vulcanizates with

proportion of polysulfidic linkages containing in the CV

two alternative crosslink systems

sample was responsible for the earlier degradation of the

Sample

MH (dN.m)

MH-ML
(dN.m)

-1

CRI (min )

CV

18.86 ± 0.48

15.78 ± 0.45

29.89 ± 2.33

EV

15.28 ± 0.25

11.96 ± 0.16

79.69 ± 1.34

vulcanizate.
Effect of crosslink system on the relaxation
behaviour of the NR vulcanizates is shown in Figure 3.
As widely accepted that the peaks appear in the

Figure 2 shows plot of normalized force versus

relaxation spectrum indicates the temperature which the

temperature of the CV and EV samples. The crosslink

cleavage of crosslinks or scission of main chains occurs
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[10]. From Figure 3, the peak of relaxation spectrum
appeared at about 150 °C for the CV system which was
o

4. Conclusion:
Effect of two alternative sulfur crosslink systems,

20 C lower than that of EV system. As mentioned

i.e., CV and EV, on curing characteristics, crosslink

earlier, the CV sample contained high level of the

density and stress relaxation behaviors of NR were

polysulfidic linkages which carried a bond strength

studied. Curing properties and stress relaxation

below 262 kJ/mol. This is very low when compared to

behaviors were investigated by means of Moving die

the bond strength of monosulfidic crosslink found in EV

rheometer and TSSR measurements, respectively. The

system (approximately 280 kJ/mol) [11]. This has

results revealed that the CV system provides higher

brought to a higher temperature observed in the EV

crosslink density resulting from higher sulfur curative

system. As a result, the cleavage of linkage was found at

agent. From TSSR measurement, the normalized force

higher temperature. This confirmed that the rubber

of the EV system was shifted to higher temperature in

network in the EV system has higher thermal stability

all tested temperature range as compared to the CV

than the CV system.

system. The result clearly suggested that the cleavage of
crosslinkages and the scission of rubber chains in the EV
sample were taken place at higher temperature when the
CV sample was compared. In addition, peak of
relaxation spectra for the EV sample appeared at 170 °C
which was 20 °C higher than that of the CV sample. This
behavior was attributed to higher boding energy of the
linkages formed in the EV system and thus greater
thermal stability of crosslink network in the EV system
can be confirmed.

Figure 3 Relaxation spectra of NR vulcanizates with
two alternative crosslink systems

We gratefully acknowledge the financial

Based on the overall properties, the result clearly
suggested that the thermal properties tested by TSSR
were independent of the level of crosslink density when
the sample contains different types of crosslinkages.
Higher crosslink density in the CV did not contribute to
the greater thermal stability of the rubber network and
thus the effect of crosslink density at elevated
temperature could be eliminated. Only type of
crosslinkages formed in the samples were responsible
for the changes of stress at elevated temperature. The
higher thermal stability of monosulfidic crosslinkage in
the EV sample is responsible for the improvement of
stress

over

temperature.

temperature range
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Abstract
The chemical modification of NR was one of the methods to achieve the new materials and improve their
properties. The purpose of this work was to prepare the graft copolymer in order to use as a compatibilizer for our further
applications. The grafting vinyl propionate ( VP) onto NR backbone ( NR- g- PVP) was synthesized by emulsion
polymerization using the redox initiator system (cumene hydroperoxide (CHP)/tetraethylene pentamine (TEPA)). The
VP content was varied at 10, 20 and 30 wt% . The chemical structures of graft copolymer were confirmed by proton
nuclear magnetic resonance spectroscopy ( 1H-NMR) and Fourier transform infrared (FTIR) spectroscopy. The effect of
VP content on the grafting parameters were determined. The thermal properties were investigated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). The content of VP had an effect of glass transition temperature
(Tg). The Tg of graft copolymers rose with the increase of VP content. The advantages of grafting VP on NR molecules
were the improvement of thermal properties.
Keywords: Natural rubber, Graft copolymer, Poly(vinyl propionate), Redox initiator, Emulsion polymerization
1. Introduction

using the redox initiators [2,7-9]. It has been found that the

Natural rubber (NR) is a renewable material which

cumene hydroperoxide/ tetraethylene pentamine showed

used in various applications such as tires, glove, adhesives,

the highest percentage grafting efﬁciency and percentage

tubes etc. However, some disadvantages such as the low

of grafted natural rubber comparing to the tert- butyl

resistance to thermal degradation and poor resistance to

hydroperoxide/ tetraethylene pentamine and potassium

organic solvents are the limitations to expand its

persulfate/ sodium thiosulfate [3].

application. There are many efforts to improve the thermal

The objective of this work was to prepare and

and mechanical properties of NR. The chemical

characterize the NR grafted poly(vinyl propionate) for

modifications of NR have been used through the

further application. We will use it as a compatibilizer for

epoxidation, chlorination and graft copolymerization [1].

improvement the miscibility in the blends. The chemical

The grafting of vinyl monomers onto the NR

structure of graft copolymers was verified and the grafting

backbone have been studies such as styrene [ 2] , methyl

parameters were determined. The effect of VP content on

methacrylate [ 3] , 2- ( dimethylamino) ethyl acrylate [ 4] ,

the thermal properties was investigated. We assumed that

acrylonitrile [ 5] , butyl acrylate [ 6] and 2- hydroxyethyl

the presence of PVP will affect on the flexibility and

acrylate [ 7] . The common method to prepare the graft

thermal stability of rubber.

copolymers were carried out by emulsion polymerization
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2. Experimental

corresponding to the CH and CHO protons of NR and PVP,

2.1 Materials

respectively.

High ammonia concentrated natural rubber latex
with 60% dry rubber content (NR) was purchased from

% mole of PVP =

( .

( . ⁄ )
⁄ ) ( .

(1)

× 100

)

Jana Concentrated Latex Co., Thailand. Vinyl propionate
(VP) monomer, tetraethylene pentamine (TEPA), cumene

% weight of PVP =

×
(

) (

×

×

)

× 100 (2)

hydroperoxide (CHP) and dodecanoic acid were purchased
from Aldrich. Deuterated chloroform (CDCl3) was

Where I3. 75 and I5. 10 were the integration value of

purchased from Cambridge Isotope Laboratories, Inc.

the peak at 3.75 and 5.10 ppm, respectively. CPVP and CNR

Petroleum ether, acetone and methanol were purchased

are the % mole of PVP and NR in copolymer while MPVP

from RCI Labscan. Potassium laurate (PL) was used as a

and MNR are the molecular masses of the repeating units in

surfactant which was prepared from a commercial

PVP and NR, respectively.

potassium hydroxide (KOH) (RCI Labscan) and lauric
acid (Aldrich).

2.3 Determination of grafting parameters
The free NR and free homopolymer in NR- g- PVP

2.2 Synthesis of NR-g-PVP

were evaluated after Soxhlet extraction. The free NR was

The graft copolymerization of VP onto NR was

extracted by petroleum ether at 40°C for 24 h. Free

prepared by emulsion polymerization. NR, TEPA, PL and

homopolymer were extracted by acetone at 60C for 24 h.

distilled water were added to the reactor. VP and CHP

The free NR, free PVP and percentage of grafting

were added dropwise while stirring. The mixture was

efficiency ( % GE) of NR- g- PVP were calculated as the

carried out at 50°C for 2 h under nitrogen atmosphere. The

following equations.

mixture was precipitated in methanol and dried in an oven
at 60°C for 24 h. The recipe for graft copolymerization is

free NR (%) =

(3)

× 100

listed in Table 1.
free PVP (%) =

× 100

(4)

Table 1. Recipe for graft copolymerization
Chemical

Quantities (g)

NR

90, 80, 70

VP

10, 20, 30

CHP

0.68, 0.60, 0.53

TEPA

0.54, 0.48, 0.42

PL

10

Water

200

grafting efficiency (%) =

× 100

(5)

Where M1, M2 and M3 were the total weight of
grafted copolymer, the total weight of sample after
extraction by petroleum ether and the total weight of
sample after extraction by acetone.
2.4 Differential scanning calorimetry analysis

2.3 Characterization

The sample was carried out under nitrogen
1

The proton nuclear magnetic resonance ( H-NMR)

atmosphere. The first heating scan was from - 80ºC to

spectra were recorded on a Fourier transform spectrometer

140ºC at the heating rate of 10ºC/ min. Then the sample

(500 MHz, Varian). All FTIR spectra were recorded on a

was cooled to - 80ºC at the rate of - 10ºC/ min and heated



Fourier transform infrared spectrometer (Bruker ). The
mole and weight percentages of PVP grafted onto the NR
were calculated using the integrated peak

areas

again similarly to the first heating scan.
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2.5 Thermogravimetric analysis
The sample was performed under nitrogen
atmosphere at a heating from 25ºC to 600ºC at a heating
rate of 10ºC/min.
3. Results and Discussion
The chemical structure of NR- g- PVP was
investigated using the 1H-NMR and FTIR techniques. The
characteristic CHO proton belonging to the PVP was
observed at 3. 75 ppm ( Figure 1) . The new absorption

Figure 2 FTIR spectra of NR and graft copolymers

band was found at 1740 cm-1 which it assigned to the C=O
stretching of PVP ( Figure 2) . Both 1H- NMR and FTIR

Table 2. Grafting parameters and grafted PVP in NR-g-

techniques confirmed the grafted PVP on to the NR. The

PVP

free NR, free PVP, GE and grafted PVP are listed in Table
2. The percentage of grafted PVP was found at 9.89, 19.46
and 28. 95 wt% after adding 10, 20 and 30 wt% of VP,
respectively. The samples were named as G10, G20 and
G30 according to the percentage of grafted PVP. It was

Sample
code
G10
G20
G30

Free
NR
(%)
3.55
5.55
10.90

Free
PVP
(%)
0.42
0.46
0.56

GE
(%)
96.04
94.02
88.59

Grafted
PVP
(wt %)
9.89
19.46
28.95

found that the free PVP increased with the increase of VP
content. This was due to the VP was formed to the PVP

The DSC thermograms of NR and graft copolymers

homopolymer during the polymerization. In addition, the

are presented in Figure 3. The glass transition temperature

homopolymerization was formed more than the graft

( Tg) of NR was -61. 8°C. The Tg values of G10, G20 and

copolymerization. This was due to the increase in free NR

G30 were found at -61.4, -61.0 and -60.2°C, respectively.

content when VP content increased. The percentage of GE

It found that the Tg of all graft copolymers were slightly

was found in the range of 89-96% (Table 2).

shifted to a higher temperature. This was probably due to
the grafting of VP onto the NR backbone contributing to a
lower chain flexibility of NR and caused a higher Tg. In
addition, The Tg values increased with the increase of VP
content.

Figure 1. 1H-NMR spectra of NR and G10.
Figure 3. DSC thermograms of NR and graft copolymers
recorded from the second heating scan.
.
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4. Conclusion

copolymers were investigated by TGA. The TGA and

NR- g- PVP was successful prepared by emulsion

derivative thermogravimetry ( DTG) curves are shown in

polymerization using the redox initiator. The grafting of

Figure 4. The decomposition temperature was classified

VP onto the NR backbone was confirmed by 1H-NMR and

into two temperature; T5 was the temperature at 5% weight

FTIR techniques. The free NR and free PVP increased

loss which derived from the TGA curve and Tmax was the

with increasing of VP content.The grafting efficiency was

maximum weight loss which derived from the derivative

obtained around 89- 96% .

thermogravimetry (DTG) curve. The T5 of NR was found

copolymers increased with the increase of VP content.

at 357°C, whereas the T5 of graft copolymers was found in

This indicate a lower chain flexibility. No significant

the range of 356- 357°C ( Figure 4a) . The DTG curves of

change in T5 was observed. The thermal stability of all

NR and graft copolymers presented the one step

graft copolymers was approximately up to 300C. The

decomposition, which corresponded to the degradation of

presence of PVP improved the thermal stability comparing

hydrocarbon chain ( Figure 4b) . G20 ( 382°C) and G30

with the unmodified NR.

The Tg values of graft

( 383°C) showed the higher Tmax than the NR ( 381°C)
except G10 (380°C). It was found that the increase of VP
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