SYNTHESIS AND CHARACTERIZATION OF EPOXIDIZED PALM OIL
HYDROGEL

WAN NURHAYATI BINTI WAN TAJULRUDDIN

UNIVERSITI TEKNOLOGI MALAYSIA



SYNTHESIS AND CHARACTERIZATION OF EPOXIDIZED PALM OIL
HYDROGEL

WAN NURHAYATI BINTI WAN TAJULRUDDIN

A thesis submitted in fulfilment of the
requirements for the award of the degree of

Master of Engineering (Polymer)

Faculty of Chemical and Energy Engineering
Universiti Teknologi Malaysia

SEPTEMBER 2016



...Special thanks to my beloved mak and engku, my family and friends

Thank you for the everlasting love, guidance, inspiration and support...



ACKNOWLEDGEMENT

In the name of Allah the most Beneficent and the most Merciful. All praise
and thanks to Allah for His blessing and gracing as | am successfully completing this

thesis.

I would like to express my earnest gratefulness and appreciation to my
supervisors, Assoc. Prof. Dr. Abdul Razak Rahmat and Dr. Rohah Abd. Majid for the
support, assistance and guidance throughout the course of completing this thesis. As
I have gained a lot of knowledge and experience during doing this research, it has
inspired me in many ways to overcome the hardship faced. Without their help, much

of this work could not have been accomplished.

Special thanks to Ms. Zainab, Mr. Suhee Tan, Mr. Afandi, Mr. Nordin and
Mr. Fazli for their assistance in helping me to conduct the experiment, set up the
equipment as well as analyze the samples. Their contributions in my efforts to finish
this work are very much appreciated.

My heartfelt gratitude also goes to my parents, En. Wan Tajulruddin and Pn.
Halimah as well as my siblings for keep supporting me from the beginning of this
research. Last but not least, | like to take this opportunity to thank all my course
mates and friends, especially Kak Baiti, Hidayah, Ain, Najihah, Yat, Nina, Siti and
Adilah for giving continuous support, advice and motivation whenever | am

struggling while completing my research.



ABSTRACT

A bio-based hydrogel (HPEPO) was synthesized from epoxidized palm oil
(EPO) by using ring opening polymerization (ROP) in the presence of a fluoroantimonic
acid hexahydrate (HSbFs-6H,0) catalyst, followed by a chemical hydrolysis catalyzed
with sodium hydroxide (NaOH). A response surface methodology (RSM) was adopted
to optimize the reaction parameters, namely, concentration of NaOH solution, NaOH
solution loading and reaction time used during the chemical hydrolysis. The successful
ring opening of EPO was confirmed by the disappearance of the epoxy functional group
at 833 cm™ of the Fourier transform infrared and at 2.8 to 3.0 ppm of nuclear magnetic
resonance spectra. The increase of melting points of HPEPO was observed in the
temperature range between 45 °C to 60 °C, corresponded to the increase of crystalline
phase in hydrogel as determined by differential scanning calorimetry. The thermal
stability of hydrogel was improved up to 200 °C, as shown by thermogravimetric
analysis. Apart from that, the swelling behavior that was largely influenced by the
hydrophilic carboxyl group and the hydrophobic alkyl group of hydrogel showed some
sensitiveness towards the temperature changes, ranging from 15 °C to 40 °C.
Meanwhile, the RSM analysis showed that the optimum conditions for all reaction
parameters were achieved at 0.33 M concentration of NaOH solution, 73 mL of NaOH

solution loading and 25 hours of reaction time.
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ABSTRAK

Hidrogel berasaskan bio (HPEPO) telah disintesis daripada minyak sawit
terepoksida (EPO) dengan menggunakan pempolimeran pembukaan cincin (ROP) di
dalam kehadiran asid fluoroantimonik heksahidrat (HSbFs.6H,0) sebagai pemangkin
diikuti oleh hidrolisis kimia menggunakan natrium hidroksida (NaOH). Kaedah gerak
balas permukaan (RSM) telah digunakan untuk mengoptimumkan parameter tindakbalas
laitu kepekatan larutan NaOH, kandungan larutan NaOH dan masa tindakbalas yang
digunakan semasa hidrolisis kimia. Keberkesanan pembukaan cincin EPO telah
dibuktikan dengan kehilangan kumpulan berfungsi epoksi masing-masing pada 833 cm™
di dalam spektrum inframerah transformasi Fourier dan pada 2.8 ppm hingga 3.0 ppm di
dalam resonans magnetik nuklear. Peningkatan takat lebur HPEPO yang berada di dalam
julat suhu 45 °C ke 60 °C adalah disebabkan oleh peningkatan fasa kristal di dalam
hidrogel seperti yang ditunjukkan oleh kalorimetri pengimbas pembezaan. Kestabilan
terma hidrogel juga meningkat sehingga 200 °C seperti yang dipamerkan oleh analisis
termogravimetrik. Sementara itu, sifat pembengkakan yang banyak dipengaruhi oleh
kumpulan karboksil hidrofilik dan kumpulan alkil hidrofobik di dalam hidrogel telah
menunjukkan sensitiviti terhadap perubahan suhu antara 15 °C hingga 40 °C. Manakala,
analisis RSM telah menunjukkan keadaan optimum bagi parameter tindakbalas boleh
dicapai pada kepekatan 0.33 M larutan NaOH, 73 mL kandungan larutan NaOH dan 25

jam masa tindak balas.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Natural oils are considered to be the most vital class of renewable resources.
They can be obtained from naturally occurring plants, such as sunflowers, soybean
cotton, linseeds and palms. They consist mainly of triglycerides where the glycerol
molecule is attached to three fatty acid chains of unsaturated and saturated fatty acids.
The saturated fatty acids contain only a single bond between two carbon-carbon atoms
while the unsaturated fatty acids contain many double or triple bonds between two

carbon atoms (Seniha et al., 2007).

Vegetable oil offers numerous advantages in many applications as regards to its
non-toxicity and biodegradability. However, it does not naturally bear reactive
functional groups; therefore several chemical modifications are adopted to functionalize
the unsaturated sites in vegetable oil such as trans-amidation with diethanol amine,
glycerolysis with gylcerol, microbial conversion and epoxidation reaction (Jamal et al.,
2007; Lee and Lee, 2011; Yahaya et al., 2013). Among these significant reactions in
organic synthesis, epoxidation has been widely used to increase the reactivity of
vegetable oil since it is both cost-effective and safe (Silverajah et al., 2012; Li et al.,
1997).



Many epoxidized natural oils have been synthesized, such as epoxidized soybean
oil, epoxidized palm oil, epoxidized rapeseed oil, and epoxidized linseed oil (Vinay and
Kundu, 2006). Due to the high reactivity of the oxirane ring, this imperative
intermediate can be converted to various polyols by reacting with short chain polyhydric
alcohols in the presence of catalysts. It acts as a raw material for the synthesis of a
variety of chemicals such as alcohols (polyols), glycols, olefinic compounds, lubricants,

plasticizer and a stabilizer for polymers.

Epoxidized palm oil (EPO) is a new reactive material that is chemically derived
from palm oil. Similar to other epoxidized vegetable oils, as an alternative to fossil fuel
derived products, it has been used as intermediate materials in many applications due to
its non-toxicity and biodegradability in the automotive, textile, disposable packaging,
food, and electric appliance industries (Al- Mulla et al., 2014). Yahaya et al. (2013) had
successfully reacted EPO with glycerol using the ring opening polymerization method to
give a bio-based polyol. Meanwhile, Ang et al. (2013) had successfully synthesized
polyol with a high molecular weight and low hydroxyl functionality with potential to be
used in wood adhesive applications.

To assist the ring opening of oxirane ring, catalyst such as Lewis acid is a
popular choice. Liu and Erhan (2010) have used boron trifluoride diethyl
etherate (BFsOEty), a Lewis acid in a methylene chloride medium to ring opening
epoxidized soybean oil (ESO); to produce low molecule weight polyol with a high
crosslink network and good thermal stability. Clark and Hoong, (2013) had derived
macromonomer polyols from renewable epoxidized vegetable oils by using Lewis acid

in tetrahydrofuran (THF) solvent.

Another potential application of epoxidized vegetable oil is used to synthesize
hydrogel. Hydrogel is a hydrophilic, three-dimensional, cross linked polymer (network)
which swells when placed in water or biological fluid (Peppas et al., 2006). It can be

derived from many synthetic and natural polymers which possess high water absorption



capacity and biocompatibility. These attractive properties makes hydrogel highly
suitable to be used in many biological and medical applications such as in the tissue
engineering, pharmaceutical, agriculture, food, cosmetic and biomedical fields (Hoare
and Kohane, 2008; Ahearne et al., 2008). Currently, most hydrogels are made from
synthetic polymers which are derived from petroleum based resources. There have been
extensive studies done on the suitability of vegetable oil for hydrogel applications by
researchers (Singh et al, 2013; Jamil et al., 2012; Liu and Erhan, 2010).

Based on the research done by Liu and Erhan (2010), a bio polymeric hydrogel
produced from ESO was found to have similar properties as a commercial type of
hydrogel. Singh et al. (2014) had used olive oil for thermo-reversible emulsion hydrogel
for antimicrobials controlled delivery in the treatment of sexually transmitted diseases
(STDs). Since EPO also has comparable potential to other vegetable oils, considerable
efforts on using it as a starting material in many different chemical reactions need to be
explored in order to expand palm oils commercial value in various industrial areas,

particularly for hydrogel applications.

1.2 Problem Statement

Vegetable oil can be transformed into polyol by many methods but the most
popular one is epoxidation-ring opening polymerization (ROP) combination as it is the
safest and most economical method (Yahaya et al., 2013; Silverajah et al., 2012; Rosli et
al., 2003). According to Liu and Erhan (2010), soy oil-based polyol can be converted
into bio-based hydrogel by further chemical modification via hydrolysis. This study had
adopted the same technique as Liu and Erhan (2010) but epoxidized palm oil was used

instead of soy oil. Palm oil is a local product and abundant available in Malaysia.

A major problem with palm oil is it has less unsaturation sites to be converted
into epoxides. This affects the reactivity of the polyol produced as the sites are important



for many major reactions to take place. Compared to ESO that has higher epoxy
functionality of 6.0 — 6.8 epoxy rings per triglyceride, palm oil only has the average
2.0 — 2.8 functionality. This drawback limits the use of palm oil polyol in the area that
need longer molecular chain or higher molecular weight. However, the idea to introduce
palm oil polyol with crosslinking network has brought the exploration of polyol into

hydrogel.

A number of experimental works have been reported on the ROP of EPO (Ang
et al., 2013; Clark and Hoong, 2013; Yahaya et al., 2013). However, to date, there was
no comprehensive study has been made on the synthesis of hydrogel from EPO.
Therefore, systematic study was conducted to synthesis hydrogel from EPO by adopting
and manipulating the ESO system done by Liu and Erhan (2010). To achieve that, the
catalyst type had been changed from BF3OEt, to fluoroantimonic acid hexahydrate
(HSbFe-6H20), an environmentally benign catalyst. This is due to the concerns
regarding the toxicity of BFsOEt, which limiting the polymers application in food and
medicinal areas (Liu and Knetzer, 2013). Therefore, for a clean organic reaction,
HSbFs-6H>0 was chosen as catalyst for ROP of EPO.

Meanwhile to get more understanding, few reaction parameters of epoxidized
palm oil hydrogel (HPEPO) had been optimized using response surface methodology
(RSM) as a process optimization tool. RSM is capable of optimizing various reaction
parameters, reducing the amount of time-consuming experimental-based works. The
reaction parameters that optimized were concentration of NaOH solution (hydrolysis

agent), NaOH solution loading and the reaction time to synthesis hydrogel from EPO.



1.3

Objectives of the Study

The followings are specific objectives that need to be achieved:

14

To study the effect of catalyst amounts in ROP on the yield and the hydroxyl
value of palm oil polyol (PEPO).

To synthesize palm oil hydrogel (HPEPO) from PEPO via chemical hydrolysis at
various reaction parameters such as concentration of NaOH solution (hydrolysis
agent), NaOH solution loading and reaction time, and optimization by using
RSM.

To verify the structure of EPO, PEPO and HPEPO with Fourier transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy
(NMR).

To study the effect of the reaction parameters involved in the chemical

hydrolysis on melting temperature (Tm), thermal decomposition and swelling

behavior of HPEPO.

Scopes of Study

Sample preparation started with ring opening polymerization of EPO followed

by chemical hydrolysis.

Ring opening polymerization. EPO was mixed with methylene chloride at
different amount of fluoroantimonic acid hexahydrate (HSbFs-6H20) as a

catalyst which varied from 0.5% to 2.5% and the yield of PEPO was measured.



Chemical hydrolysis: The PEPO with the highest percentage of yield was chosen
and converted into HPEPO via hydrolysis using sodium hydroxide (NaOH) as a
hydrolysis agent at concentrations varying from 0.2 to 0.5M and the solution
amount ranging from 50 to 100 ml, at 18 to 30 hours reaction time.

Process optimization: RSM was adopted in a chemical hydrolysis reaction to find

the optimal values of the variable involved including NaOH solution

concentration, NaOH solution loading and reaction time.

The following tests were carried out for properties measurement and

characterization of polymers:

Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy and hydroxyl value tests were conducted to verify the
structure and reaction mechanism of EPO, PEPO and HPEPO.

Thermogravimetric analysis (TGA) was used to investigate the thermal
decomposition behaviour of HPEPO while the melting temperature (Tm) was

examined by using a differential scanning calorimetry (DSC).

Swelling test was done to study the swelling behavior and sensitivity of HPEPO

towards temperature range from 15 °C to 40 °C.



87

REFERENCES

Abaszadeh, M. and Seifi, M. (2015). Crown Ether Complex Cation lonic Liquids
(CECILs) as Environmentally Benign Catalysts for Three-Component
Synthesis of 4,5-dihydropyrano[3,2c]chromene and 4,5- dihydropyrano [4,3
b]pyran derivatives. Research on Chemical Intermediates. 41: 7715 — 7723.

Abu Amr, S. S., Aziz, H. A., Adlan, M. N. (2013). Optimization Of Stabilized
Leachate Treatment Using Ozone/Persulfate In The Advanced Oxidation
Process, Waste Management . 33(6): 1434 — 1441.

Abu Amr, S. S., Aziz, H. A. and Bashir, M. J. K. (2014). Application Of Response
Surface Methodology (RSM) For Optimization Of Semi-Aerobic Landfill
Leachate Treatment Using Ozone. Applied Water Science. 4: 231 — 2309.

Adrus, N. and Ulbricht, M. (2013). Rheological Studies on PNIPAAmM Hydrogel
Synthesis Via In Situ Polymerization And on Resulting Viscoelastic
Properties. Reactive & Functional Polymers. 73: 141 — 148.

Ahearne, M., Yang, Y. and Liu, K. K. (2008). Mechanical Characterisation of
Hydrogels for Tissue Engineering Applications. Ashammakhi, N., Reis, R.
and Chiellini, & F. (Eds.). Topics in Tissue Engineering. 1 — 16.

Ahmadi, M., Vahabazadeh, F., Bonakdarpour, B., Mofarrah, E. and Mehranian, M.
(2005). Application of the Central Composite Design and Response Surface
Methodology to the Advanced Treatment of Olive Oil Processing Wastewater
Using Fenton’s Peroxidation. Journal of Hazardous Materials. 187 — 195.

Al-Mulla, E. A. J., Ibrahim, N. A., Shameli, K., Ahmad, M. and Yunus, W. M. Z. W.
(2014).Effect of Epoxidized Palm Oil on The Mechanical and Morphological
Properties of a PLA-PCL Blend. Research on Chemical Intermediate. 40:
689 — 698.



88

Ang, K. P., Lee, C. S., Cheng, S. F. and Chuah, C. H. (2013). Synthesis of Palm Oil-
Based Polyester Polyol for Polyurethane Adhesive Production. Journal of
Applied Polymer Science. 131: 1-8.

Azechi, M., Matsumoto, K. and Endo, T. (2013). Anionic Ring-Opening
Polymerization of a Five-Membered Cyclic Carbonate Having a
Glucopyranoside Structure, Journal of Polymer Science, Part A: Polymer
Chemistry. 51: 1651-1655.

Badri, K.H., S. H. Ahmad, S. Zakaria, (2000). Development Of Zero ODP Rigid
Polyurethane Foam From RBD Palm Kernel Oil. Journals of Materials
Science Letters. 19): 1355-1356.

Badri, K.H. (2012). Biobased Polyurethane from Palm Kernel Oil-Based Polyol.
Intech. 447 — 470.

Baker, I.J. A., Furlong, D. N., Grieser, F. and Drummond, C. J. (2000). Sugar Fatty
Acid Ester Surfactants: Base-Catalyzed Hydrolysis. Journal of Surfactants
and Detergents. 3(1): 29 — 32.

Bennour, S. and Louzri, F. (2014) Study of Swelling Properties and Thermal
Behavior of Poly (N,N-Dimethylacrylamide-co-Maleic Acid) Based
Hydrogels. Advances in Chemistry. 1 — 10.

Bicak, N., Senkal, F. and Gazi, M. (2004). Hydrogels Prepared by Crosslinking
Copolymerization of N-allyl Maleamic Acid with Acrylamide and Acrylic
Acid, Designed Monomers and Polymers, 7(3): 261-267.

Bielawski, C. W. and Grubbs, R. H. (2007). Living ring-opening Metathesis
Polymerization. Progress in Polymer Science. 32: 1 — 29.

Biresaw, G., Liu, Z., Erhan, S. Z. (2008). Investigation of the Surface Properties of
Polymeric Soaps Obtained by Ring-Opening Polymerization of Epoxidized
Soybean Oil. Journal of Applied Polymer Science. 108: 1976 — 1985.

Bisht, D., Yadav, S. K., and Darmwal, N. S. (2013). Computation Of Interactive
Effects And Optimization Of Process Parameters For Alkaline Lipase
Production By Mutant Strain Of Pseudomonas Aeruginosa Using Response
Surface Methodology. Brazilian Journal of Microbiology. 44(1): 245 — 252.

Box, J. E. P., Hunter, W. G., Hunter, J. S. (1978). Statistics for Experimenters. An
Introduction to Design, Data Analysis and Model Building. John Wiley &

Sons, Inc.



89

Box, G.E.P and N.R. Draper (1987). Empirical Model-Building and Response
Surfaces. Wiley, New York.

Brocas, A. L., Cendejas, G., Caillol, S., Deffieux, A., Carlott. S. (2011). Controlled
Synthesis Of Polyepichlorohydrin With Pendant Cyclic Carbonate Functions
For Isocyanate-Free Polyurethane Networks. Journal Of Polymer Science
Part A: Polymer Chemistry . 2677 — 2684.

Cabezas, L. J., Mazarro, R., Gracia, I., Lucas, A. and Rodrigue, J. F. (2013).
Optimizing the Bulk Copolymerization of D,L-lactide and Glycolide by
Response Surface Methodology. eXPRESS Polymer Letters. 7(11): 886 —
894.

Chandrasekara, G., Mahanama, M.K., Edirisinghe, D.G. and Karunanayake, L.
(2011). Epoxidized Vegetable Oils as Processing Aids and Activators in
Carbon-black Filled Natural Rubber Compounds. Journal of the National
Science Foundation of Sri Lanka. 39: 243 — 250.

Clark, A. J. and Hoong, S. S. (2013). Copolymers of Tetrahydrofuran and
Epoxidized Vegetable Oils: Application to Elastomeric Polyurethanes.
Polymer Chemistry.

Das, N. (2013). Preparation Methods and Properties of Hydrogel: A Review.
International Journal of Pharmacy and Pharmaceutical Sciences. 5: 112 —
117.

Das, N. (2013). A Review on Nature and Preparation of Hydrogel Based on Starting
Material. International Journal of Pharmacy and Pharmaceutical Sciences. 5:
55— 58.

Dogan, E. and Kusefogglu, S. (2008). Synthesis and In Situ Foaming Biodegradable
Malonic Acid ESO polymers. Journal of Applied Polymer Science. 110: 1129
—1135.

Denisov, G.S.; Mavri, J.; Sobczyk, L. (2006). Potential Energy Shape For The Proton
Motion in Hydrogen Bond Reflected in Infrared and NMR Spectra. In
Grabowski, S.J. (Ed). Hydrogen Bonding-New Insights. Springer-
Dordrecht. The Netherlands.

Dwivedi, S., Khatri, P., Mehra, G. R. and Kumar, V. (2011). Hydrogel-A Conceptual
Overview. International Journal of Pharmaceutical & Biological Archives.
2(6): 1588 — 1597.



90

Ekebafe, L. O., Ogbeifun, D. E. and Okieimen, F. E. (2011). Polymer Applications in
Agriculture. Biokemistri. 23(2): 81 — 89.

Espinosa, L. M. and Meier, M. A. R. (2011). Plant oils: The Perfect Renewable
Resource for Polymer Science. European Polymer Journal. 47: 837 — 852.

Farris, S. Schaich, K. M., Liu, L. S., Piergiovanni, L. and Yam, K. L. (2009).
Development of Polyion-Complex Hydrogels As An Alternative Approach
for The Production of Bio-based Polymers for Food Packaging Applications:
A Review. Trends in Food Science & Technology. 20: 316 — 332.

Fong, M. N. F. and Salimon, J. (2012). Epoxidation of Palm Kernel Oil Fatty Acid.
Journal of Science and Technology. 87— 98.

Fu, Z., Wan, H., Cui, Q., Xie, J., Tang, Y. and Guan, G. (2011). Hydrolysis of
Carboxylic Acid Esters Catalyzed by A Carbon-based Solid Acid. Reaction
Kinetics, Mechanisms and Catalysis. 104: 313 — 321.

Gandhi, A., Paul, A., Sen, S. O. and Sen, K. K.(2015). Studies on Thermoresponsive
Polymers: Phase Behaviour, Drug Delivery and Biomedical Applications.
Asian Journal Of Pharmaceutical Sciences. 10: 99 — 107.

Ganesh, T. A., Manohar, S. D. and Bhanudas, S. R. (2013). Hydrogel - A Novel
Technique for Preparation Of Topical Gel, World Journal of Pharmacy and
Pharmaceutical Sciences. 2 (6): 4520 — 4541.

Gawel, K., Barrie, D., Sletmoen, M. and Stokke, B. T. (2010). Responsive Hydrogels
for Label-Free Signal Transduction within Biosensors. Sensors. 10: 4381-
44009.

Gibas, I. and Janik, H. (2010). Review: Synthetic Polymer Hydrogels for Biomedical
Applications. Chemistry & Chemical Technology. 4(4): 297 — 304.

Gillespie, R. J., Peel, T. E. (1972). Superacid Systems. Advances in Physical Organic
Chemistry. 9: 1- 24.

Gierszewska-Druzynska, M. and Ostrowska-Czubenko, J. (2010). The Effect of lonic
Crosslinking on Thermal Properties of Hydrogel Chitosan Membranes.
Progress on Chemistry and Application of Chitin and its Derivatives, Polish
Chitin Society. 25 - 32.

Gong, C. Y., Qian, Z. Y. Liu, C. B., Huang, M. J., Gu, Y. C. Wen, Y. J. Kan, B.,
Wang, K. Dai, M., Li, X. Y., Gou, M. L., Tu, M. J. and Wei, Y. Q. (2007).
A Thermosensitive Hydrogel Based On Biodegradable Amphiphilic



91

Poly(Ethylene  Glycol)-Polycaprolactone—Poly(Ethylene  Glycol) Block
Copolymers. Smart Materials and Structure. 16 : 927— 933.

Gong, C. Y., Shi, S, Dong, P. W., Zheng, X. L. Fu, S. Z., Guo, G., Yang, J. L. WEei,
Y. Q. and Qian, Z. Y. (2009). In Vitro Drug Release Behavior from A Novel
Thermosensitive Composite Hydrogel based on Pluronic f127 and
Poly(ethylene glycol)-poly(e-caprolactone)-poly(ethylene glycol) Copolymer.
BMC Biotechnology. 9: 8.

Gong, C., Shi, S., Dong, P. W. (2009). Thermosensitive PEG-PCL-PEG hydrogel
controlled drug delivery system: sol-gel-sol transition and in vitro drug
release study. International Journal of Pharmaceutics. 98: 3707 — 3717.

Gulrez, S. K. H., Al-Assaf, S. and Phillips, G. O. (2011). Hydrogels: Methods of
Preparation, Characterisation and Applications. In: Angelo Carpi (Ed.)
Progress in Molecular and Environmental Bioengineering — From Analysis
and Modeling to Technology Applications. 1st Ed. Published online: InTech,
117-150.

Guo, A., Cho, Y., Petrovic, Z. S. (2000). Structure and Properties of Halogenated and
Nonhalogenated Soy-based Polyols. Journal of Polymer Science Part A:
Polymer Chemistry. 38: 3900 — 3910.

Harmer, M. A., Junk, C., Rostovtsev, V., Carcani, L. G., Vickery, J. and Schnepp, Z.
(2007). Synthesis and Applications of Superacids: 1,1,2,2 Tetrafluoroethane-
sulfonic Acid, Supported on Silica. Green Chemistry. 9: 30 — 37.

He, H. M. S. (2006). Multifunctional Medical Device Based on Ph-Sensitive
Hydrogels for Controlled Drug Delivery. PhD Thesis. Ohio State University,
Canton, Ohio.

Hennink, W. E., and Nostrum C. F. V. (2002). Novel Crosslinking Methods to
Design Hydrogels. Adv ance Drug Delivery Review, 54: 13 —36.

Hoare, T. R. and Kohane, D. S. (2008). Hydrogels in Drug Delivery: Progress and
Challenges. Polymer. 49: 1993 — 2007.

Ismail, S. N. S., Mohd, A. F., Mohamed, R., Yahya, F., Fauzi, R. and Kamarun, D.
(2013). Epoxidation Of Palm Oil Catalyzed By Titanium-Grafted Silica
Catalyst. Advanced Materials Research. 812 : 30 — 37.

Jamal, P., Alam, M. Z. and Mohamad, A. (2007). Microbial Bioconversion of Palm
Oil Mill Effluent to Citric Acid with Optimum Process Conditions,
Biomedical 06, IFMBE Proceedings. 15: 483 — 487.



92

Jamil, N. H., Samah, N. H. A., Effendi, T. J. B. and Salleh, S. H. A. (2012). Palm Oil
Nanoemulsion Hydrogels:Formulation and Stability Studies.IEEE Symposium
on Business, Engineering and Industrial Applications. 829 — 833.

Jerome, F., Pouilloux, Y., and Barrault, J. (2008). Rational Design of Solid Catalysts
for The Selective Use of Glycerol as A Natural Organic Building Block.
ChemSusChem. 1: 586 — 613.

Jusoh, E. R., Ismail, M. H. S., Abdullah, L. C. Robiah Y. and Rahman, W.AW. A
(2012). Crude Palm Oil as A Bioadditive in Propylene Blown Films.
Bioresources. 7 (1):859 — 867.

Kagiya, T., Izu, M., Maruyama, H. and Fukui, K. (1969). Relationship between
Structures and Activities of Silver Salt-Organic Halide Catalyst Systems for
Styrene Polymerization. Journal Of Polymer Science: Part A-1. 7 :917-923

Karabulut, S. (2009). Electro-Induced Early Transition Metal Metathesis Catalyst
Systems for the Production of Polyacetylene. Polymer Journal. 41: 629 —
633.

Kazakov, S. V. (2012). Hydrogel Films on Optical Fiber Core: Properties,
Challenges, and Prospects for Future Applications. Gomes, A. D. S. (Ed.) In
book: New Polymers for Special Applications. (pp. 25 —70). InTech.

Klaas, M. R. and Warwel, S. (1999). Complete and Partial Epoxidation of Plant Oils
by Lipase-Catalyzed Perhydrolysis, Industrial Crops and Products. 9: 125 —
132.

Klumpp, D. A., Rendy, R. and McElrea, A. (2004). Superacid Catalyzed Ring-
Opening  Reactions involving 2-Oxazolines and the Role of
Superelectrophilic Intermediates. Tetrahedron Letters. 45: 7959 — 7961

Khuri, A. I. and Mukhopadhyay, S. (2010). Response Surface Methodology,
Advance Review. Wires Computational Statistics. 2: 128 — 149.

Kong, Y. and Hay, J. N. (2002). The Measurement of the Crystallinity of Polymers
by DSC. Polymer. 43: 3873 — 3878.

Laftah, W. A., Hashim, S. and lbrahim, A. N. (2011). Polymer Hydrogels: A
Review. Polymer-Plastics Technology and Engineering. 50: 1475-1486.

Lee, C. S.and Lee, S. C. (2011). Preparation of Polyester Polyol from Epoxidized
Palm Olein. Chinese Journal of Chemistry. 29: 840 — 846.

Li, X., Wang, F., Lu, X., Song, G. and Zhang, H. (1997). A Novel Method for
Epoxidation of Cyclohexene Catalyzed by Fe,O3 with Molecular Oxygen and



93

Aldehydes, Synthetic Communications. An International Journal for Rapid
Communication of Synthetic Organic Chemistry. 27(12): 2075 — 2079.

Li, W., Shen, Z., and Zhang, Y. (2001). Activity and Mechanism of Rare Earth Solid
Superacid Catalyst for initiating Ring Opening Polymerization of
Chloromethyl Thiirane. European Polymer Journal. 37: 1185 — 1190.

Lintner, K. and Genet, V. (1998). A Physical Method for Preservation of Cosmetic
Products. International Journal of Cosmetic Science. 20: 103-115.

Lira, M., Santos, L., Azeredo, J., Pimentel, E. Y. and Oliveira, M. E. C. D. R. (2008).
The effect of lens wear on refractive index of conventional hydrogel and
silicone-hydrogel contact lenses: A comparative study. Contact Lens &
Anterior Eye. 31: 89 — 94.

Liu, Y. L., Hsiue, G. H. and Chiu. Y. S. (1994). Cationic Ring-Opening
Polymerization of Oxetane Derivatives Initiated by Superacids: Studies on
Their Propagating Mechanism and Species by Means of "F-NMR. Journal of
Polymer Science: Part A: Polymer Chemistry. 32: 2543 — 2549.

Liu, L. S., Kost, J., Yan, F. and Spiro, R. C. (2012). Hydrogels from Biopolymer
Hybrid for Biomedical, Food, and Functional Food Applications. Polymers.
4:997-1011.

Liu, Z. S., Erhan, S. Z., Calvert, P. D. (2004). Solid Freeform Fabrication of
Epoxidized Soybean Oil/Epoxy Composites with Di-, Tri- and Polyethylene
Amine Curing Agents. Journal of American Oil Chemists’ Society. 81: 605 —
610.

Liu, Z. S. and Erhan S. Z. (2010), Ring-Opening Polymerization of Epoxidized
Soybean Oil. Journal of Americal Oil Chemists’ Society. 87: 437— 444,

Liu, Z. S., Shah, S. N., Evangelista, R. L. and Isbell, T. A. (2013). Polymerization of
Euphorbia Oil with Lewis Acid in Carbon Dioxide Media. Industrial Crops
and Products. 41: 10 -16.

Liu, Z. S and Knetzer, D. A. (2013). Catalyzed Ring-Opening Polymeriation of
Epoxidied Soybean Oil by Hydrated and Anhydrous Fluoroantimonic Acids.
Green Materials. 1: 87 - 95

Liu, Z. S., and Erhan S.Z., Soy-based Thermosensitive Hydrogels for Controlled
Release System. US Patent 11/240,426. 2010.

Lu, S., Liu, M. Ni, B. and Gao, C. (2010). A Novel ph- and Thermo-sensitive
PVP/CMC Semi-IPN Hydrogel: Swelling, Phase Behavior, and Drug Release



94

Study, Journal of Polymer Science: Part B: Polymer Physics, 48: 1749 —
1756.

Maitra, J. and Shukla, V. K. (2014). Cross-linking in Hydrogels - A Review.
American Journal of Polymer Science. 4(2) : 25 — 31.

Martin, B.D., Linhardt, R. J. and Dordick, J. S. (1998). Highly Swelling Hydrogels
from Ordered Galactose-Based Polyacrylates. Biomaterials. 19: 69 —76.

Meier, M. A. R., Metzger, J. O. and Schubert, U.S. (2007). Plant Oil Renewable
Resources As Green Alternatives in Polymer Science. Chemical Society
Reviews. 36:1788-802.

Metzger, J.O. (2009). Fats and Oils as Renewable Feedstock for Chemistry.
European Journal of Lipid Science and Technology. 111 (9): 865-76.

Michael A. R. M., Jurgen O. M. and Ulrich S. S. (2007). Plant Oil Renewable
Resources as Green Alternatives in Polymer Science. Chemical Society
Reviews. 36:1788-1802.

Mill, T. and W. Mabey. (1988). Hydrolysis of Organic Chemicals. Hutzinger, O.
(Ed.). The Handbook of Environmental Chemistry, Volume 2D : Reaction and
Processes. (pp. 71 —111). New York, NY : Springer-Verlag.

Mohajeri, L., Aziz, H. A., Isa, M. H. and Zahed, M. A. (2010). A Statistical
Experiment Design Approach For Optimizing Biodegradation Of Weathered
Crude Oil In Coastal Sediments. Bioresource Technology.101: 893— 900.

Montgomery, D. C. (2001). Design and Analysis of Experiments . 5™ Ed. John Wiley
and Sons Inc. New York, USA.

Muniz, E. C. and Geuskens, G. (2000). Influence of Temperature on the Permeability
of polyacrylamide Hydrogels and Semi-IPNs with poly(N-isopropylacryl-
amide). Journal of Membrane Science. 172: 287.

Nagpal, M., Singh, S. K., and Mishra, D. (2013). Superporous Hybrid Hydrogels
Based on Polyacrylamide and Chitosan: Characterization and In Vitro Drug
Release. International Journal of Pharmaceutical Investigation. 3(2): 88 —
94,

Neamtu, I., Chiriac, A. P., Nita, L. E. (2006). Characterization Of Poly(acrylamide)
As Temperature-Sensitive Hydrogel. Journal of Optoelectronics And
Advanced Materials. 8(5): 1939 — 1943.

Nguyen, T. K. and West, J. L. (2002). Photopolymerizable Hydrogels for Tissue
Engineering Applications. Biomaterials. 23(22) : 4307 — 4314.



95

Noordin, M. Y., Venkatesh, V. C., Sharif, S., Elting, S.and Abdullah, A. (2004).
Application of Response Surface Methodology in Describing the
Performance of Coated Carbide Tools when Turning AISI 1045 Steel.
Journal of Materials Processing Technology. 145(1): 45 — 58.

Nuyken, O. and Pask, S. D. (2013). Ring-Opening Polymerization - An Introductory
Review. Polymers. 5: 361-403.

Okay, O. Kuru, E. A., Orakdogen, N. (2007). Preparation of Homogeneous
Polyacrylamide Hydrogels by Free-radical Crosslinking Copolymerization.
European Polymer Journal. 43: 2913 — 2921.

Okazaki, T., Sanda, F. and Endo, T. (1998). Synthesis and Radical Ring —Opening
Polymerization Behaviour of Vinylcyclopropanes Bearing Cyclic Thioacetal
Moieties. Polymer Journal. 30: 365 — 371.

Olah, G. A. (2005). Crossing Conventional Boundaries in Half a Century of
Research. The Journal of Organic Chemistry. 70: 2413 — 2429.

Pal, K., Banthia, A. K. and Majumdar, D. K. (2009). Polymeric Hydrogels:
Characterization and Biomedical Applications —A mini review. Design
Monomers and Polymers 12: 197 — 220.

Patel, A. and Mequanint, K. (2011). Hydrogel Biomaterials, Biomedical Engineering
-Frontiers and Challenges. InTech. 275 — 296.

Patil, H. and Waghmare, J. (2013). Catalyst for Epoxidation of Oil: A Review.
Discovery.3(7): 10 -14.

Peleshanko, Sergiy., Anderson, K. D., Goodman, M., Determan,M. D.,
Mallapragada, S. K. and Tsukruk, V. V. (2007). Thermoresponsive
Reversible Behavior of Multistimuli Pluronic-Based Pentablock Copolymer
at the Air-Water Interface. Langmuir. 23(1) : 2530

Penczek, S., Cypryk, M., Duda, A., Kubisa, P., Slomkowski, S. (2007). Living Ring-
Opening Polymerizations Of Heterocyclic Monomers. Progress in Polymer
Science. 32 : 247-282

Peng, Z. and Chen, F. (2010). Synthesis and Properties of Temperature-sensitive
Hydrogel based on hydroxyethyl cellulose. International Journal of
Polymeric Materials. 59: 450 — 461.

Peppas, N. A., Hilt, J. Z., Khademhosseini, A. and Langer, R. (2006). Hydrogels in
Biology and Medicine: From Molecular Principles to Bionanotechnology.
Advanced Material. 18: 1345 —-1360.


http://www.sciencedirect.com/science/article/pii/S0924013603008616
http://www.sciencedirect.com/science/article/pii/S0924013603008616

96

Perez-Moya, M., Graells, M., Buenestado, P., Gutierrez, E., Galindo, J. and Mansilla,
H. D. (2008). Modelling Approach to Fenton and photo-Fenton treatments.
Journal of Advanced Oxidation Technologies. 11(1): 97 — 104.

Petrovi¢, Z. S. (2010). Polymers from Biological Oils. Contemporary Materials. 1(1):
39 - 50.

Pierog, M., Ostrowska-Czubenko, J. and Gierszewska-Druzynska, M. (2012).
Thermal Degradation Of Double Crosslinked Hydrogel Chitosan Membranes.
Progress on Chemistry and Application of Chitin and Its Derivatives. XVII :
67 — 74.

Ping, B. T. Y., Hanzah, N. A., and Hoong, S. S. (2011). Determination Of Hydroxyl
Value Of Palm-Based Polyols By Partial Least Squares Algorithm Using Nir
Spectroscopy. Journal of Oil Palm Research (23): 1172 — 1177.

Piskun, Y. A., Vasilenko, I. V., Gaponik, L. V. and Kostjuk, S. V. (2012).
Activated Anionic Ring-opening Polymerization of e-caprolactam With
Magnesium Di(e-caprolactamate) As Initiator: Effect of Magnesium Halides.
Polymer Bulletin. 68:1501 — 1513.

Plesse, C., Vidal, F., Randriamahazaka, H., Teyssie’, D. and Chevrot, C. (2005).
Synthesis and Characterization of Conducting Interpenetrating Polymer
Networks for New Actuators. Polymer .46: 7771 — 7778.

Qiu, X. and Hu, S. (2013). “Smart” Materials Based on Cellulose: A Review of the
Preparations, Properties, and Applications. Materials. 6 : 738 — 781.

Rajan, K. P., Veena, N. R. Singh, P. and Nando, G. B. (2010) Optimization of
Processing Parameters for A Polymer Blend Using Taguchi Method. Yanbu
Journal of Engineering and Science. 1: 50 — 67.

Raissi, S. and Farsani, R. E. (2009). Statistical Process Optimization Through Multi-
Response Surface Methodology. World Academy of Science, Engineering and
Technology. 51: 267 — 271.

Rashmi, B. J. Rusu, D. Prashantha, K. Lacrampe, M. F. and Krawczak, P. (2013)
Development of Bio-Based Thermoplastic Polyurethanes Formulations Using
Corn-Derived Chain Extender for Reactive Rotational Molding. eXPRESS
Polymer Letters . 7 (10): 852-862.

Reid, O. G., Malik, J. A. N., Latini, G., Dayal, S., Kopidakis, N., Silva, C., Stingelin, N.,
Rumbles, G. (2012). The Influence of Solid-State Microstructure on the Origin and



97

Yield of Long-Lived Photogenerated Charge in Neat Semiconducting Polymers.
Journal of Polymer Science Part B: Polymer Physics. 50: 27 — 37.

Richter, A., Paschew, G., Klatt, S., Lienig, J., Arndt K. F. and Adler, H. J. P. (2008).
Review on Hydrogel-based pH Sensors and Microsensors. Sensors. 8: 561 —
581.

Ronda, J. C., Lligadas, G., Galia, M. and Céadiz, V. (2013). A Renewable Approach
to Thermosetting Resins. Reactive & Functional Polymers. 73: 381 — 395.

Rosli, W. D. W., Kumar, R. N., Zah, S. M. and Hilmi, M. M. (2003). UV Radiation
Curing of Epoxidized Palm Oil-Cycloaliphatic Diepoxide System Induced by
Cationic Photoinitiators for Surface Coatings. European Polymer Journal.
39: 593 - 600.

Roy, N., Saha, N. and Saha, P. (2011). Biodegradable Hydrogel Film for Food
Packaging, Recent Researches in Geography, Geology, Energy, Environment
and Biomedicine. 329 — 334.

Saber, A., Hasheminejad, H., Taebi, A. and Ghaffari, G. (2014). Optimization of
Fenton-Based Treatment of Petroleum Refinery Wastewater with Scrap lron
Using Response Surface Methodology. Applied Water Science. 4: 283-290.

Salimon, J. and Abdullah, B. M. and Salih, N. (2011). Optimization of the Oxirane
Ring Opening Reaction in Biolubricant Base Oil Production. Arabian Journal
of Chemistry. doi:10.1016/j.arabjc.2011.11.002.

Sannino, A. (2008). Application of Superabsorbent Hydrogels for the Optimization
of Water Resources in Agriculture. The 3rd International Conference on
Water Resources and Arid Environments 2008.

Saurabh, T., Patnaik, M., Bhagt, S. L. and Renge, V. C. (2011). Epoxidation Of
Vegetable Oils: A Review. International Journal of Advanced Engineering
Technology. 491 501.

Scrimgeour, C. (2005). Chemistry of Fatty Acids, Bailey’s Industrial Oil and Fat
Products. 6™ Ed. In Shahidi, F. (Ed). John Wiley & Sons, Inc.

Seddiki, N. and Aliouche, D. (2013). Synthesis, Rheological Behavior and Swelling
Properties of Copolymer Hydrogels Based On Poly(N-Isopropylacrylamide)
with Hydrophilic Monomers. Bulletin of the Chemical Society of Ethiopia.
27(3) : 447-457.

Seniha, G. F., Yusuf, Y. A. and Tuncer, E. (2006). Polymers From Triglyceride Qils,
Prog.Polym. Sci. 31: 633 — 670.



98

Sharma, Y. C, Singh, B and Korstad, J. (2011). Advancements in Solid Acid
Catalysts for Ecofriendly and Economically Viable Synthesis of Biodiesel.
Biofuels, Bioproducts and Biorefining. 69 — 92.

Shibayama, M. and Tanaka, T. (1993). Volume Phase Transition and Related
Phenomena of Polymer Gels. Advances in Polymer Science. 109: 1 — 44,

Shivashankar, M. and Mandal, B. K. (2012). A Review on Interpenetrating Polymer
Network. International Journal of Pharmacy and Pharmaceutical Sciences,
4:1-17.

Silverajah, V. S. G., Ibrahim, N. A., Zainuddin, N., Yunus, W. M. Z. W. and
Hassan, H. A. (2012). Mechanical, Thermal and Morphological Properties of
Polylactic acid / Epoxidized Palm Olein Blend. Molecules. 17: 11729 —
11747.

Singha, N. K., Kavitha, A., Sarkerb, P. and Rimmer, S. (2008). Copper-Mediated
Controlled Radical Ring-Opening Polymerization (RROP) of A
Vinylcycloalkane, Chemical Community. 3049 — 3051.

Singh, V. K., Ramesh, S., Pal, K., Anis, A., Pradhan, Dillip K. and Pramanik, K.
(2013). Olive oil based novel thermo-reversible emulsion hydrogels for
controlled delivery applications, Journal of Materials Science: Materials in
Medicine. 25: 703 - 721

Singh, M., Kundu, S., Reddy, M. A., Sreekanth, V., Motiani, R. K., Sengupta, S.,
Srivastava, A. and Bajaj, A. (2014). Injectable Small Molecule Hydrogel As a
Potential Nanocarrier for Localized and Sustained In Vivo Delivery of
Doxorubicin. Nanoscale. 6: 12849 —12855.

Stefanidis, D. and Jencks, W. P. (1993). General Base Catalysis of Ester Hydrolysis.
Journal of American Chemists’ Society. 115: 6045 — 6050.

Souza, A. G. D., Santos, J. C. O., Conceicdo, M. M., Silva, M. C. D., and Prasad, S.
(2004). A Thermoanalytic And Kinetic Study Of Sunflower Oil. Brazilian
Journal of Chemical Engineering. 21: 265 — 273.

Suarez, S. N., Jayakody, J. R. P., Greenbaum, S. G., Zawodzinski, T.A.and
Fontanella, J. J. (2010). A Fundamental Study of the Transport Properties of
Aqueous Superacid Solutions. Journal of Physical Chemistry B. 114: 8941
8947.



99

Sudo, A., Suzuki, A. and Endo, T. (2013) Cationic Copolymerization Behavior of
Epoxide and 3-Isochromanone, Journal of Polymer Science, Part A: Polymer
Chemistry. 51: 4213 — 4220.

Taharim, R. M., Jai, Junaidah and Yaakub, N. (2012). Mechanical Performance of
Epoxidized Palm Olein-Epoxy Coatings on Metal Surface. International
Journal of Undergraduate Studies. 1: 48 — 53.

Teh, C. C., lbrahim, N. A. and Yunus, W. M. Z. W. (2013). Response Surface
Methodology for the Optimization and Characterization of Oil Palm
Mesocarp Fiber-graft-Poly(butyl acrylate). BioResources. 8(4):5244 — 5260.

Vashist, A., Shahabuddin, S., Gupta, Y. K. and Ahmad, S. (2013). Polyol Induced
Interpenetrating Networks: Chitosan—Methylmethacrylate Based
Biocompatible and pH Responsive Hydrogels for Drug Delivery System.
Journal of Materials Chemistry B. 1: 168-178.

Vinay, S., and Kundu, P.P. (2006). Addition Polymers from Natural Oils - A Review.
Progress in Polymer Science. 31: 983 —100.

Wade, L.G. Jr. (2006). Organic Chemistry. 6™ Ed. Pearson Prentice Hall. Upper
Saddle River, New Jersey, USA.

Wakita, K., Kuwabara, H., Furusho, N., Tatebe, C., Sato, K. and Akiyama, H.
(2014). A Comparative Study of the Hydroxyl and Saponification Values of
Polysorbate 60 in International Food Additive Specifications. American
Journal of Analytical Chemistry. 5: 199 — 204

Walker, F. H., Dickenson, J. B., Hegedus, C. R. and Pepe, F. R. (2002). Cationic
Polymerization of Emulsified Epoxy Resins, Progress in Organic Coatings.
45: 291-303.

Wang, K., Fu, Q., Li, W.F., Gao, Y. and Zhang, J.Y. (2012). Biodegradable, pH
Sensitive P(CL-Pluronic-CL-co-MAA-MEG) Hydrogel for 5-aminosalicylic
Acid Delivery. Polymer Chemistry. 3: 1539 — 1545.

Wang, R. and Schuman, T. P. (2013) Vegetable Oil-Derived Epoxy Monomers and
Polymer Blends: A Comparative Study with Review. eXPRESS Polymer
Letters. 7(3): 272 — 292.

Wong, H.L., Rauth, A.M., Bendayan, R., Manias, J.L., Ramaswamy, M., Liu, Z.S.,
Erhan, S.Z., Wu, X.Y. (2006). A New Polymer-Lipid Hybrid Nanoparticle
System Increase Cytotoxicity of Doxorubicin Against Multidrug-Resistant

Human Breast Cancer Cells. Pharmaceutical Research. 23: 1574 — 1585.



100

Xu, J., Zou, Y. F. and Pan, C. Y. (2002). Study on Cationic Ring-Opening
Polymerization ~ Mechanism  of  3-ethyl-3-hydroxymethyl  oxetane,
Journal of Macromolecular Science - Pure and Applied Chemistry. 39(5):
431 — 445,

Xia, Y. and Larock, R. C. (2010). Vegetable Oil-Based Polymeric Materials:
Synthesis, Properties, and Applications. Green Chemistry. 12: 1893 —19009.

Xu, J., Liu, Z. and Erhan, S. Z. (2008). Viscoelastic Properties of a Biological
Hydrogel Produced from Soybean Oil, Journal of American Oil Chemical
Society. 85: 285 — 290.

Yahaya, S. M., Mohd, A. F. and Mohamed, R. (2013). Synthesis and
Characterization of Palm Oil Based Polyol, Advanced Materials Research.
812: 275 — 280.

Yang, X., Chen, Z., Liu, J.,, Chen, Q., Liu, Q., Luo, M and Lai, G. (2016). A
Convenient Method for Preparation of Hydroxyl Silicone Oils with Ring
Opening Polymerization of Octamethylcyclotetrasiloxane (D4). Phosphorus,
Sulfur, and Silicon and the Related Elements, 191: 117 — 122.

Zangeneh, N., Azizian, A., Lye, L. and Popescu, R. (2002). Application of Response
Surface Methodology in Numerical Geotechnical Analysis. 55th Canadian
Society for Geotechnical Conference.

Zhang, Q. and Nguyen, H. M. (2014). Rhodium-Catalyzed Regioselective Opening
of Vinyl Epoxides with Et;N.3HF Reagent — Formation of Allylic
Fluorohydrins. Chemical Science. 5: 291 — 296.

Zhang, N., Shen, Y., Li, X, Cai, S. and Liu, M. (2012). Synthesis and
Characterization of Thermo and pH-sensitive Poly(vinyl alcohol)/poly (N, N-
diethylacrylamide-co-itaconic acid) Semi-IPN Hydrogels. Biomedical
Materials. 7: 1 —11.

Zhang, X. Z. and Chu, C. C. (2003). Synthesis of Fast Response, Temperature
Sensitive PINPAAm Hydrogel in Organic Solvent at Low Temperature.
Journal of Materials Chemistry. 13: 2457 — 2464.

Zhang, L., Huang, M., Yu, R., Huang, J., Dong, X., Zhang, R. and Zhu, J. (2014).
Bio-based Shape Memory Polyurethanes (Bio-SMPUSs) with Short Side
Chains in the Soft Segment. Journal of Materials Chemistry A. 2: 11490 —
11498.





