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ABSTRACT

Hydroxyl terminated natural rubber (HTNR) was prepared from
deproteinized natural rubber (DPNR) via oxidative degradation method in toluene at
80 °C, in the presence of cobalt (II) acetyl acetonate (CAA) as oxidizing agent and
sodium borohydride (NaBH.) as reducing agent. Gel Permeation Chromatography
(GPC) analysis revealed the molecular weight (MW) of the obtained HTNR were
69 000 g/mol (Mn) and 244 000 g/mol (Mw), respectively; while Fourier Transform
Infrared (FTIR) analysis confirmed the presence of hydroxyl groups in the prepared
HTNR. Subsequently, graphene oxide (GO) was grafted onto HTNR structure for the
improvement of thermal property using tetrahydrofuran (THF) as solvent with GO
loading of 5 and 10 wt%. The degree of crosslinking was determined based on the
residue analysis from thermal gravimetry analysis (TGA) and revealed almost no
grafting occurs for HTNR-g-GO of 5 wt% GO while HTNR-g-GO for 10 wt% GO
resulted in 8.5 % grafting. FTIR analysis of both samples show consistent finding
with the degree of crosslinking where the intensity of hydroxyl and epoxide peaks for
HTNR-g-GO (10 wt%) was higher compared to HTNR-g-GO (5 wt%). Meanwhile,
differential scanning calorimetry (DSC) analysis showed an improved thermal
stability of the prepared HTNR-g-GO in comparison to the HTNR and DPNR
sample. In conclusion, the addition of GO into HTNR via grafting process can be an

effective method for the preparation of nanocomposite with enhance properties.
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ABSTRAK

Getah asli berterminal hidroksil (HTNR) dihasilkan daripada getah asli
ternyahprotein (DPNR) dalam toluena melalui degradasi oksidatif pada suhu
80 °C, di hadapan kobalt (I1) asetil asetonate (CAA) sebagai ejen pengoksidaan dan
sodium borohiderat (NaBHs) sebagai ejen pengurangan. Analisis Kromatografi
Kebolehtelapan Gel (GPC) mendedahkan berat molekul (MW) daripada HTNR yang
diperolehi adalah 69 000 g/mol (Mn) dan 244 000 g/mol (Mw), masing-masing;
sementara Analisis Inframerah Jelmaan Fourier (FTIR) mengesahkan kehadiran
kumpulan hidroksil dalam HTNR yang disediakan. Selepas itu, grafin oksida (GO)
telah dicangkukkan ke dalam struktur HTNR untuk penambahbaikan sifat terma
menggunakan tetrahidrofuran (THF) sebagai pelarut dengan pemuatan GO 5 dan 10
wt%. Darjah sambung silang ditentukan berdasarkan analisis residu dari
termogravimetrik (TGA) dan mendedahkan hampir tidak ada cantuman terjadi untuk
HTNR-g-GO (5 wt%) sementara HTNR-g-GO untuk 10 wt% GO menghasilkan
8.5% cantuman. Analisis FTIR bagi kedua-dua sampel menunjukkan penemuan yang
konsisten dengan darjah sambung silang dimana intensiti puncak hidroksil dan
epoksida untuk HTNR-g-GO (10 wt%) adalah lebih tinggi berbanding dengan
HTNR-g-GO (5 wt%). Sementara itu, analisis kalorimeter pengimbas pembezaan
(DSC) menunjukkan kestabilan terma yang lebih baik daripada HTNR-g-GO yang
disediakan berbanding dengan sampel HTNR dan DPNR. Sebagai kesimpulan,
penambahan GO ke HTNR melalui proses cangkukkan boleh menjadi kaedah yang
berkesan untuk penyediaan nanokomposit dengan sifat-sifat yang lebih baik.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Natural rubber (NR) is a renewable polymeric material, which is produced by
Hevea brasiliensis trees. NR includes 94% polyisoprene in nearly 100% cis 1,4
polyisporene. Southeast Asian region is the world’s most important plantation area
for rubber. Thailand, Indonesia and Malaysia are three main producers with total
production indicating 75% of the global output (Krungsi Research, 2016). NR is
broadly used in the production of tires and general rubber goods (GRGS) such as
rubber hose, bumper, anti-vibration rubber, and conveyer belt. Samsuri (2010)

reported that, automotive industry is the most of natural rubber manufacture.

Moreover, NR is an important material with unique characteristics such as
good strength, elasticity, flexible, resilience and abrasion resistance. However, the
application of natural rubber is limited as it can be easily degraded by ozone,
exposure to light, oxidation and owing to the presence of C = C in polyisoprene
chain. Therefore, many researchers have concentrated on chemical modification of
natural rubber to provide added value to NR.

Chemically modified natural rubber has been developed widely to obtain new
functional polymeric materials. Hence, it opens many potentials to improve the
properties of natural rubber such as gas permeability, resistance to oil or fire
resistance. Several modifications had been done to modify natural rubber, including

cyclisation, epoxidation, halogenation, hydroboration, hydrogenation and



maleinization (Broosse J.C. et al., 2000; Heijden J.V.D, 2002). One of breakthrough
in this area of research is liquid natural rubber (LNR), which is depolymerised
natural rubber, containing a shorter polymeric chain. It is well recognized by its
stickiness, but it has excellent crosslinking reactivity with molecular weight (Mw)
lower than 10° (Heijden J.V.D, 2002). Several methods exist to manufacture liquid
natural rubber such as mechanochemical peptization, thermal, photolysis, mechanical
and redox method. Another benefit of liquid natural rubber is that the material can
enhance processability of natural rubber, since LNR can act as adhesive, sealing
agent, compatibilizer, plasticizer, viscosity modifier and caulking agent (Azhar et al.,
2016). Recently, LNR is employed in the reaction rather than natural rubber because
of easily dissolved in non-polar solvents, low molecular weight, contain reactive
terminal groups and easy to process (Kebir et al., 2005). However, due to the
presence of high proportion of elastic inactive chain, telechelic liquid natural rubber
(TLNR) has often been suggested.

TLNR is a modified LNR with shorter polymeric chains (less than 10 000
g/mol) and contains several reactive terminal groups. A popular example of TLNR is
hydroxyl terminated natural rubber (HTNR). There are few methods to construct
HTNR such as depolymerization of DPNR by redox degradation, photochemical
degradation, ozonolysis degradation, and oxidative degradation. Baharulrazi et al.
(2015) reported that oxidative degradation is the most desirable method in order to
obtain a low molecular weight of HTNR. In addition, it was found that the oxidative
degradation can yield HTNR with reactive terminated functional group (Giang et al.,
2016).

Hydroxyl terminated natural rubber is produced by deproteinized natural
rubber (DPNR) as a raw material. DPNR is a purified form of natural rubber (NR)
with very low nitrogen and ash contents. HTNR is suitable for further chain
extension and crosslinking, also it is useable as compatibilizer, adhesives,
vulcanizing mixtures for golf ball and tires. HTNR also has big potential in replacing
imported binder that is hydroxyl terminated polybutadiene (HTPB) (Onn et al.,
2014). In addition, more valuable product can be created by modifying HTNR which



contain hydroxyl groups (chain extension reaction) and has low molecular weight

lead to easy processing.

Chemical modification through addition of reinforcing filler into rubber
matrix to improve its properties has been an important field of investigation in rubber
industry. To name a few, this includes graphene (Papageorgiou et al., 2015), carbon
black (Grundfest et al., 1994), graphene oxide (Mao et al., 2013), carbon nanotubes
(Bokobza et al., 2012), multi-walled carbon nanotubes (MWCNT) (Ali et al., 2014).

Recently, the use of graphene as reinforcing filler has been widely reported
due to its outstanding properties such as has high surface area, high tensile strength,
superior electrical conductivity, high electron mobility, large aspect ratio, flexibility
and thermal conductivity (Kuilla et al., 2010). However, graphene is not always the
best selection due to its high manufacturing cost, difficulty for dispersion, lack
functional groups and hydrophobic.

Recently much attention has been devoted to graphene oxide, the oxidation
product of graphene. Graphene oxide (GO) has good dispersibility in water and other
organic solvents due to the presence of the oxygen functionalities. Graphene oxide
can be used as a filler for various polymer matrixes to increase mechanical and
thermal properties. The function of graphene oxide is electrical insulator because of
the disturbance of its sp? bonding networks (Papageorgiou et al., 2015). GO sheets
have apparent thickness of 1 nm and lateral size up to tens of micrometers. It gives
GO sheets very large surface area (Kim et al., 2010). GO can be produced from

Hummers or Brodie technique.

Paran et al. (2016) reported that the carboxylated nitrile butadiene rubber
(XNBR)-grafted halloysite nanotubes (HNTSs) effectively improve morphology and
mechanical properties of the PA6/ NBR TPEs by direct melt mixing method. Rosli,
N. A et al. (2016) reported that the addition of liquid natural rubber (LNR)
significantly improved the tensile and impact strength of poly(lactic acid)-natural
rubber (PLA-NR) by melt blending. Recently, Quan et al. (2018) studied that the



effect of graphene nanoplatelets (GNP) on the mechanical properties, fracture
toughness and lap shear strength of rubber-modified epoxy adhesive. The result
showed that the addition of GNP had no effect on the glass transition temperature.
The tensile modulus increased due to the addition of 0.1% GNP with not subsequent
enchance observed for higher GNP loading. The tensile strength was unaffected by
the addition small amount of GNP. A systematic decrease in lap shear strength was
determined due to the addition of GNP.

The addition of reinforcing filler into the natural rubber matrix is generally
through melt mixing, mixing solution as well as chemical modification. Melt mixing
is a preparation method chosen by industry because it combines low cost and speed
(J. Wu et al., 2013). The advantages of this method can be used for both polar and
non-polar elastomers (K.K. Sadasivuni et al., 2014). While mixing solution is the
most commonly used in academic studies for the production of natural rubber matrix
because the filler can be used and incorporated in the matrix without significant
processing (S.K. Kumar et al., 2013). Nevertheless, both melt and mixing solution
methods are associated with aggregation of filler within the composite structure
which is detrimental to the properties of the material.

Chemical modification, on the other hand, enables the interaction of filler and
polymer matrices by both non-covalent and covalent bonding. Non-covalent bonding
involves the intercalation of monomer between the layers of GNPs, thus producing
well-dispersed filler in the polymer matrix. The example of chemical modification is
grafting. Grafting is one of the most important technique. The advantages using this
method are better compatibility between filler and polymer matrix. Therefore, in this
research grafting method have been used to get good interfacial between GO and

HTNR thus increase thermal properties of HTNR.

1.2 Problem Statement

Natural rubber is high molecular weight cis 1,4 polyisoprene that is main

renewable material applied in many applications especially in manufacturing tires.



Natural rubber has excellent dynamic properties, tensile strength, tear strength and
elongation properties. However, due to the presence of C=C in polyisoprene chain,
natural rubber has less toughness, difficult to process, poorer ageing properties and
easily degraded by ozone. Therefore, chemical modification of natural rubber was

achieved to improve the properties of natural rubber.

Liquid natural rubber is modified natural rubber having similar structure as
natural rubber with low molecular weight and shorter polymer chain. Nor and Ebdon,
(1998) stated that, liquid natural rubber can flow at room temperature that makes
easy to mix and cheaper to process than natural rubber. Several methods can be used
to produce liquid natural rubber such as mechanochemical peptization, thermal,
photolysis, mechanical and redox method. However, due to the presence of high
proportion of elastic inactive chain end on LNR, it is better to used Telechelic Liquid
Natural Rubber (TLNR).

Telechelic liquid natural rubber (TLNR) is another type of liquid natural
rubber with lower molecular weight and contain functional groups. Example of
TLNR are hydroxyl terminated natural rubber (HTNR) and carboxyl terminated
natural rubber (CTNR). However, HTNR is more effective than CTNR because
HTNR is lower molecular weight than CTNR (lbrahim et al., 2014). HTNR is
modified liquid natural rubber which contains hydroxyl functional groups. Method
used to produce HTNR are photochemical degradation, redox degradation,
ozonolysis degradation and oxidative degradation. Based on (Baharulrazi et al.,
2015; Giang et al., 2016), oxidative degradation is the best method to produce
hydroxyl terminated natural rubber with low molecular weight and contain hydroxyl

functional groups.

To date various reinforcing fillers have been incorporated into NR/elastomers
in order to provide the enhancement in strength and toughness. Reinforcing fillers
such as carbon black, carbon nanotube, silica and montmorillonite have been
reported to improve the mechanical properties of rubber nanocomposites. Based on
Paran et al. (2016) reported that XNBR grafted HNTs can improve the morphology
and mechanical properties of PA6/NBR TPEs by direct melt mixing method.



However, there is no research have been reported on the addition of reinforcing filler

in to liquid natural rubber.

In this research, graphene oxide (GO), the oxidation product of graphene will
be inserted into hydroxyl terminated natural rubber (HTNR) backbone via grafting
method. HTNR is one type of telechelic liquid natural rubber with hydroxyl groups
as a dominant. The prepared material HTNR-grafted-GO will be served as novel
material with improved strength and toughness. To date graphene/NR nanocomposite
prepared using reactive liquid rubber has yet to be reported. The formation of
grafting will ensure a good adhesion/interfacial between GO and NR matrix thus

enhance the properties of the prepared nanocomposite.

1.3 Objectives

The objectives of this research are:

1. To synthesis hydroxyl terminated natural rubber (HTNR) from DPNR via

oxidative degradation method.

2. To characterise the prepared HTNR and HTNR-grafted-GO in terms of

molecular weight, grafting percentage and thermal properties.

1.4 Scope of Study

In order to achieved the objective, there are three scopes have that been identified in

this research:

1. HTNR from DPNR will be synthesised using oxidative degradation
method at 80 °C in the presence of cobalt (I1) acetyl acetonate (CAA) (5%



w/w) as oxidizing agent, sodium borohydride (NaBH4) for reduction

process, and ethanol (10% v/v).

. The grafting of graphene oxide (GO) into HTNR will be conducted using
tetrahydrofuran (THF) as the solvent and the solution will be stirred at

room temperature for 24 h.

. The percentage of graphene oxide was for 5% and 10% by weight of
HTNR in order to obtain better thermal properties.

FTIR, DSC, GPC, and TGA are used to characterise the HTNR and
HTNR-g-GO. FTIR is used to recognize the functional groups which
present in the HTNR and HTNR-g- GO structure. The molecular weight of
the prepared HTNR will be determined using GPC. DSC analysis is used
to measure the glass transition temperature of the HTNR before and after
the grafting. Finally, TGA is used to measure the stability of HTNR and
HTNR-g-GO as a function of temperature or time.



REFERENCES

Alam, S. N., Sharma, N. and Kumar, L. (2017). Synthesis of Graphene Oxide (GO)
by Modified Hummers Method and Its Thermal Reduction to Obtain Reduced
Graphene Oxide (rGO). Graphene. 6, 1-18.

Ali, A. M. and Ahmad, S. H. (2014). Mechanical Characterization and Morphology
of Polylactic Acid/Liquid Natural Rubber Filled with Multi Walled Carbon
Nanotubes. AIP Conf. Proc. 1571, 83-89.

Ali, U., Karim, K. J., Buang, N. A. and Hashim, S. (2017). Influence of Poly(Methyl
Methacrylate) grafted Multiwalled Carbon Nanotubes on The Mechanical and
Thermal Properties of Natural Rubber Nanocomposites. Journal of
Composites Materials. 0(0), 1-8.

Ayrat, D. M. and Eigler, S. (2017). Graphene oxide: Fundamentals and Applications.
John Wiley and Sons, Ltd.

Azhar, N. H. A., Jamaluddin, N., Rashid, H. M., Yusof, M. J. M. and Yusoff, S. F.
(2015). Studies on Hydrogenation of Liquid Natural Rubber Using Diimide.
International Journal of Polymer Science. 243038.

Azhar, N. H. A, Rashid, H. M. and Yusoff, S. F. (2016). Chemical Modification of
Liquid Natural Rubber. AIP Conf. Proc. 1784, 030024-1 — 030024-6.

Bae, S., Kim, H., Lee, Y., Xu, X,, Park, J. S., Zheng, Y., Balakrishnan, J., Lei, T.,
Kim, H. R., Song, Y. I, Kim, Y. J,, Kim, K. S., Ozylmaz, B., Ahn, J. H.,
Hong, B. H. and lijima, S. (2010). Roll to Roll Production of 30-inch
Graphene Films for Transparent Electrodes. Nat. Nanotechnol. 5, 574-578.

Baharulrazi, N., Nor, H. M., Ali, W. K. W. and Khairuddin, W. (2015). Hydroxyl
Terminated Natural Rubber (HTNR) as a Binder in Solid Rocket Propellant.
Applied Mechanics and Materials. 695, 174.



62

Bhowmick, A. K. and Stephens, H. L. (2001). Handbook of elastomers. (2" ed).
New York: Marcel Dekker.

Bin, S. A. (2010). Degradation of Natural Rubber and Synthetic Elastomers.
Materials Science and Materials Engineering. 3, 2407-2438.

Boccaccio, G. and de Livonniere, H. (1991). Chemical Changes in Liquid Natural
Rubber [LNR (Liquid Natural Rubber), ELNR (Epoxidized Liquid Natural
Rubber)]. Act. Chim. 2. 100-105.

Bokobza, L. (2012). Multiwall Carbon Nanotube-Filled Natural Rubber: Electrical
and Mechanical Properties. eXPRESS Polymer Letters. 6(3), 213-223.

Brandrup, J. and Immergut, E. H. (1989). Polymer Handbook. (Third edition). New
York: Wiley.

Brosse, J. C., Boccaccio, G. and Pautrat, R. (1981). Powdered Liquid Thermoplast
Natural Rubber. Processing. Symp. Malays. Rubber. Res. Dev. Board, Kuala
Lumpur, Malaysia. 195.

Brosse, J. C., Campistron, I., Derouet, D., Hamdaoui, A. E., Houdayer, S., Reyx, D.
and Ritoit-Giller, S. (2000). Chemical Modifications of Polydiene
Elastomers: A Survey and Some Recent Results. Journal of Applied Polymer
Science. 78(8), 1461-1477.

Brown, W. (2012). Polymer and Rubber Technology. Nottingham: Auris Reference.

Brydson, J. A. (1988). Rubbery Materials and Their Compounds. Amsterdam:

Elsevier.

Ciesielski, A. (1991). An Introduction to Rubber Technology. United Kingdom:
Rapra Technology.

Dahlan, H. M., Khairul Zaman, M. D. and Ibrahim, A. (2000). Liquid Natural Rubber
(LNR) as Compatibilizer in NR/LLDPE blends II: The Effect of Electory-
Beam (EB) Irradiation. Radiat. Phys. Chem. 64. 429-436.

Derouet, D., Phinyocheep, P., Broose, J. C. and Boccaccio, G. (1998). Synthesis of
Photocrosslinkable by Chemical Modification of Liquid Natural Rubber 1.
Introduction of Maleic Anhydride into Polyisoprene Structures. Eur. Polym.
J. 26.1301-1311.



63

Dreyer, D. R., Park, S., Bielawski, C. W. and Ruoff, R. S. (2010). The Chemistry of
Graphene Oxide. Chemical Society Reviews, 39 (1), 228—240.

Ganesh, B., Isloor, A. M. and Ismail, A. (2013). Enhanced Hydrophilicity and Salt
Rejection Study of Graphene Oxide-Polysulfone Mixed Matrix Membrane.
Desalination. 313, 199—207.

Geim, A. K. and Novoselov, K. S. (2007). The rise of graphene. Nature Mater.
6. 183-190.

Gelling, I. R. (1985). Modification of Natural Rubber Latex with Peracetic Acid.
Rubber Chemistry and Technology. 58-86.

Georgakilas, V. et al. (2012). Functionalization of graphene: covalent and non-
covalent approaches, derivatives and applications. Chemical reviews. 112,
6156-6214.

Giang, L. D., Thao, D. M., Huong, H. T. and Thu Hiep, L. T. (2015). Synthesis of
Hydroxyl Terminated Liquid Natural Rubber by Oxidative Depolymerization
of Deproteinized Natural Rubber. Tgp chi Khoa hoc va Céng nghé. 54(3),
340-346.

Grundfest, W. S. (1994). Carbon black blending in rubber. United Stated Patent.
38.523.

Heijden, J. V. D. (2002). Natuurrubber 28, 4™ quarter 2002. Newsletter of the

Rubber Foundation Information Center for Natural Rubber.

Herron, C. R., Coleman, K. S., Edwards, R. S. and Mendis, B. G. (2011). Simple and
Scalable Route for The ‘Bottom Up’ Synthesis of Few Layer Graphene
Platelets and Thin Films. Journal of Materials Chemical. 21(10), 3378-3383.

Ibrahim, A. and Dahlan, M. (1998). Thermoplastic Natural Rubber Blends. Prog.
Polymer Sci. 23, 665 — 706.

Ibrahim, S., Dark, R. and Abdullah, 1. (2014). Functionalization of Liquid Natural
Rubber via Oxidative Degradation of Natural Rubber. Polymers. 6, 2928—
2941.



64

Isa, S. Z., Yahay, R., Hassan, A. and Tahir, M. (2007). The Influence of Temperature
and Reaction Time in The Degradation of Natural Rubber Latex. The
Malaysian Journal of Analytical Science. 11(1). 42-47.

Jiang, X., Zhou, Q., Du, A., Zhao, T. and Wang, Y. Z. (2009). The 5" ISFR. 11-14
October. China.

Kang, H., Tang, Y., Yao, L., Yang, F., Fang, Q. and Hui, D. (2017). Fabrication of
Graphene/Natural Rubber Nanocomposites with High Dynamic Properties

Through Convenient Mechanical Mixing. Composites Part B. 112, 1-7.

Kawahara, S., Kakubo, T., Nishiyama, N., Tanaka, Y., Isono, Y. and Sakdapipanich,
J. T. (2000). Crystallization Behavior and Strength of Natural Rubber: Skim
Rubber, Deproteinized Natural Rubber and Pale Crepe. Journal of Applied
Polymer Science. 78. 1510-1516.

Kebir N., Campistron, 1., Laguerre A., Pilard, J. F., Bunel, C., Couvercelle, J. P. and
Gundard, C. (2005). Use of Hydroxy Telechelic Cis-1,4-Polyisoprene (HTPI)
in The Synthesis of Polyurethanes (PUs). Part 1. Influence of Molecular
Weight and Chemical Modification of HTPI on The Mechanical and Thermal
Properties of PUs. Polymer. 46. 6869-6877.

Kim, F., Cote, L., and Huang, J. (2010). Graphene Oxide: Surface Activity and Two-
Dimensional Assembly. Advanced Materials. 22(17), 1954-1958.

Kim, K. J., Zhao, Y., Jang, H., Lee, S. Y., Kim, J. M., Kim, K. S. et al. (2009).
Large-scale pattern growth of graphene films for stretchable transparent
electrodes. Nature. 457(7230), 706.

Koerner, H., Price, G., Pearce, N. A., Alexander, M. and Vaia, R. A. (2004).
Remotely Actuated Polymer Nanocomposites-Stress-Recovery of Carbon-

Nanotube filled Thermoplastic Elastomers. Nature Materials. 3, 115.

Kraus, G., Bartlesville, G. and Okla. (1972). Carbon Black Blending in Rubber.
(Grant. US 3675009 A).

Kuilla, T., Bhadra, S., Yao, D., Kim, N. H., Bose, S. and Lee, J. H. (2010). Recent
Advances in Graphene Based Polymer Composites. Progress in Polymer
Science. 35(11), 1350.



65

Kumar, S. K., Castro, M., Saiter, A., Delbreilh, L., Feller, J. F., Thomas, S., et al.
(2013). Development of Poly (isobutylene-co-isoprene)/Reduce Graphene
Oxide Nanocomposites for Barrier, Dielectric and Sensing Applications.
Matter Lett. 96, 109-112.

Kwart, H. and Hoffman, D. M. (1966). Observations Regarding the Mechanism of
Olefin Epoxidation with Per Acids. J. Org. Chem. 31(2), 419-425.

Li, Y., Zhang, L. and Hou, Z. (2017). Preparation and Properties of Graphene
Oxide/Glycidyl Methacrylate grafted Natural Rubber Nanocomposites.
Journal Polymer Environment. 25, 315-322.

Mahittikul, A., Prasassarakich, P. and Pempel, G. L. (2006). Hydrogenation of
Natural Rubber Latex in the presence of OsHCI(CO)(O2)(PCys).. Journal of
Applied Polymer Science. 100, 640-655.

Mao, Y., Wen, S., Chen, Y., Zhang, F., Panine, Pierre., Chan, T. W., Zhang, L.,
Liang, Y. and Liu, L. (2013). High Performance Graphene Oxide Based
Rubber Composites. Scientific Reports. 3: Article 2508.

Marcono, D. C., Kosynkin, D. V., Berlin, J. M. et al. (2010). Improved Synthesis of
Graphene Oxide. ACS Nano. 4(8), 4806—4814.

Mark, H. F. (1970). Encyclopedia of Polymer Science and Engineering. New York:
Wiley.

Minoura, Y., Kasuya, T., Kawamura, S. and Nakano, A. (1967). Degradation of
Poly(ethylene oxide) by High-Speed Stirring. Journal of Applied Polymer
Science. 5. 125-142.

Mohd Nor, H. and Ebdon, J. R. (1998). Telechelic Liquid Natural Rubber: A Review.
Prog. Polymer Science. 23, 143-177.

Nicholson, L. M., Whitley, K. S., Gates, T. S. and Hinkley, J. A. (2000). How
Molecular Structure Affects Mechanical Properties of An Advanced Polymer.
NASA Research.

Onn, M., Nor, H. M. and Ali Wan, W. K. (2014). Development of Solid Rocket
Propellant based on Isophorone Diisocyanate-Hydroxyl Terminated Natural
Rubber Binder. Journal Teknologi. 69. 53-58.



66

Pande, J. B., Raghunath, D. and Rama Krishnan, C. S. (1956). Hydrochlorination of
Natural Rubber Part I — Study of The Chemical Reaction. Makromol. Chem.
20(1), 181-195.

Papageorgiou, D. G., Kinloch, I. A. and Young, R. J. (2015). Graphene/Elastomer
Nanocomposites. Carbon. 95, 460-484.

Paran, S. M. R., Naderi, G. and Ghoreishy, M. H. R. (2016). XNBR-grafted
Halloysite Nanotube Core-Shell as a Potential Compatibilizer for Immiscible

Polymer Systems. Applied Surface Science. 382. 63-72.

Pautrat, R. and Marteau, J. (1976). Method for the Preparation of Rubbers with Low
Molecular Weights through Degradation of Macromolecular Polyenes and
the Products Thus Obtained. (U. S. Patent 3,957,737).

Pei, S. and Cheng, H. M. (2012). The Reduction of Graphene Oxide. Carbon.
50, 3210-3228.

Phetphaisit, C. W. (2003). A study of preparation of light colored photosensitive
liquid natural rubber. Doctor Philosophy, Mahidol University Thailand.

Phiri, J., Gane, P. and Maloney, T. C. (2017). General Overview of Graphene:
Production, Properties and Application in Polymer Composites. Materials

Science and Engineering B. 215, 9-28.

Pillai, V. B. and Francis, D. J. (1994). Interpenetrating Polymer Networks Based On
Liquid Natural-Rubber. 1. Synthesis and Effect of NCO OH Ratio on
Physical and Mechanical-Properties. 219, 67-76.

Puskas, J.E., Chiang, K. & Barkakty, B. (2014). Natural rubber (NR) biosynthesis:
Perspectives from polymer chemistry. In Chemistry, Manufacture and
Applications of Natural Rubber, edited by Kohjiya, S. & Ikeda, Y.
Cambridge: Elsevier. 30-67.

Pukkate, N., Kittai, T., Yamamoto, Y. Kawazura, T. Sakdapipanich, J. and
Kawahara, S. (2007). Nano-Matrix Structure formed by Graft-
Copolymerization of Styrene onto Natural Rubber. Eur. Polym. J. 43(8),
3208-3214.

Quan, D., Carolan, D., Rouge, C., Murphy, N. and Ivankovic, A. (2018). Mechanical
and Fracture Properties of Epoxy Adhesives Modified with Graphene



67

Nanoplatelets and Rubber Particles. International Journal Adhesion and
Adhesives. 81, 21-29.

Rajalingam, P., Radhakrishnan, G. and Francis, J. D. (1991). Thermoset
Polyurethanes from Hydroxyl-Terminated Natural Rubber. Journal of
Applied Polymer Science. 43, 1385-1386.

Ravindran, T., Gopinathan Nayar, M. R. and Joseph, D. (1988). Production of
Hydroxyl-Terminated Liquid Natural Rubber-Mechanism of Photochemical
Depolymerization and Hydroxylation. Journal of Applied Polymer Science.
35, 1227-1239.

Ravindran, T., Gopinathan Nayar, M. R. and Francis, D. J. (1991). Segmented Block
Copolymers based on Liquid Natural Rubber. Journal of Applied Polymer
Science. 42, 325-333.

Rosli, N. A. Ahmad, I., Anuar, F. H. and Abdullah, I. (2016). Mechanical and
Thermal Properties of Natural Rubber-Modified Poly(lactic acid)
Compatibilizer with Telechelic Liquid Natural Rubber. Polymer Testing. 54.
196-202.

Sadasivuni, K. K., Ponnamma, D., Thomas, S. and Grohens, Y. (2014). Evolution
from Graphite to Graphene Elastomer Composites. Prog. Polym. Sci. 39, 749-
780.

Saetung, A. (2009). Preparation of Polyurethane Foams from Hydroxytelechelic
Oligoisoprenes Obtained by Controlled Degradation of Natural Rubber:
Study of Their Physico-Mechnaical, Thermal and Acoustic Properties. Doctor

of Philosophy. Prince of Songkla University.

Sekhar. R. C. (2015). Chapter 2: Application and uses of graphene oxide and
reduced graphene oxide (pp 39-55). Research Gate.

Sheshmani, S. and Amini, R. 2013. Preparation and Characterization of Some
Graphene based Nanocomposite Materials. Carbohydrate Polymer. 96,
384-359.

Singh, V., Joung, D., Zhai, L., Das, S., Khondaker, S. I. and Seal, S. (2011).

Graphene based materials: Past, present.



68

Siong, S. C. (2008). Effect of Polystyrene-Modified Natural Rubber on The
Properties of Polypropylene/ Polystyrene Blends. Master of Science.

Universiti Sains Malaysia.

Song, J., Wang, X. and Chang, C. (2014). Preparation and Characterization of

Graphene Oxide. Journal of Nanomaterials. 276143.

Tanaka, Y., Tokyo, H., Hioki, Y., Wakayama, W., Ichikawa, N. and Hyogo, A.
(1994). Deproteinized Natural Rubber and Process for Producing the
Same. (European Patent 0 584 597 B1).

Tanaka, Y., Sakaki, T., Kawasaki, A., Hayashi, M., Kanamaru, E. and Shibata, K.
(1999). Production Process of Depolymerized Natural Rubber. (U. S. Patent
5,856,600).

Titelman, G.I., Gelman, V., Bron, S., Khalfin, R.L., Cohen, Y. and Bianco-Peled, H.
(2004). Characteristics and Microstructure of Aqueous Colloidal Dispersions
of Graphite Oxide. Carbon, 43, 641-649.

Uraneck, C. A., Hsieh, H. L. and Buck, O. G. (1960). Notes Telechelic Polymers.
Journal of Polymer Science. 46. 535-5309.

Wongthong, P., Nakason, C., Pan, Q., Rempel, G. L. and Kiatkamjornwong, S.
(2013). Modification of Deproteinized Natural Rubber via Grafting
Polymerization with Maleic Anhydride. European Polymer Journal. 49.
4035-4046.

Wu, J., Huang, G., Li, H., Wu, S., Liu, Y. and Zheng, J. (2013). Enhanced
Mechanical and Gas Barrier Properties of Rubber Nanocomposites with
Surface Functionalized Graphene Oxide at Low Content. Polymer,
54(7):1930-7.

Xiang, J. L. and Dr Zal, L. T. (2011). Thermal Conductivity of Exfoliated Graphite
Nanoplatelet Paper. Carbon. 49, 773-778.

Zhan, Y., Wu, J., Xia, H., Yan, N., Fei, G. and Yuan, G. (2011). Dispersion and
Exfoliation of Graphene in Rubber by An Ultrasonically—Assisted Latex
Mixing and In Situ Reduction Process. Macromol. Mater. Eng. 296, 590-602.



69

Zhang, H. B., Wang, J. W., Yan, Q., Zheng, W. G., Chen, C. and Yu, Z. Z. (2011).
Vacuum-Assisted Synthesis of Graphene From Thermal Exfoliation and
Reduction of Graphite Oxide. J. Mater. Chem. 21, 5392-5397.

Zhong, J. P, Li, S. D., Peng, Z. and Yu, H. P. (1999). Study on Preparation of
Chlorinated Natural Rubber from Latex and Its Thermal Stability. J. Apply.
Polym. Sci. 73, 2863.





