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CHAPTER I  
 

INTRODUCTION 

 
1.1 Motivation 

 
 Currently, the increasing concern of environmental consciousness and the 
concept of green chemistry has approached significant attention globally due to the 
increase of hazardous substances, waste and energy consumption. The concept of 
green chemistry concentrates on finding a friendly process for the environment and 
human health. For polymer processes, some of the most important commercial 
polymers are diene based polymers e.g., polyisoprene, polybutadiene, styrene 
butadiene rubber (SBR) and acrylonitrile butadiene rubber (NBR) containing olefinic 
groups within the polymer which are the basis for a variety of chemical modification 
reactions. One green (biodegradable and renewable) diene polymer is natural rubber. 
Due to its ability to crystallize under stretching with high impact resilience and tear 
strength, NR has outstanding mechanical and dynamic properties. It also exhibits low 
heat build-up with good formability[1]. However, it is deteriorated by thermal and 
oxidative degradation due to its unsaturated carbon–carbon double bonds in the 
polyisoprene backbone, which limits NR for outdoor applications. To improve the 
thermal properties, hydrogenation is a simple chemical modification which involves 
the reduction of the unsaturated carbon-carbon double bonds (C=C) to enhance 
stability against thermal and oxidative degradation of the diene-based elastomer. 
Most hydrogenation processes are carried out in the presence of an organic solvent 
which are usually toxic and cause damage to the environment. So, using aqueous 
media instead of organic solvents becomes more attractive since water is non-toxic, 
non-flammable, inexpensive, and is an environmentally friendly solvent. Thus, 
organic solvent-free hydrogenation would be a “green process” which may be an 
alternative approach in the future for the realization of a commercial process for 
green latex hydrogenation. 
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1.2 Green Process: Aqueous Media 

 
 Although a term only coined over the past decade, “Green Chemistry” is not 
a new concept or an approach. This concept can be applied throughout chemistry 
and chemical engineering because it can be applied to processes or procedures that 
may involve one or more of a number of issues: reduce or eliminate the use and 
generation of hazardous substances, reduce waste, reduce energy consumption, and 
utilize renewable resources [2]. These ideals are elegantly defined in Paul Anastas‖ 
principles of green chemistry which can be summarized in that all materials and 
energy inputs and outputs should be as inherently nonhazardous as possible and 
should be renewable rather than depleting resources and should prevent waste 
instead of having to clean up waste after it is formed. Moreover, material diversity in 
multicomponent products should be minimized to promote disassembly and value 
retention. In addition, the design of products, processes, and systems must include 
integration and interconnectivity with available energy and materials flows and 
should be designed to maximize overall efficiency and minimize energy consumption 
and materials used [3]. These concepts have not just been created; but indeed, the 
chemist and chemical engineer should always try to find better reaction selectivity 
and activity, better catalysts, and improved process conditions, without damaging 
human well-being and the environment. Therefore, developments in green 
chemistry, whether they involve improved syntheses, catalysis, new environmentally 
friendly solvents, alternative energy sources, renewable resources, or new 
technologies are important [4].  
 Focusing on organic solvents, a survey of past and present knowledge of toxic 
solvents reveals outstanding features and continuous development to preserve the 
health of people who are exposed to toxic solvents. People dealing with organic 
solvents have exhibited recognizable symptoms of ill-health, or have even died 
without accurate diagnosis of their cause. When solvents are judged to be toxic, 
measures should be instituted to prevent as far as possible the entry of the toxic 
substances into the body [5]. It is now possible to forecast through animal 
experiments whether a solvent is likely to be toxic to human beings and even to 
determine the probable nature and site of action of its toxic effect. Although much 
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deeper research may be needed to translate the effects of such animal experiments 
into human experience, preventing people from toxicity of organic solvents should 
be a first priority. 

An aqueous solution is a solution in which the solvent is water. The word 
aqueous means pertaining to, related to, similar to, or dissolved in water. As water is 
an excellent solvent and is also naturally abundant, it is an ubiquitous solvent in 
chemistry. Substances which are hydrophobic ('water fearing') often do not dissolve 
well in water whereas those that are hydrophilic ('water-loving') do. Water is a natural 
solvent. Molecular interactions and biochemical transformations in living systems 
mostly occur in an aqueous environment. Nevertheless, the use of water as a 
solvent in modern synthetic chemistry practically disappeared when the role of 
highly polar organic solvents endowed with solvation properties was recognized. The 
lack of water-solubility of organic compounds, along with the water-sensitivity of 
some reagents or reactive intermediates, prevented chemists from thinking about 
water as a solvent for organic synthesis. However, using aqueous media was 
rediscovered in the 1980s in cycloaddition of cyclopentadiene with methyl vinyl 
ketone [6]. The rate of the cycloaddition of cyclopentadiene in water was enhanced 
by a factor of more than 700 compared with the reaction in isooctane 
 The green credentials of water as a solvent are that it is nonflammable, not 
combustible, and nontoxic. In addition, its polarity and density make it easy to 
separate from most organic compounds, and it has favorable thermal properties. 
Hydrophobic effects and hydrogen bonding can each contribute to the rate 
enhancement of some reactions in water [4]. In addition, the low solubility of oxygen 
in water can facilitate the use of air sensitive transition metal catalysts in air. The use 
of water as a solvent implies that there is no need for protection-deprotection 
processes for acidic hydrogen-containing functional groups, thereby increasing 
synthetic efficiency. Similarly, laborious derivatization processes are not necessary for 
water-soluble compounds such as carbohydrates. Potential drawbacks include the 
low solubility of organic substrates and reactions involving water sensitive 
compounds, though it is noteworthy that larger rate increases are sometimes found 
for insoluble substrates. 
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1.3 Natural Rubber 

 
 Natural rubber (NR) is used as a general propose elastomer and is often 
irreplaceable by other synthetic rubbers due to its unique mechanical properties 
such as high tensile strength with high flexibility and low heat build-up. Thus, NR is 
normally applied in various industries such as the tire industry, medical equipment 
and for engineering thermoplastic materials. NR latex is obtained from the milky 
secretion which is largely produced from tapping the para rubber tree or “Hevea 
Brasiliensis”, which is an original native of the tropical rain forest in the Amazon Basin 
in Brazil. Nowadays, most NR in the world is supplied from Southeast Asia, mainly 
Thailand, Malaysia and Indonesia. The statistics for NR gross exportation is shown in 
Figure 1.1. 
 

 

Figure 1.1 Gross Exports of Natural Rubber 2002-2010 (Thai rubber statistic, The 
Thai Rubber Association) [7]. 

 
 NR latex contains rubber particles suspended in an aqueous serum phase. 
The latex exuded from cutting is called fresh NR latex or fresh latex. The chemical 
structure of NR latex  mainly consists of cis-1,4 polyisoprene higher than 94%, 
initiating-ends (-terminal group) and terminating-ends (-terminal group) (Figure 1.2) 
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with a molecular weight of 100,000 to 1,000,000 [8]. The fresh latex is composed of 
approximately 30 – 40% dry rubber content (DRC) and 5 – 10% of non-rubber 
components such as proteins, lipids, carbohydrates and inorganic salts. The 
composition depends on the clones and age of the rubber tree including the tapping 
method. A typical fresh latex composition is shown in Table 1.1 
 

 

Figure 1.2 The chain structure of NR. [8]. 

 
Table 1.1 Composition of NR Latex [9]. 

Composition  wt.% 

Water 55 

Rubber hydrocarbon 35 

Protein 4.5 

Acetone extraction 3.9 

Amino acid 0.2 
Quebrachitol 1 

Inorganic salts 0.4 
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 Hevea rubber is a very high molecular weight polymer with a broad 
molecular weight distribution (MWD). The broad MWD of hevea rubber is presumed 
to be derived from the branching and crosslinking reactions by certain special 
functional groups in the rubber molecules. The NR in dry solid form consists of  two 
components which are called “sol” and “gel” [10]. The sol phase is the rubber 
component which dissolves easily in solvents such as cyclohexane, toluene, 
tetrahydrofuran (THF), etc., while the gel phase is insoluble but swells in the same 
solvent. Commercially dry Hevea rubber contains 5-50% gel component, depending 
on the clonal origin of the rubber, processing conditions, time and the storage 
temperature. The true gel phase in NR is presumed to consist of small crosslink latex 
particles or “microgels” [11] as shown in Figure 2.5. The microgels are combined into 
a matrix with the sol fractions and form an apparent gel phase. Since the gel phase 
in NR comprises nitrogenous and mineral components higher than the sol phase, it 
can be postulated that the gel phase is linked up with the network of proteins via 
hydrogen bonding. The removal of gel content in the rubber can be performed by 
deproteinization, transesterification and saponification [12]. These treatments can 
decompose the branching and crosslinks that include protein and fatty acid ester 
groups, respectively. This can be attributed to the fact that the branching and 
crosslinks are composed of two types of branch-points. One is presumed to be 
formed by the intermolecular interaction of proteins and another by phosphoric 
ester groups and long chain fatty acid ester groups as shown in Figure 2.6. Moreover, 
the gel phase in Hevea rubber is sometimes classified as “loose gel” or “soft gel” 
and “tight gel” or “hard gel”. The soft gel is derived from the various non-rubber 
components, which can be decomposed by chemical reaction such as enzymatic 
deproteinization transesterification and saponification [12]. On the other hand, the 
hard gel is formed by crosslinking of unsaturated rubber chains, and cannot be 
decomposed by chemical reaction. 
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Figure 1.3 Presumed structure of branching and crosslinking of natural rubber [12]. 

 

 

1.4 Chemical Modification: Hydrogenation of Diene Polymers 
 

 Some of the most important commercial polymers are diene based 
polymers, e.g., polyisoprene, polybutadiene, styrene butadiene rubber (SBR) and 
acrylonitrile butadiene rubber (NBR). Their usefulness to scientists and engineers 
forms the basis for a variety of chemical modification reactions that are made 
possible because of the presence of the olefinic group within the polymer. Chemical 
modification of polymers is a post-polymerization process. In the broadest sense, 
chemical modification could include reactions such as crosslinking, grafting, 
degradation, oxidation, isomerization, and cyclization. Its main use is to produce 
polymers with desirable physical and chemical properties that are not accessible by 
standard polymerization techniques. In the past several years, considerable interest 
has been expressed in the modification of diene polymers by metal-catalyzed 
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reactions such as hydrosilylation, hydrocyanation, hydrocarboxylation, 
hydrofromylation, hydrooxymethylation, and hydrogenation. Among these, 
hydrogenation has been the most widely investigated. The subject has been 
reviewed previously; however, since the publication of these reviews there has been 
a surge of new research on this subject, and this current review will illustrate the 
progress made in the field over the last 15 or so years [13, 14]. 
 Hydrogenation in itself simply reduces the degree of unsaturation in the 
diene polymer. Nevertheless, it leads to significant changes in the chemical and 
physical properties of the polymer. The reasons for carrying out this process are 
quite varied, and hydrogenated diene polymers are being used in an ever-growing 
number of applications, such as in research examining polymer structure and 
morphology. The major utilization has been in applications that require material with 
enhanced resistance to thermal and oxidative degradation. Possibly, the only factor 
that has prevented hydrogenated polymer from being used in a wide range of 
applications is the fact that they are relatively expensive to produce. Conversely, the 
ever-growing body of research on hydrogenated polymers suggests that this 
economic factor is becoming less important or that lower cost processes are 
becoming more feasible. 
  Hydrogenation of polymers can be achieved by both catalytic and 
noncatalytic methods. There are some recent citations of the use of noncatalytic 
hydrogenation of diene polymers. The main method of noncatalytic hydrogenation is 
by diimide reduction using hydrazide as the reagent. This method has one major 
advantage over others in that it circumvents the need for specialized hydrogenation 
apparatus. Despite this advantage, studies into the catalytic hydrogenation of diene 
polymers are by far more numerous.  
 Within the general heading of catalytic hydrogenation, there are examples of 
the use of both heterogeneous and homogeneous catalyst systems. The use of 
heterogeneous catalysts is still prevalent, however, the majority of new 
developments in the field of catalytic hydrogenation over the last few years have 
involved the use of homogeneous catalysis because it provides a better opportunity 
to realize quantitative  and selective hydrogenation of carbon-carbon unsaturation 
[15]. 
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 1.4.1 Non-Catalytic Hydrogenation 

 

The hydrogenation of rubber generally requires hydrogen, an  organic solvent, 
and a metal catalyst; therefore, an alternative way of diimide reduction was 
developed [16]. The numerous sources of diimide mentioned below were discovered 
through the uncatalysed hydrogenation of olefins. Diimide hydrogenation is divided 
into two steps: (1) the reaction between hydrazine and hydrogen peroxide to 
produce the diimide and (2) the reaction between diimide and carbon–carbon 
double bonds to form the hydrogenated polymer, as given by the following 
equations: 

 

N2H4 + H2O2 N2H2 + 2H2O (1.1) 

 

N2H2 + R1HC=CHR2 N2 + R1H2C-CH2R2  (1.2) 

 

The source for releasing diimide as an active species from the redox reaction 
of hydrazine hydrate (N2H4) with hydrogen peroxide (H2O2) as a strong oxidizing agent 
is energetically favorable due to the production of the final product in latex form 
and the absence of any organic solvent [17]. Furthermore, this technique could be 
operated without high hydrogen pressure equipment. 

Diimide reduction has been applied for the hydrogenation of carbon-carbon 
double bonds within acrylonitrile-butadiene rubber (NBR) with a hydrogenation 
degree of 81% [18] and NR latex with a hydrogenation degree of 67% [19]. However, 
a low degree of hydrogenation of NR was obtained due to the larger size of the 
rubber particles (0.2-2 µm). 

Wideman [16] studied the use of the diimide reduction method to 
hydrogenate NBR latex. The N2H4/H2O2 (or oxygen) redox system was used to 
generate an in situ diimide (N2H2). 80% hydrogenation was achieved when copper ion 
(or ferric sulfonate) was applied as a promoter. 
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Parker et al. [20] provided more refined results and a detailed process for the 
preparation of highly saturated NBR latex. The diimide hydrogenating agent was 

generated from the N2H4/H2O2 system at the surface of the polymer particles. 
Carboxylated surfactants, which were adsorbed at the latex particle surface, played 
an important role by forming hydrazinium carboxylates with hydrazine and copper 
ions. Then, the generated N2H2 intermediates were stabilized by copper ions (Cu2+) to 
effectively reduce the carbon–carbon double bonds.  

Simma et al. [21] reported on the diimide hydrogenation of skim natural 
rubber latex (SNRL) in a system of N2H4/H2O2 using cupric ion as promoter. Their 
results provided a degree of hydrogenation of 64.5% at a hydrazine: hydrogen 
peroxide ratio of 1.6:1 and a low copper sulfate concentration of 49.5 µM. The 
kinetic results of diimide hydrogenation of SNRL exhibited a first order behavior with 
respect to the carbon double bond concentration, and the apparent activation 
energy of the promoted (with cupric ion) and non-promoted hydrogenation (without 
cupric ion) of SNRL over the range of 60–80 ºC was found to be 9.5 and 21.1 kJ/mol, 
respectively.  

Xie et al. [22] reported on the hydrogenation of NBR latex via diimide 
reduction to produce HNBR by reduction of the gel content of the hydrogenation 
product to 15% while maintaining a high hydrogenation degree. The hydrogenated 
product exhibited good oil resistance, excellent thermo-oxidative resistance and 
good mechanical properties. The retention after thermal ageing in tensile strength 
and ultimate elongation was 98% and 96%, respectively.  

Lin et al. [23] investigated the hydrogenation of NBR latex via utilization of 
diimide. It was found that the use of boric acid as a promoter could produce a 
hydrogenation efficiency of nearly 100% and the hydrogenation efficiency by using 
promoters of copper ion, silver ion or ferrous ion were lower than that of boric acid.  

He et al. [24] studied the diimide hydrogenation of styrene-butadiene rubber 
(SBR) latex as a function of different particle sizes. It was found that the 
hydrogenation of carbon–carbon double bonds depended on the latex particle size 
and the extent of crosslinking in the particles. The SBR latex with a diameter of 50 
nm could be hydrogenated to the extent of 91% using a N2H4/H2O2 mole ratio of 1 
per mole of carbon-carbon double bonds. For the SBR latex with a diameter of 230 
nm, the hydrogenation degree was only 42%. The effect of particle size on the % 
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hydrogenation could be explained according to a “layer model”. The copper ion 
promoter was postulated as staying at the surface of the latex particles. By 
modulating the concentration of copper ions at the particle surface, a higher degree 
of hydrogenation could be attained. However, the gel fraction of SBR latex was 
increased after the hydrogenation. 

 

 1.4.2 Catalytic Hydrogenation in Organic Solvents 
 

Homogeneous catalysts are favoured for catalytic hydrogenation of 
unsaturated polymers because they have higher selectivity and do not have a 
macroscopic diffusion problem. In addition, the performance of homogeneous 
catalysts can be explained and understood at the molecular level [25]. There is 
much research reported on hydrogenation of synthetic diene-based polymers such 
as polybutadiene [26-28], styrene-butadiene copolymers (SBR) [29-31], acrylonitrile-
butadiene copolymers (NBR) [32-36], NR  [37-39] and grafted NR [40, 41] using 
homogeneous catalysts composed of transition metal complexes of Rh, Ir, Ru, Os 
and metallocenes including Ziegler-Natta type catalysts. For hydrogenation of latex 
rubber, there  are three possible methods for hydrogenation in the latex phase [42]; 
hydrogenation of the latex using oil soluble catalysts with an organic co-solvent, 
hydrogenation of latex using water soluble catalysts, hydrogenation of  latex using 
hydrazine and hydrogen peroxide. 

For hydrogenation of diene based copymers containing potentially reducible 
functional groups such as –CN,  Wilkinson‖s catalyst, RhCl(PPh3)3, has been well 
known to be the effective catalyst with high selectivity for reduction of the carbon-
carbon unsaturation. This catalyst can be produced in high yield and it is easy to 
handle because it has excellent stability in air. For the kinetics of polybutadiene 
hydrogenation catalyzed by RhCl(PPh3)3, the kinetic data for the hydrogenation were 
collected using a gas-uptake apparatus [43]. The polybutadiene hydrogenation was 
found to exhibit a first-order dependence on the carbon-carbon double bond, 
catalyst and hydrogen concentration. For the kinetics of hydrogenation of NBR 
catalyzed by RhCl(PPh3)3 and RhH(PPh3)4, the results indicated that the 
hydrogenation reaction had an inverse first-order dependence with respect to nitrile 
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concentration [34]. From the kinetic results, the reaction mechanism was proposed 
as shown in Figure 1.4. Moreover, another advantage of these Rh complexes for NBR 
hydrogenation is that the relative viscosity of hydrogenated product was constant 
when the polymer and catalyst loading was increased [44]. This implies that these 
complexes did not promote cross-linking or gel formation of NBR. 

 

RhClH2(CN)(PPh3)2

RhCl(CN)(PPh3)2 RhCl(PPh3)2

C C

RhClH2(PPh3)2

RhClH2(PPh3)3

C C

RhClH2(C=C)(PPh3)2

K4

K6, H2

K5,CN

K2, CN

K1, PPh3

K3,H2

 

Figure 1.4 Proposed reaction mechanism for NBR hydrogenation catalyzed by 
RhCl(PPh3)3  [34]. 

 

Homogeneous catalysts have been reported to increase the rate of rubber 
hydrogenation. High degrees of hydrogenation (≥97%) of cis-1,4 polyisoprene were 
achieved with a Ru(CH=CH(Ph))Cl(CO)(PCy3)2 concentration of 200 µM and 180 ºC in 
monochlorobenzene [45]. For the hydrogenation of natural rubber using 
Ru(CH=CH(Ph))Cl(CO)(PCy3)2, a degree of hydrogenation of 99% was obtained. The 
hydrogenation of NR led to an increase in the thermal stability of HNR without 
affecting its glass transition temperature (Tg) [37]. 

Hinchiranan et al. [38] studied the hydrogenation of natural rubber by using 
the homogeneous catalyst OsHCl(CO)(O2)(PCy3)2 for producing an alternating 
ethylene-propylene copolymer. The kinetic results showed that the NR 
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hydrogenation exhibited a first-order dependence on the carbon-carbon double 
bond and catalyst concentration.  It was also found that the hydrogenation rate was 
first-order and shifted to a zero-order depending on hydrogen pressure at lower to 
moderate hydrogen pressure which then decreased toward an inverse behavior at 
pressures higher than 41.4 bar. 

Mahittikul  et al. [39] studied the use of OsHClCO(O2)(PCy3)2 as an effective 
catalyst for hydrogenation of NR latex in chlorobenzene; however, impurities in NR 
latex such as protein and lypolipids reduce the catalytic activity. However, the 
presence of a sulfonic acid in the hydrogenation process could prevent to a 
considerable extent the poisoning of the osmium catalyst by impurities.  

Mohammadi  et al. [46] reported a useful method for the hydrogenation of 
acrylonitrile-butadiene rubber using Wilkinson‖s catalyst  under mild conditions. The 
process is selective to terminal or internal double bonds in the rubber backbone 
without any hydrogenation of the nitrile groups. Moreover, the Wilkinson‖s catalyst 
could be used for hydrogenation of chloroprene rubber [47]. The hydrogenated 
chloroprene rubber exhibited improvement in properties such as oxidative resistance, 
thermal degradation resistance and oil resistance. 

Escobar Barrios et al. [30] studied the hydrogenation of styrene-butadiene 
rubber (SBR) by using n-butyllithium in cyclohexane as the solvent and a catalyst 
promoter. The dissolved SBR in cyclohexane was homogeneously hydrogenated 
using a Ziegler-Natta catalyst, prepared from nickel acetylacetonate and n-
butyllithium. The Ziegler-Natta catalyst demonstrated an increase in selectivity 
towards the saturation of the 1,2- vinyl double bonds, as compared with the 1,4-
trans double bonds. 

Kongparakul et al [41] studied the catalytic hydrogenation of styrene-g-natural 
rubber (ST-g-NR) in the presence of OsHCl(CO)(O2)(PCy3)2. ST-g-NR was synthesized via 
emulsion polymerization using CHPO/TEPA as initiator. OsHCl(CO)(O2)(PCy3)2 was 
found to be an effective catalyst for hydrogenation of ST-g-NR in 
monochlorobenzene. From kinetic results, the hydrogenation of ST-g-NR exhibited a 
first-order dependence on [C=C]. The addition of acid could promote the 
hydrogenation rate of the ST-g-NR. The apparent activation energy over the range of 
120–160 ºC was found to be 83.3 kJ/mol. The hydrogenation improved the thermal 
stability of grafted NR without affecting its glass transition temperature.  
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Similarly, the hydrogenation of methyl methacrylate-g-natural rubber (MMA-g-
NR) using OsHCl(CO)(O2)(PCy3)2 as a catalyst was also studied [40]. Hydrogenation of 
grafted NR exhibited a first-order dependence on catalyst concentration, implying 
that the active complex is mononuclear. The addition of a small amount of acid 
provided a positive effect on the hydrogenation of grafted NR. The hydrogenation 
rate was dependent on the reaction temperature and H2 pressure. The apparent 
activation energy was found to be 70.3 kJ/mol. 

 
 1.4.3 Catalytic Hydrogenation in Aqueous Media 
 

Due to the toxicity of organic solvents, catalytic hydrogenation in aqueous 
media has become more attractive. Sulfonated triphenylphosphine derivatives as 
catalysts for hydrogenation are very interesting because they are easily synthesized 
[48]. There are some research reports on the hydrogenation of diene based polymers 
using sulfonated triphenylphosphine as a ligand. (RhCl(HEXNa)2]2 (HEXNa = 
Ph2P(CH2)5CO2Na) and RhCl(TPPMS)3 (TPPMS = PPh2(C6H4-m-SO3Na)) are efficient 
catalyst complexes for biphasic hydrogenation of polybutadiene-based elastomers, 
especially for low molecular weight polymers. In addition, the Rh/TPPTS complex 
(TPPTS = P(C6H4-m-SO3Na)3) is one such water-soluble catalyst complex which has 
found various applications in the biphasic hydrogenation of polymers. The structures 
of rhodium with different water-soluble ligands are shown in Figure 1.5. 
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Figure 1.5 Water-soluble rhodium complexes. 

Use of a biphasic catalyst is one alternative for hydrogenation of rubber latex. 
A biphasic catalyst is a type of organometallic catalyst that can react in aqueous 
media. It has become an alternative and emerging approach in modern homogenous 
catalytic reactions. Due to the fact that they can operate without organic solvent, 
this type of catalyst has been successful employed for the hydroformylation of 
olefins. However this method has a problem with mass transfer limitation between 
the organic phase and aqueous phase. The only one report was the hydrogenation of 
NBR latex by using water-soluble catalysts, such as RhCl(DPM)3 (DPM  = diphenyl 
phosphino benzene m- sulphonate) [49]. The hydrogenation of NBR latex was carried 
out at various pressures (1–50 kg/cm2), temperatures (50-90 °C) and catalyst 
concentrations (0.335-1.608 mmol). 63% hydrogenation was achieved at 75 °C at 
atmospheric pressure for 12 h. 

Mudalige et al. [50] reported that the water-soluble complexes 
[RhCI(HEXNa)2]2 (HEXNa = Ph2P-(CH2)5 –CO2Na) and RhCl(TPPMS)3 (TPPMS = 
monosulphonated triphenylphosphine) are effective catalysts for hydrogenation of 
polybutadiene (PB) and PB-based elastomers in aqueous/organic biphasic media. The 
% hydrogenation of rubber and extraction behavior of the catalyst in a solvent and 
the aqueous phase was considered. [RhCI(HEXNa)2]2 exhibited a reasonable activity 
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for polymer hydrogenation, especially for low molecular weight polymers, however, 
it did not satisfy the requirement for a hydrogenation of a 1,4 addition unit under the 
present experimental conditions. 

Kotzabasakis et al. [51] studied the hydrogenation of polybutadiene-1,4-block 
poly(ethylene oxide) (PB-b-PEO) catalyzed by Rh/TPPTS [TPPTS = P(C6H4-m-SO3Na)3] 
in a mixed micellar system. Effects of the surfactant, dodecyltrimethylammonium 
chloride (DTAC), addition and n-hexane addition were investigated. It was found that 
high catalytic activities (TOF>840 h-1) with 94 % hydrogenated C=C conversion were 
achieved in a micellar nanoreactor formed by DTAC when n-hexane was added to 
this system. It could be explained by model of a spherical Hartley ionic micelle as 
shown in Figure 1.6. The position of Rh in the micelle is dependent on the 
“Hydrophilic-Lipophilic Balance value”– or HLB value of the micelle system. N-
hexane and the DTAC surfactant were solubilized in the micelle core and stabilized 
the HLB value; therefore the rhodium can move to micelle core. 

 

 

Figure 1.6 Model of a spherical Hartley ionic mixed micellar containing Rh/TPPTS 
catalyst, PE-b-PEO and DTAC [51]. 

*Remark: X = Na
+
, 

etc. 
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Similar work was also carried out for hydrogenation of polybutadiene (PB) 
using Rh/TPPTS complex [52]. For PB hydrogenation, effects of temperature, the 
molar ratio of TPPTS/Rh and the polymer microstructure were investigated. Activity 
of the catalyst was high (TOF>900 h-1) for the biphasic hydrogenation of the 
completely water-insoluble heavy PB with a hydrogenated C=C conversion of 84 % 
at a temperature of 100 ºC and TPPTS/Rh molar ratio of 3. For PB with high 1,4-unit 
content, the catalyst activity was high in mixed micelles created by DTAC and Brij-35 
surfactants. For PB with a high 1,2 unit content, the catalyst activity was high in single 
micelles created by DTAC. 

Wei et al. [53] reported on a new approach for hydrogenation of acrylonitrile-
butadiene rubber (NBR) in latex form using RhCl(PPh3)3 as a homogeneous catalyst. A 
degree of hydrogenation greater than 95% was achieved in the absence of any 
organic solvent. Although the reaction rate for the direct hydrogenation of the NBR 
latex was slower than that of NBR in an organic solution, this process did not show 
any problems of cross-linking in the resulting product and could hydrogenate only 
the carbon-carbon double bonds. 

Wang et al. [54] studied the organic solvent-free hydrogenation of synthetic 
nitrile butadiene rubber nanoparticles emulsion using RhCl(PPh3)3 and the required 
additive triphenylphosphine. This plays a vital role in a ――green‖‖ latex hydrogenation 
process. The reaction has reached about 95 mol % conversion and no cross-linking 
was found. The kinetic study shows that the reaction is chemically controlled with an 
apparent activation energy of 100–110 kJ/mol. The latex hydrogenation of diene-
based polymers is performed in a three-phase reaction system, solid (polymer)–liquid 
(water)–gas (hydrogen), as descripted in Figure 1.7. 
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Figure 1.7 Illustrative diagram of three-phase latex hydrogenation of unsaturated 
polymer [54]. 

 

1.5 Objectives and Scope of Dissertation 
 

The principle objective of this research is to investigate the aqueous 
hydrogenation of nanosized polyisoprene (PIP) emulsion and NR latex using rhodium 
complex catalysts (RhCl3/PPh3, RhCl3/TPPTS and RhCl3/TPPMS). One approach is to 
improve the mechanical properties and thermal stability of the rubber. The focus on 
mechanical properties, thermal and ozone resistance of NR filled with hydrogenated 
nanosized polyisoprene (HPIP) is also included. 

In Chapter I, the concepts of green chemistry for chemical processes are 
reviewed. The fundamentals of catalytic hydrogenation of diene-based rubber in 
organic solvents and aqueous media are also described. 

In Chapter II, the experimental procedures for the aqueous-phase 
hydrogenation of PIP and NR latex as well as the preparation of PIP filled NR and 
HPIP filled NR are presented. The various techniques used for the characterization of 
hydrogenated rubber product are also given. 
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In Chapter III, the results of the influence of process variables on the 
hydrogenation of PIP emulsions in the absence of an organic solvent are presented. 
The kinetics of the aqueous-phase hydrogenation, as well as a reasonable 
mechanism for the hydrogenation of polyisoprene is discussed. The thermal stability 
of HPIP is also reported. 

In Chapter IV, the results for the organic solvent-free hydrogenation of natural 
rubber latex are reported. The effect of process variables on the hydrogenation level 
was investigated. The thermal stability of hydrogenated natural rubber (HNR) 
compared with HPIP is also presented. 

In Chapter V, for utilization of hydrogenated rubber in various applications, 
the mechanical properties, thermal resistance by ageing and ozone resistance of 
rubber blends are presented. PIP filled NR and HPIP filled NR were prepared. A 
discussion of the stress-strain behavior and surface morphology was included in 
order to compare the improved properties of the rubber composites with unfilled 
NR. 

In Chapter VI, the conclusions resulting from this study and recommendations 
for future work are summarized 

 

 

 



CHAPTER II  
 

EXPERIMENTAL 

 
2.1 Materials 

 
2.1.1 Synthesis of Nanosized Polyisoprene Emulsion 

 
Isoprene (IP) (Aldrich), sodium bicarbonate (NaHCO3) (Aldrich), sodium dodecyl 

sulphonate (SDS) (Sigma), sodium persulfate (SPS) (Fisher Scientific) and nitrogen gas 
(99.99%) (Praxair Inc.) were used as received for synthesis of the nanosized 
polyisoprene (PIP) emulsion. Methyl ethyl ketone (MEK) was obtained from Fisher 
Scientific for rubber precipitation, and d-chloroform (CDCl3, 99.8%) was purchased 
from Aldrich for NMR analysis. Distilled water was also used as the reaction media for 
all experiments. 

 
2.1.2 Aqueous-Phase Hydrogenation of Nanosized Polyisoprene 

Emulsion Using Rhodium Catalysts 

 
PIP emulsions were used for aqueous-phase hydrogenation. Catalyst 

precursors including rhodium trichloride (RhCl3.3H2O), triphenylphosphine (PPh3), 
trisulfonated triphenylphosphine (TPPTS) and monosulfonated triphenylphosphine 
(TPPMS) were purchased from Aldrich. Hydrogen gas (99.99%) was supplied by Praxair 
Inc. Methyl ethyl ketone (MEK) was obtained from Fisher Scientific for rubber 
precipitation, and d-chloroform (CDCl3, 99.8%) was purchased from Aldrich for NMR 
analysis. Distilled water was used as the reaction media for all experiments. 
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2.1.3 Aqueous-Phase Hydrogenation of Natural Rubber Latex Using 
Rhodium Catalysts 

 
Natural rubber latex with high ammonia content was provided by Thai Rubber 

Latex Corporation (Thailand) Public Company. Rhodium trichloride (RhCl3.3H2O) 
(Aldrich), triphenylphosphine (PPh3) (Aldrich), trisulfonated triphenylphosphine 
(TPPTS) (Aldrich) and monosulfonated triphenylphosphine (TPPMS) (Aldrich) were 
used as catalyst precursors for aqueous-phase hydrogenation. Hydrogen gas (99.99%) 
was supplied by Praxair Inc. Methyl ethyl ketone (MEK) was obtained from Fisher 
Scientific for rubber precipitation, and d-chloroform (CDCl3, 99.8%) was purchased 
from Aldrich for NMR analysis. Distillated water was used as the reaction media for all 
experiments. 
 

2.1.4 Pre-vulcanization 

 
For rubber sheet preparation, PIP and HPIP emulsion were used as nanofillers 

in NR. For the preparation of prevulcanized NR nanocomposites, high ammonia NR 
latex with 60% dry rubber content, with sulfur as the vulcanizing agent, zinc oxide 
(ZnO) and zincdiethyl dithiocarbamate (ZDEC) as vulcanization accelerators were 
obtained from the Rubber Research Institute of Thailand. 

 
2.2 Synthesis of Nanosized Polyisoprene Emulsion 

 
 A differential microemulsion polymerization technique was used for 
synthesizing PIP nanoparticles [55]. In a typical synthesis, 0.3 wt% of SPS initiator, 0.2 
wt% of SDS surfactant, 0.6 wt% of NaHCO3, and 90 mL of distilled water were 
charged into the 300-mL Parr reactor as shown in Figure 2.1. The solution was stirred 
at 300 rpm under a nitrogen atmosphere, heated to the reaction temperature of 
70°C, and then condensed isoprene monomer (IP/H2O=0.4 w/w) was continuously 
fed into the reactor at a feeding rate of 0.8 mL/min.  After the monomer addition 
was completed, the polymerization system was aged for 18 h to reach a maximum 
conversion. 
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Figure 2.1 Apparatus for nanosized polyisoprene synthesis. 

 
 After the polymerization of PIP was stopped, the monomer conversion and 
solid content of the PIP emulsion were determined by a gravimetric method and 
calculated from Eq. (2.1) and (2.2), respectively: 
 
 
 Conversion (%)  =               (2.1) 
 
 
 Solid content (%) =               (2.2) 
 
 
 
 

Weight of monomer reacted 
Weight of monomer charged 

x   100  

Weight of dry polymer 
Weight of polymer emulsion 

x   100 
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2.3 Aqueous-Phase Hydrogenation of Nanosized Polyisoprene Emulsion Using 
Rhodium Catalysts 

 
 All the hydrogenation reactions were carried out in a 300-mL Parr reactor with 
a catalyst addition and sampling device. The schematic diagram for the aqueous-
phase hydrogenation of the PIP emulsion is shown in Figure 2.2. In a typical run, 6 g 
of PIP emulsion was added to distilled water to give a 120 mL mixture ([C=C] = 125 
mM). The catalyst was weighed into a glass bucket and placed in the catalyst 
addition device, and the reactor was assembled. After flushing with hydrogen three 
times, the mixture was degassed by bubbling hydrogen gas for 30 min. The reaction 
system was then heated to the required temperature with agitation under 13.8 bar 
hydrogen. After temperature equilibrium was reached, the bucket containing the 
catalyst was dropped into the solution by pressurizing the catalyst addition device to 
the reaction pressure. Hydrogen gas was introduced into the reactor when required 
to maintain a constant reaction pressure throughout the reaction. After the reaction, 
the reactor was cooled to room temperature, vented of hydrogen and the reaction 
mixture was removed. The mixture was precipitated in MEK, The hydrogenation 
degree of HPIP was determined using 1H NMR spectroscopic analysis. 
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Figure 2.2 Schematic diagram for aqueous-phase hydrogenation of PIP emulsion. 

 

2.4 Aqueous-Phase Hydrogenation of Natural Rubber Latex Using Rhodium 
Catalysts  

 
 All the hydrogenation reactions were performed in a 300-mL Parr Reactor. 
The schematic diagram for the aqueous-phase hydrogenation of NR latex is shown in 
Figure 2.3. 1.5 g of NR latex (60% dry rubber content) was added to distilled water to 
give a 120 mL mixture ([C=C] = 125 mM). The catalyst was weighed into a glass 
bucket and placed in the catalyst addition device in the reactor. After the reactor 
was assembled, the mixture was flushed three times with hydrogen gas and 
degassed by bubbling hydrogen gas at 13.8 bar for 30 min. The reaction system was 
then heated to the required temperature at a stirring rate of 400 rpm. After the 
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desired temperature was reached, the bucket containing the catalyst was dropped 
into the reaction mixture by pressurizing the reaction system to the reaction 
pressure. The reaction temperature and hydrogen pressure were maintained constant 
throughout the reaction period of 6 h. After completion of the reaction, the reactor 
was cooled, and depressurized. The hydrogenated solid rubber was obtained by 
precipitation with MEK 
 

 

Figure 2.3 Schematic diagram for the aqueous-phase hydrogenation of NR latex. 
 
2.5 Preparation of NR/PIP and NR/HPIP Blends 

 
(i) Preparation of NR/PIP blends 

 
 For the preparation of pre-vulcanized NR/PIP blends, NR latex with a total 
solid content of 60% was selected to blend with PIP. The PIP emulsion was dropped 
into NR latex at various weight ratios (NR:PIP = 100:0, 90:10, 80:20, 70:30, 60:40) under 
a stirring rate of 300 rpm for 30 min to form a good dispersion of the NR/PIP 
composite. Then, surfur (1.5 phr) as vulcanizing agent, ZnO (2 phr) and ZDEC (1 phr) 
as accelerators were added into the mixture and the temperature was raised to 60°C 
with constant stirring at 300 rpm for 2 h. After reaction, the NR/PIP latex was cooled 
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to room temperature and cast on a raised glass plate having dimensions of 13 cm×13 
cm×3 mm. The cast sheet was dried at 70°C for 5 h.  
 For thermal ageing of the composites, tensile specimens were aged at 100ºC 
for 24 h in an air circulating ageing oven and the mechanical properties of the 
samples before and after ageing were measured to estimate the ageing resistance. 
 
 ii) Preparation of NR/HPIP Blends 
 
 The preparation of pre-vulcanized NR/HPIP blends was carried out according 
to the procedure mentioned in section 2.5 (i). 
 
2.6 Characterization 

 
2.6.1 Nuclear magnetic resonance (NMR) spectroscopy 

 
 Proton nuclear magnetic resonance (1H NMR) spectroscopy was used to 
confirm the actual final degree of hydrogenation of HNR and HPIP. The rubber 
sample was dissolved in CDCl3 at room temperature, and the spectra were recorded 
using an Advance Bruker 300 MHz spectrometer. Integration of spectra was used to 
determine the amount of characteristic protons of each structural unit in the 
polymer. The integration peak area for the saturated protons (-CH2- and –CH3) in the 
range of 0.8-2.3 ppm and the unsaturated protons (=CH) peak area at 5.2 ppm were 
measured in order to calculate the hydrogenation degree (HD) by using Eq. (2.3): 
 

  Hydrogenation degree (%) =       100
3

7






BA

BA        (2.3) 

where A and B are the peak areas of the saturated protons over the range 0.8-2.3 
ppm and the unsaturated protons at 5.2 ppm, respectively. An example of the 
calculation of the hydrogenation level is presented in Appendix A. The structure 
identification of the hydrogenated rubber was also interpreted from carbon-13 
nuclear magnetic resonance (13C NMR) spectroscopy. 
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2.6.2 Particle Diameter Measurement 

 
 For the determination of particle size, the number-average diameter (Dn) and 
particle size distribution of the PIP emulsion, NR latex, HPIP emulsion and HNR latex 
were measured using a dynamic light scattering technique (DLS, Nanotrac 
Instrument). 
 

2.6.3 Gel Permeation Chromatography (GPC) 

 
The number average molecular weight (Mn) and the weight average molecular 

weight (Mw) were determined using a gel permeation chromatography system 
(GPCMALLS, Wyatt Technology). HPLC grade tetrahydrofuran (THF) was used as the 
mobile phase at a flow rate of 1.0 ml/min. Samples of 0.1% (w/v) rubber solution 
were filtered through a 0.45 mm pore size filter and then 100 mL of the filtered 
samples were injected into the GPC for analysis. The molecular weight distribution 
was also determined by the polydispersity index (PDI) which equal to Mw/ Mn. 
 

2.6.4 Morphological Study 

 
The morphology of NR, PIP and its hydrogenated samples were examined 

using a transmission electron microscope (TEM) (JEOL, 80 kV). The 20-times diluted 
samples were stained with OsO4 and dropped on a copper grid. 
 

2.6.5 Thermogravimatic Analysis (TGA) 

 
 Thermogravimetric analysis (TGA) of NR, PIP and the corresponding 
hydrogenated samples was performed on a Perkin–Elmer Pyris Diamond TG/DTA. A 
sample weight of 10 mg was placed on a platinum pan, and heated from room 
temperature to 800 °C at a constant heating rate of 10 °C/min with a flow rate of 
nitrogen gas of 50 mL/min. The initial decomposition temperature (Tid) was 
determined from the intersection of two tangents at the onset of the decomposition 
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temperature; and the temperature at the maximum of mass loss rate (Tmax) was 
obtained from the peak maxima of the derivative of the TG curves. 
 

2.6.6  Differential Scanning Calorimetry (DSC) 

 
 Differential scanning calorimetry (DSC) of the samples was performed using a 
Mettler–Toledo DSC 822 instrument. The instrument signal was derived from the 
temperature difference. The sample in a crimped aluminum pan was cooled to -100 
°C using liquid nitrogen and then heated up to 25 °C with a temperature scan rate of 
20 °C/min. The midpoint of the transition region from the glassy to rubbery state was 
taken as the glass-transition temperature (Tg). 
 

2.6.7 Dynamic Mechanical Analysis (DMA) 

 
 Dynamic mechanical analysis (METTLER) in a shear mode was used to 
measure the dynamic mechanical properties of the PIP, NR, HPIP, HNR, NR/PIP and 
NR/HPIP blends samples. All samples were prepared as strips with dimensions of 
5x5x2 mm3, and analyzed with a strain of 20-m peak to peak displacement. The 
temperature was raised over range of -80 °C to 25 °C with a heating rate of 5 °C/min 
at an oscillation frequency of 10 Hz. The storage modulus (E) was determined from 
the elastic energy storage of the polymer. The loss tangent (tan ) was determined 
to obtain the glass transition temperature (Tg). 
 

2.6.8 Mechanical Properties of Vulcanized Rubber  

 
 Mechanical properties of vulcanized rubber, in terms of tensile strength, % 
elongation at break and modulus, were measured using a Universal Testing Machine 
(LLOYD model LR5K), according to the ASTM-412 method at a cross-head speed of 
500 mm/min. All samples were cut into dumbbell-type specimens using a Wallance 
die cutter. The data points were averaged from three measurements of the four 
specimens, and stress-strain curves were also recorded.  
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2.6.9 Ozone Resistance of Vulcanized Rubber 

 
 Ozone resistance of NR/PIP and NR/HPIP blends were studied using an ozone 
test chamber (HAMPDEN, Northampton, England) according to ISO 1431-1:2004. 
Before exposure to ozone, all rubber specimens were stretched by 20% elongation 
for 48 h in the absence of light under an ozone-free atmosphere. Then, the 
specimens were placed into an ozone test chamber for 72 h. The ozone 
concentration used was 50 parts per hundred million (pphm) under a temperature of 
40 °C. Photographs of the samples after testing were taken to investigate the cracks 
on the rubber surface. 
 



CHAPTER III  
 

AQUEOUS-PHASE HYDROGENATION OF NANOSIZED POLYISOPRENE EMULSION 
USING RHODIUM CATALYSTS 

 
3.1 Introduction 

 
 Polydiene-based polymers are widely used as rubber products, binders, and 
adhesives due to their high strength and good elastic properties. However, one 
disadvantage of these materials is their poor ageing behavior, which is caused by the 
oxidation of residual double bonds in the polydienes. Chemical modification of 
polydiene-based polymers by hydrogenation is one of the important methods for 
improving and changing the properties of unsaturated elastomers toward greater 
stability against thermal and oxidative degradation. Polyisoprene and NR have been 
used extensively in the automobile and adhesive industries. It is preferably used in 
blends with other rubbers, such as polybutadiene or styrene-butadiene rubber, to 
improve their processibility. Thus, hydrogenation of polyisoprene improves the heat 
and oxygen resistance of the rubber.  

With the recovery and recycling of the catalyst and eliminating the need for 
organic toxic solvents, latex hydrogenation provides substantial environmental and 
economical benefits [56]. Moreover, water is a non-toxic, non-flammable, 
inexpensive, and an environmentally friendly solvent. Therefore, catalysis in aqueous 
media fully implements the principles of “Sustainable/Green Chemistry” [57]. 

The propose of the present work was to study the aqueous - phase 
hydrogenation of PIP emulsions using water-soluble rhodium catalyst complexes. The 
influence of catalyst precursors and concentration, reaction temperature and 
hydrogen pressure on the hydrogenation degree (HD) and rate constant of the 
reaction were investigated. The thermal and dynamic mechanical properties of HPIP 
were also investigated. 
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3.2 Synthesis of nanosized Polyisoprene 

 
 The influence of SDS concentration on the particle size of the PIP emulsion 
is presented in Table 3.1. The particle size of PIP decreased with increasing surfactant 
concentration. The results implied that the nanosized PIP particle size could be 
controlled by the amount of surfactant. This behavior had a similar trend with that of 
the synthesis of nanosized poly(vinyl acetate) via microemulsion polymerization 
(41.5-89.2 nm) [58] and polystyrene via emulsion polymerization (62.5-94.0 nm) [59]. 
 From Table 3.1, the monomer conversion slightly increased with increasing 
surfactant concentration and reached a maximum of around 85% at a SDS 
concentration of 2.18 wt%. Increasing the amount of SDS did not affect the solid 
content of PIP (13.5-16.1%). The synthesis of nanosized PIP, initiated by an oil-soluble 
initiator, is believed to occur in the micelles. Consequently, the micelle number 
increased with increasing SDS concentration, as each micelle became smaller [60]. 
The small micelles resulted in a decrease in diffusion resistance resulting in a fast 
polymerization rate. In this work, PIP with a particle size of 22.3 nm, 43.9 nm and 
49.3 nm was selected for further hydrogenation. 
 
 

Table 3.1  Effect of SDS concentration on the particle size, monomer conversion and 

solid content of PIP synthesis. 

[SDS]  
(wt%) 

Dn  

(nm) 
Conversion 

(%) 

Solid 
Content  

(%) 
PDI 

0.25 49.3±1.0 69.3±2.3 13.4±0.3 0.010 
0.35 43.9±0.3 82.2±3.3 15.8±0.6 0.011 
0.69 32.8±0.6 83.6±3.0 15.9±0.6 0.007 
2.18 22.3±0.4 85.3±2.2 16.1±0.4 0.006 

Condition: [SPS] = 0.3 wt%; IP/H2O= 0.4 w/w; [NaHCO3] = 0.6 wt%; 
temperature=75ºC; stirring speed=300 rpm; reaction time = 18 h. 
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3.3 Characterization of PIP and HPIP 

 
(i) Nuclear magnetic resonance (NMR) spectroscopy 
 
The 1H NMR spectra of PIP and HPIP are shown in Figure 3.1. From Figure 

3.1a-c, the characteristic 1H NMR signal attributed to olefinic protons (5.15 ppm), -
CH2- (1.91 ppm) and -CH3 (1.67 ppm) were decreased; and the new signals, 
saturated -CH3 (0.8 ppm) and -CH2- (1.2 ppm), were observed after the 
hydrogenation process. The % HD was calculated from the change in the integral 
area of peaks representing protons for HPIP as presented in Appendix A. 

 

 

Figure 3.1 1H NMR spectra of samples: (a) PIP, (b) HPIP (29.8 % HD), and (c) HPIP 
(96.0 % HD). 
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The HPIP structure was confirmed by  13C NMR spectra as shown in Figure 
3.2. For the PIP structure in Figure 3.2a, the peaks at 139.3 ppm were attributed 
to the unsaturated carbon of cis-polyisoprene and trans-polyisoprene, and the 
signals at 125.7 and 125.9 ppm were attributed to the -CH of the unsaturated 
carbon of the cis- and trans-polyisoprene, respectively. The peaks at 26.8 and 
28.0 ppm belonged to the -CH2 of cis-polyisoprene while the peaks at 39.8 and 
40.0 ppm corresponded to the -CH2 of trans-polyisoprene. The peak of methyl 
groups of cis- and trans-polyisoprene appeared at 23.4 ppm, and the peak of -CH3 
of vinyl-polyisoprene peak was at 17.0 ppm. After hydrogenation, the peak in the 
region of 124–135 ppm corresponding to unsaturated carbon disappeared (Figure 
3.2b). In addition, the new peaks appearing at 19.6 and 32.7 ppm were attributed 
to -CH3 and CH, respectively, and the peaks at 32.7 and 24.4 ppm were attributed 
to CH2 of the saturated unit. It can be concluded that the C=C units in the PIP 
backbone were hydrogenated. 
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Figure 3.2 13C NMR spectra of samples: (a) PIP, (b) HPIP (96.0 % HD). 

 
 
(ii) Particle Diameter Measurement 
 
The particle size distributions of PIP and HPIP latex were analyzed by a 

dynamic light scattering technique (DLS), as shown in Figure 3.3.  After 
hydrogenation, the particle sizes of HPIP (28.5 nm)  increased by about 27.8% 
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from the initial PIP (22.3 nm) with the same distribution pattern. This confirmed 
that the PIP particles did not agglomerate during the hydrogenation process  

 

 

Figure 3.3 Polymer particle size distribution histograms: (a) PIP (22.3 nm) and (b) 
HPIP, 96.0 % HD (28.5 nm). 

 
3.4 Hydrogenation of PIP: Effect of Catalyst Ligands 

 
 The influence of catalyst precursors on the hydrogenation degree of PIP is 
presented in Table 3.2. At a phosphorus/rhodium (P/Rh) molar ratio of 3, the 
degree of hydrogenation (HD) of PIP increased in the order: RhCl 3/PPh3 < 
RhCl3/TPPTS < RhCl3/ TPPMS. Using RhCl3/PPh3 as catalyst, a low hydrogenation 
level was achieved due to the lipophilic behavior of the PPh3 ligand. This implied 
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that the RhCl3/PPh3 catalyst complex was formed as an individual droplet in 
aqueous media; and therefore, some carbon double bonds of PIP were 
hydrogenated in this system.  

 
Table 3.2  Effects of catalyst precursors on aqueous-phase hydrogenation of PIP. 

Entry Catalyst precursor 
P/Rh Molar 

ratio 
Dn (HPIP) (nm) % HD 

1 - - 27.2 2.6 
2 RhCl3/PPh3 3 28.3 25.3 
3 RhCl3/PPh3 9 28.3 22.5 
4 RhCl3/TPPTS 3 26.6 38.0 
5 RhCl3/TPPTS 4 26.4 29.8 
6 RhCl3/TPPMS 3 28.5 96.0 

Conditions:  initial Dn= 22.3 nm; [C=C] = 125 mM; time = 6 h; [Rh] =  250 µM; 
temperature = 140 ºC;  H2 Pressure = 41.4 bar. 

 

To explain the catalytic activity for the aqueous-phase hydrogenation of 
PIP, catalyzed by the Rh/TPPTS and Rh/TPPMS complexes, a Hartley ionic 
spherical micelle model [51, 52, 61-63] was proposed as shown in Figure 3.4. The 
micelle core is composed of the hydrophobic chain of the surfactant SDS where 
the PIP with the C=C unsaturation units are located. Surrounding the core is the 
Stern layer where the charged head groups (SO3

− of SDS and ligands) are located 
together, along with the counter ions (Na+ of SDS and the ligand) of the ionic 
micelle. The Gouy–Chapman double layer is the outer layer where the counter 
ions of Na+ are located. The rhodium atom is probably located on the polarity 
gradient between the Stern layer and the micelle core. The high polarity of TPPTS 
caused the rhodium atom to be located more at the Stern layer instead of the 
core of the micelle.  38.0 % HD occurred under this condition. In contrast, the 
polarity of the TPPMS is lower than that of TPPTS since there is one charged head 
group SO3

- in its structure. The rhodium atom of the Rh/TPPMS complex was 
more driven towards the micelle core. So, a high conversion (96.0 % HD) was 
achieved for hydrogenation using TPPMS as the catalyst ligand.  
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 The degree of hydrogenation of PIP decreased with an increase in the P/Rh 
molar ratio.  At the higher TPPTS/Rh molar ratio of 4 and PPh 3/Rh molar ratio of 
9, the hydrogenation degree was decreased to 29.8% and 22.5%, respectively. 
Decreasing olefin conversion at a higher P/Rh molar ratio could be explained by a 
competition for a coordination site on rhodium between the C=C units of PIP and 
the added free ligand which tends to retard the rate of hydrogenation. 
 

 

Figure 3.4  Representation of structures of PIP and HPIP catalyzed by a rhodium 
complex in a model of a Hartley ionic micelle, including micelle core, 
the Stern layer (SL), and the Gouy–Chapman double layer (GCL). 

 
3.5 Hydrogenation of PIP using RhCl3/TPPTS 

 For the aqueous-phase hydrogenation of PIP using RhCl3/TPPTS as catalyst, 
the effects of catalyst amount, reaction temperature, hydrogen pressure, and 
catalyst precursor ratio (P/Rh molar ratio) on hydrogenation are presented in 
Table 3.3. The results show that less than 50.0% hydrogenation of PIP was 
obtained when using Rh/TPPTS as catalyst for hydrogenation. Increasing the 
catalyst amount (125-375 M) and reaction temperature (110-150 ºC) enhanced 
the conversion. However, only a slight increase in the degree of hydrogenation 
was observed with increasing rhodium concentrations up to 375 M reaching a 
degree of hydrogenation of 39.0% (Entry 7-9). Similarly, the degree of 
hydrogenation increased with increasing reaction temperature up to 150  ºC 
approaching 40.1% hydrogenation (Entry 10-13). However, a low hydrogenation 
level was obtained when the hydrogen pressure (13.8-41.4 bar) and TPPTS/Rh 
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molar ratio (3-4) were varied (Entry 14-16). Previous work reported that using 
water-soluble transition metal Rh/TPPTS complexes for catalytic hydrogenation of 
an unsaturated polymer in aqueous media are efficient when the organic solvent, 
n-hexane, was added (water/n-hexane = 82/18 w/w) [51, 52]. In our work, all of 
experiments were carried out with no addition of organic solvent. Therefore, 
Rh/TPPTS was not effective for PIP hydrogenation in aqueous media for all of the 
conditions investigated. 
 
 
Table 3.3  Effects of process variables on hydrogenation of PIP using RhCl3/TPPTS as 

catalyst precursor. 
 

Entry 
[Rh] 
(µM) 

T  
(ºC) 

P  
(bar) 

P/Rh Molar 
ratio 

Dn (HPIP)  
(nm) 

%HD 

7 125 130 41.4 3 26.3 28.9 

8 250 130 41.4 3 26.9 30.1 

9 375 130 41.4 3 26.2 39.0 

10 250 110 41.4 3 24.3 13.2 

11 250 120 41.4 3 26.4 18.6 

12 250 140 41.4 3 26.6 38.0 

13 250 150 41.4 3 27.4 40.1 

14 250 150 27.6 3 25.3 38.8 

15 250 150 13.8 3 26.6 24.2 

16 250 140 41.4 4 26.4 29.8 

Conditions:  initial Dn= 22.3 nm, [C=C] = 125 mM; catalyst precursor = RhCl3/TPPTS 
time = 6 h. 
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3.6 Hydrogenation of PIP using RhCl3/TPPMS 

  
The influence of process variables on aqueous-phase hydrogenation of PIP 

in the presence of RhCl3/TPPMS was studied by varying the rhodium catalyst 
amount, reaction temperature and hydrogen pressure. The effects of all 
parameters on particle size and %HD are presented in Figure 3.5 – Figure 3.7 and 
discussed in detail as follows. 
 

3.6.1 Effect of Catalyst Concentration 

 
The effects of catalyst amount on the hydrogenation level and particle 

size after hydrogenation of PIP catalyzed by water- soluble Rh/TPPMS at 41.4 bar 
and 140 ºC are shown in Figure 3.5. The C=C conversion dramatically increased 
with increasing catalyst amount approaching 96.0% at rhodium concentrations 
over the range of 125- 250 M with the same trend for both particle sizes of PIP. 
In addition, the higher hydrogenation degree was achieved when the particle size 
of PIP was small (22.3 nm) compared to the large size PIP (43.9 nm).  A similar 
behavior regarding the dependence of the degrees of hydrogenation on catalytic 
concentration has been reported for hydrogenation reactions in aqueous med ia 
using Rh/TPPTS precursors [64]. In addition, the influence of catalyst concentration 
on particle size after hydrogenation of PIP using the Rh/TPPMS complex is shown 
in Figure 3.5. The particle size slightly increased 11.6 – 30.3% (25.0 - 28.1 nm from 
the initial particle size of 22.3 nm, and 49.0 – 57.2 nm from the initial particle size 
of 43.9 nm) with increasing catalyst amount (50 – 250 M) It could be concluded 
that an increase in the catalyst amount had no effect on the increase in PIP 
particle size after hydrogenation. 
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Figure 3.5 Effect of catalyst concentration on hydrogenation (  ) and 
particle size ( ) of PIP. Condition: initial particle size,  22.3 nm, 
 43.9 nm; [C=C] = 125 mM; time = 6 h; temperature = 140 ºC; H2 
pressure = 41.4 bar; catalyst precursor = RhCl3/TPPMS (P/Rh molar 
ratio = 3) 

 
3.6.2 Effect of Temperature 

 
The hydrogenation degree as a function of temperature for PIP 

hydrogenation using Rh/TPPMS catalyst in aqueous-phase systems is illustrated in 
Figure 3.6. The hydrogenation degree slightly increased with increasing 
temperature over the range of 100 - 120 ºC for both sizes of PIP. After increasing 
the reaction temperature above 120 ºC, a hydrogenation degree of 95.8% and 
96.0% was achieved at 130 and 140 ºC, respectively. For the influence of particle 
size, however, the high level of hydrogenation for the small size of PIP was 
achieved compared to the large PIP size. This can be explained in that high 
temperature could increase the probability of collisions between the reactant 
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with the polymer chain and accelerate the catalyst mobility to coordinate with 
the carbon-carbon double bond [18]. For the particle size after hydrogenation of 
PIP as shown in Figure 3.6, the reaction temperature does affect the HPIP particle 
size. The particle size increased 5.2 – 30.3% (25.0 - 28.6 nm from the initial 
particle size of 22.3 nm, and 46.2 – 56.0 nm from the initial particle size of 43.9 
nm) with increasing reaction temperature (120 – 140 ºC).  

 

 

Figure 3. 6  Effect of temperature on hydrogenation ( ) and particle size 
( ) of PIP. Condition: initial particle size,  22.3 nm,  43.9 nm; 
[C=C] = 125 mM; time = 6 h; H2 pressure = 41.4 bar; catalyst 
precursor = RhCl3/TPPMS (P/Rh molar ratio = 3); [Rh] = 250 µM. 

 
3.6.3 Effect of Hydrogen Pressure 

 
The dependence of the % HD on hydrogen pressure was studied over the 

range 6.9– 41.4 bar at 140 ºC and a rhodium concentration of 250 M. The results 
presented in Figure 6 indicated that the extent of hydrogenation increased with 
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an increase in hydrogen pressure up to 14 bar, and a high hydrogenation level for 
the small particle size PIP (22.3 nm) was achieved compared with the larger 
particle size PIP (43.9 nm). For  hydrogen pressures above 14 bar, the 
hydrogenation level tended to slightly increase to 96.0% with increasing hydrogen 
pressure (27.6 - 41.4 bar) for both particle sizes of PIP used. In addition, the PIP 
tended to have the same hydrogenation level independent of the initial particle 
size of PIP. Previous work reported a similar behavior regarding the effect of 
hydrogen pressure on catalytic hydrogenation of polyisoprene and NR using 
ruthenium [37, 45] and osmium complexes [38, 65]. In addition, the influence of 
hydrogen pressure on HPIP particle size is shown in Figure 3.7. The particle size 
increased by 8.4 – 32.7% (25.3 – 29.6 nm from the initial particle size of 22.3 nm, 
and 47.6 – 56.0 nm from the initial particle size of 43.9 nm) with increasing 
hydrogen pressure (6.9 – 41.4 bar). 

 

 

Figure 3. 7   Effect of hydrogen pressure on %hydrogenation ( ) and particle 
size ( ) of PIP. Condition: initial particle size,  22.3 nm,  43.9 
nm; [C=C] = 125 mM; time = 6 h; temperature = 140 ºC; catalyst 
precursor = RhCl3/TPPMS (P/Rh molar ratio = 3); [Rh] = 250 µM. 
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3.7 Conversion Profile for PIP Hydrogenation 

 
A detailed kinetic study of the aqueous-phase hydrogenation of PIP in the 

presence of RhCl3/TPPMS has been conducted in an attempt to gain a better 
understanding of the reaction mechanism. The hydrogenation degree versus 
reaction time profiles for various process variables are shown in Figure 3.8a and 
3.9a. The conversion of double bonds was dramatically increased with time 
initially, and then leveled off. The hydrogenation rate exhibits an apparent first -
order rate law dependence on the carbon-carbon double bond concentration, as 
described by Eq. (3.1).  

 
 
  (3.1) 
 
The fractional hydrogenation conversion, x is defined as 
 
       x     =     1  -  [C=C]t / [C=C]0 (3.2) 

 
where [C=C]t is the double bond concentration at reaction time t and [C=C] 0 is 
the initial double bond concentration. Eq. (3.1) and (3.2) can further be expressed 
in terms of Eq.(3.3) 

 
 ln(1 – x)   =   -kt (3.3) 
 
Plots of ln(1 - x) versus time fit a first-order rate expression very well, and 

thus, the rate constant (k) at various reaction conditions can be obtained from 
straight-line first-order plots of ln(1 - x) versus time, as shown in Figure 3.8b and 
3.9b. A summary of the results showing the effect of the reaction variables on the 
rate constant is provided in Table 3.4. 

The rate constants for hydrogenation of various initial particle sizes of PIP and 
catalyst concentrations (at 140 ºC and 41.4 bar of hydrogen pressure) are presented 
in Table 3.4 (entry 17-20). The rate constants for PIP particle sizes of 22.3, 38.1 and 

-d [C=C] 

dt 
=     k[C=C] 
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49.3 nm were 10.4810-5, 5.8010-5 and 2.9010-5 (s-1), respectively. Thus, the 
hydrogenation rate decreased as expected with increasing initial particle size over the 
range of 22.3 – 49.3 nm. A higher double bond reduction rate for a small particle can 
be explained in that the aqueous-phase hydrogenation using Rh/TPPMS occurred at 
the outer surface of the particle and transferred to the inner part of the particles of 
PIP. The rhodium catalyst diffused through the smaller particles at a higher rate than 
through the larger particles resulting in an increase in the degree of hydrogenation. 
Related work reported a similar behavior regarding the effect of particle size on 
diimide hydrogenation of polyisoprene [66]. The effect of catalyst concentration on 
the rate constant of hydrogenation in aqueous media (140 ºC under 41.4 bar of 
hydrogen pressure) (entry 17 and 20) showed that rate constant increased with 
increasing rhodium concentration (125 and 250 µM). 
 The rate constants of hydrogenation at various hydrogen pressures and 
reaction temperatures (22.3 nm PIP particle size and 250 µM of catalyst 
concentration) are presented in Table 4 (entry 17, 23-24). The rate constants of PIP 
hydrogenation at 13.8,  27.6  and 41.4 bar were 6.2710-5, 8.4010-5 and 10.4810-5 
(s-1), respectively. Therefore, the rate constant was linearly proportional to the 
hydrogen pressure. This first-order behavior implied that a single mechanistic 
pathway is probably involved in the reaction of the polymer with hydrogen. Previous 
work reported a similar behavior regarding the effect of hydrogen pressure on the 
hydrogenation of polyisoprene using a ruthenium catalyst [45].  

With respect to the influence of reaction temperature (120 - 140 ºC) on the 
aqueous-phase hydrogenation (22.3 nm of initial PIP particle size, 250 µM of catalyst 
concentration, and 41.4 bar of hydrogen pressure) (entry 17, 21-22), the rate 
constants of PIP hydrogenation at 120, 130 and 140 ºC were  1.8510-5, 4.5610-5 
and 10.4810-5 (s-1), respectively. The hydrogenation rate increased with increasing 
reaction temperature because the activity of the rhodium catalyst was limited at 
lower temperature [42, 45]. The effect of temperature on the rate constant can be 
represented by a good linear Arrhenius plot and yielded a correlation coefficient (R2) 
of 0.99. The activation energy calculated from a least squares regression analysis of a 
plot of ln(k) versus 1/T was 117.0 kJ/mol. This further provides evidence that the 
kinetic data were obtained without severe mass transfer limitations and the diffusion 
of the reactants was not the main rate-determining factor under these conditions. 



 

 

45 
 

For hydrogenation of polybutadiene using RhCl(PPh3)3 in toluene, an activation 
energy value of 102 kJ/mol was reported [26]. 

 

Figure 3.8 (a) Conversion profile and (b) first order ln plot of PIP hydrogenation at 
various initial Dn. and catalyst concentration. Condition: [C=C] = 125 
mM; temperature = 140 ºC; H2 pressure = 41.4 bar; catalyst precursor 
= RhCl3/TPPMS (P/Rh molar ratio = 3). 
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Figure 3.9 (a) Conversion profile and (b) first order ln plot of PIP hydrogenation at 
various hydrogen pressures and temperatures. Condition: [C=C] = 125 
mM; catalyst precursor = RhCl3/TPPMS (P/Rh molar ratio = 3); [Rh] = 
250 µM. 
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Table 3.4 Rate constant of hydrogenation of PIP using RhCl3/TPPMS as catalyst 
precursor. 

Entry 
Initial Dn 

(nm) 
[Rh]  
(µM) 

T  
(ºC) 

P  
(bar) 

k'x105  

(s-1) 
17 22.3 250 140 41.4 10.48 
18 38.1 250 140 41.4 5.80 
19 49.3 250 140 41.4 2.90 
20 22.3 125 140 41.4 5.26 
21 22.3 250 130 41.4 4.56 
22 22.3 250 120 41.4 1.85 
23 22.3 250 140 27.6 8.40 
24 22.3 250 140 13.8 6.27 

Conditions:  [C=C] = 125 mM; catalyst precursor = RhCl3/TPPMS (P/Rh molar 
ratio = 3). 

 
3.8 Proposed Reaction Mechanism of Aqueous-Phase Hydrogenation 

 
 A reaction mechanism for the aqueous-phase hydrogenation using the 
catalyst RhCl3/TPPMS is proposed as shown in Appendix B. According to its 
coordinative unsaturation, TPPMS in RhCl(TPPMS)3 subsequently is dissociated, and  
active species RhCl(TPPMS)2 is formed, as shown in Eq. (3.4). 
 

 RhCl(TPPMS)3  RhCl(TPPMS)2  +   TPPMS (3.4) 
 

 Hence, a molecule of H2 coordinates to RhCl(TPPMS)2 by 2 coordination, and 
then the insertion of the carbon–carbon double bond of PIP occurs with   
H2RhCl(TPPMS)2 to generate the hydrogenated polymer, as shown in Eq. (3.5) - (3.7), 
respectively. 
 

 RhCl(TPPMS)2  +  H2    H2RhCl(TPPMS)2   (3.5) 
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 The rate expression for hydrogenation of unsaturated units is assumed 
from the coordination of olefin onto a Rh-H bond or by a reductive elimination of 
an rhodium-alkyl to produce the hydrogenated product, as shown in Eq. (3.8).  

  ]][)([
][

22 CCTPPMSRhClHk
dt

CCd
rds 


          (3.8) 

 A material balance on the rhodium complex charged into the system given 
by Eq. (3.9) is a function of the total amount of rhodium ([Rh] T). 

])([])([])([][ 3222 TPPMSRhClTPPMSRhClTPPMSRhClHRh T          (3.9) 

 All of the rhodium complex species concentration terms in Eq. (3.9) can be 
converted in terms of  H2RhCl(TPPMS)2 using the equilibria condition, and then can 
be substituted into Eq. (3.8) to provide the resulting rate law, as shown in Eq. (3.10). 

 
][

][][][

121

21

22

22

TPPMSKPKKK

CCRhPKKKk

dt

CCd

HH

THHrds







           (3.10) 

 The rate law equation of PIP hydrogenation catalyzed by the rhodium 
complex indicates that the reaction exhibits a first -order dependence on C=C 
concentration and rhodium concentration. According to the observed kinetic data 
in Figure 3.8-3.9 and Table 3.4, the rate of PIP hydrogenation exhibited a first-
order dependence on C=C concentration. From the reaction mechanism, it can be 
concluded that the PIP hydrogenation rate also depends on catalyst 
concentration, reaction temperature and hydrogen pressure.  
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3.9 Morphology of PIP and HPIP 

 
Morphologies of PIP and HPIP at hydrogenation levels of 96% are presented 

by TEM micrographs as shown in Figure 3.10. It is seen that the polyisoprene 
nanoparticles with uniform size were spherical with smooth surface, and the average 
particle size was about 38-49 nm (Figure 3.10a). The surface morphology of all rubber 
samples was stained with OsO4 to increase the contrast and gradation of the 
particles. From Figure 3.10b, when the degree of hydrogenation increased to 96%, a 
lightly colored domain at the outer layer of the nanoparticles appeared. This can be 
explained in that the OsO4 agent could stain only the carbon-carbon double bonds 
in the polymer chain, the dark color domain indicated a high double bond 
concentration while the lightly colored domain indicated a region of low C=C 
amount. This observation could confirm that C=C in the isoprene backbone of PIP 
was hydrogenated to saturated units during aqueous-phase hydrogenation. 
 

 

 

Figure 3.10 TEM micrographs of (a) PIP and (b) HPIP at 96 % HD. 

 
 
 



 

 

50 
 

3.10 Thermal Analysis of PIP and HPIP 

 
 Thermogravimetric analysis (TGA) is used to investigate the physical properties 
of substrates as a function of temperature. The TGA thermogram for PIP and HPIP 
samples at various degrees of hydrogenation are shown in Figure 3.11. It can be seen 
that  polymer degradation occurred via an overall one-step reaction since the TG 
curve of the samples exhibited one-step smooth weight loss curves. From the TGA 
thermograms, HPIP began to lose weight starting at around 150 ºC. This can be 
explained in that the residual C=C bonds of HPIP (12.1 – 96.0 %HD) are present in a 
random manner in the molecular chain resulting in degradation in the first place, 
while the saturated unit obtained could resist the high temperature applied for a 
longer time. A similar behavior has been reported for hydrogenated natural rubber 
latex by diimide reduction [67]. 
 

 

Figure 3.11 TGA thermograms of (a) PIP, (b) HPIP (12.1 % HD), (c) HPIP (40.0 % HD), 
(d) HPIP (63.5 % HD), (e) HPIP (81.2 % HD), and (f) HPIP (96.0 % HD). 
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The initial decomposition temperature (T id) and the temperature at the 
maximum of mass loss rate (Tmax) of HPIP at various hydrogenation levels are 
presented in Table 3.5. Tid of HPIP samples increased from 355.0 to 429.6 ºC with an 
increase in the reduction of carbon–carbon double bonds in PIP (% HD) from 0 to 
96.0%. In addition, Tmax of HPIP samples increased from 386.0 to 461.5 ºC with an 
increase in the hydrogenation degree from 0 to 96.0%. This can be explained in 
that the C=C bonds in PIP consist of a strong -bond and a weak -bond and the 
hydrogenation reaction involves the breakage of the weak -bond by the 
hydrogen molecule to form a stronger C-H -bond, which leads to higher thermal 
stability; therefore, the hydrogenation can improve the thermal stability of PIP. 

Differential scanning calorimetry (DSC) experiments were performed to 
determine the glass transition temperatures (Tg). The DSC thermogram for PIP and 
HPIP samples at various degrees of hydrogenation are shown in Figure 3.12. The DSC 
thermogram of the HPIP sample indicates a one-step base-line shift at -55 ºC. This 
implies that the HPIP sample has a single glass transition temperature. The T g 
values of HPIP at various degrees of hydrogenation are presented in Table 5. The Tg 
of HPIP increased from -58.3 to -49.4 ºC with an increase in the degree of 
hydrogenation from 0 to 96.0%. This can be explained in that the amorphous 
segments in PIP are replaced by crystalline ethylene segments. A similar shift in Tg 
from -55.5 to -52.6 ºC was observed for hydrogenated cis-1,4-polyisoprene [68]. 
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Figure 3.12   DSC thermograms of (a) PIP, (b) HPIP (12.1 %HD), (c) HPIP (40.0 % HD), 
(d) HPIP (63.5 % HD), (e) HPIP (81.2 % HD), and (f) HPIP (96.9 % HD). 

 

Table 3.5  Analysis of glass transition temperature and decomposition 
temperature of hydrogenated samples. 

Polymer %HD Tg (ºC) Tid (ºC) Tmax (ºC) 

PIP - -58.3 355.0 386.0 
HPIP 12.1 -56.7 356.0 389.8 

 40.0 -55.6 371.9 423.6 
 63.5 -55.2 384.4 448.8 
 81.3 -54.3 404.0 455.0 
 96.0 -49.4 429.6 461.5 
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3.11 Dynamic Mechanical Properties of HPIP 

 
 The elastic modulus of a rubber and its mechanical damping or energy 
dissipation characteristics as a function of frequency and temperature can be 
determined by dynamic mechanical analysis. The storage modulus (E ) for all PIP 
and HPIP samples, shown in Figure 3.13a, was dramatically decreased in the 
transition region because the mobility and deformation of the polymer chains 
increased with increasing temperature. Therefore, this showed that the samples 
have some elastic properties at temperatures above the glass transition 
temperature (Tg). In addition, the storage modulus of HPIP at 12.1, 63.5, and 
96.0% hydrogenation were 190, 215, and 231 MPa, respectively; and the E of all 
HPIP samples was higher than that of PIP (177 MPa). The improvement of the 
storage modulus properties can be explained in that the free volume and 
mobility are decreased by the replacement of the ethylene-propylene units via 
hydrogenation of the isoprene unit in the polymer chain, resulting in high stiffness 
of the hydrogenated samples. 
 The tan  determined from the ratio of the dynamic loss modulus (E) to 
the storage modulus (E‖) is shown in Figure 3.13b. HPIP at 96.0 % HD showed a 
lower tan  than pure PIP which indicated that HPIP had low dynamic loss due to 
a high interaction of the ethylene–propylene unit in the polymer chain. The Tg 
could also be determined from the center of the peak of the tan  curves shown 
in Figure 3.13b. Tg of HPIP increased from -31.3 to -22.9 ºC with an increase in 
hydrogenation level from 0 to 96.0%. This result was due to the replacement of 
isoprene units of PIP by crystalline ethylene-propylene segments in the structure 
of HPIP. 
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Figure 3.13 Temperature dependence of (a) storage modulus (E) and (b) loss 
tangent (tan ) for PIP and HPIP. 

 



CHAPTER IV  
 

AQUEOUS-PHASE HYDROGENATION OF NATURAL RUBBER LATEX USING RHODIUM 
CATALYSTS 

 
4.1 Introduction 

 
Natural rubber (NR) is an elastomer that is originally derived from a milky 

colloidal suspension, ie., latex, found in the sap of the Para rubber tree, Hevea 
brasiliensis. The purified form of NR contains more than 98% of the double bonds in 
the cis- configuration. NR also contains non-rubber components such as proteins and 
phospholipids. The chain structure of NR is presumed to be composed of initiating-
ends (-terminal group) and terminating-ends (-terminal group) as shown in Figure 
1.2  [8]. Due to the unsaturation of carbon-carbon double bond of the isoprene 
backbone, NR can be degraded when exposed to sunlight, ozone and oxygen.  

Hydrogenation, one type of chemical modification of unsaturated polymers, is 
an important method to reduce the amount of unsaturation and produce a 
saturated structure, which is resistant to oxidation and degradation. For latex 
hydrogenation, the use of aqueous media facilitates the process by eliminating toxic 
organic solvents; providing substantial environmental and economical benefits. Water 
is an environmentally friendly solvent which is non-toxic, non-flammable, and 
inexpensive. Therefore, water, as a substitution for organic solvents, can be identified 
as a “green solvent” and catalysis in aqueous media fully implements the principles 
of “Sustainable/Green Chemistry” [57]. 

In line with the above, we attempted to investigate the hydrogenation of NR 
and synthetic polyisoprene (PIP) catalyzed by rhodium complexes in the absence of 
organic solvent and the effects of catalyst precursors and concentration, reaction 
temperature and hydrogen pressure on hydrogenation level. The thermal properties 
and dynamic mechanical properties of HNR and HPIP were also investigated. 
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4.2 Characterization of NR and HNR 

 
(i) Nuclear magnetic resonance (NMR) spectroscopy 
 
The 1H NMR spectra of NR, HNR are shown in Figure 4.1. For NR (Figure 4.1a 

and 4.1b), the hydrogenation led to the reduction in the intensity of the 
unsaturated peaks at 1.7, 2.1, and 5.2 ppm attributed to -CH3, -CH2, and olefinic 
protons, respectively. The appearance of the new signals including the peak of 
saturated -CH3 and -CH2- at 0.8 ppm and 1.2 ppm, respectively, were observed 
after the hydrogenation process. The % HD was calculated from the change in the 
integral area of peaks representing protons for HNR as presented in Appendix A.  
 

 

Figure 4.1 1H NMR spectra of (a) NR and (b) HNR, 85.8 % HD. 
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Hydrogenation of the samples was also confirmed by 13C NMR as shown in 
Figure 4.2. For the NR structure (Figure 4.2a), the peak at 135.1 ppm was assigned 
to the unsaturated carbon of polyisoprene and the signal at 124.9 ppm was 
attributed to the -CH of the unsaturated carbon of the polyisoprene. The peaks at 
26.2 and 32.0 ppm were attributed to -CH2. After hydrogenation of NR, the peak 
areas in the region of 124–135 ppm decreased (Figure 4.2b), which indicates the 
reduction of the olefinic carbon bonds. The new peaks at 32.7 and 19.6 ppm 
were attributed to -CH and -CH3 carbons, respectively, and the peaks at 37.4 and 
24.4 ppm were attributed to -CH2 of the saturated unit. Thus, it can be concluded 
that the C=C bonds in NR and in the synthetic polyisoprene backbone were 
converted to a saturated structure. 

 

 
 

Figure 4.2 13C NMR spectra of (a) NR and (b) HNR, 85.8 % HD. 
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(ii) Particle Diameter Measurement 
 
The particle size distributions of NR, HNR, PIP and HPIP were analyzed 

using a Dynamic light scattering (DLS) technique. From Figure 4.3, the partic le 
sizes of HNR (172.6 nm) and HPIP (51.8 nm) had the same distribution pattern and 
slightly increased about 2.1% and 5.1% from that of the initial NR (169.1 nm) and 
PIP emulsion (49.3 nm), respectively. Thus, the hydrogenation process did not 
affect the particle size distribution of NR and PIP, and particle agglomeration was 
not observed. 

 

 

 

Figure 4.3 Polymer particle size distribution histograms of (a) NR (169.1 nm), (b) 
HNR, 85.8 % HD (172.6 nm), (c) PIP (49.3 nm), (d) HPIP, 89.7 % HD (51.8 
nm). 
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(iii) Gel Permeation Chromatography (GPC) 
 

Table 4.1 shows the polymer chain length of NR and PIP before and after 
hydrogenation. For NR hydrogenation, the number-average molecular weight (Mn = 
260,000- 270,000) and weight-average molecular weight (Mw = 790,000–830,000) of 
HNR (% HD = 35.3-85.8 %) is substantially lower than that of the NR (Mn = 480,000 
and Mw = 1,490,000). Similarly, for PIP hydrogenation, the number-average molecular 
weight (Mn = 660,000- 680,000) and weight-average molecular weight (Mw = 
2,390,000–2,440,000) of HPIP (% HD = 39.2-89.7 %) is substantially lower than that of 
the starting polymer PIP (Mn = 1,590,000 and Mw = 3,380,000). This suggests that the 
high temperature and pressure used during the reaction caused some molecular 
chain scission of the polymer.  
 
Table 4.1 Summary of Molecular Weight Data for NR, HNR, PIP and HPIP. 

Polymer %HD 
Mw 

( 10-6) 
Mn 

( 10-6) 
PDI 

(Mw/Mn) 
NR - 1.49 0.48 3.10 

HNR 35.3 0.83 0.26 3.19 
 85.8 0.79 0.27 2.91 

PIP - 3.38 1.59 2.13 
HPIP 39.2 2.39 0.68 3.50 

  89.7 2.44 0.66 3.67 
 
 
4.3 Hydrogenation of NR: Effect of Catalyst Ligands 

 
 The results of the effect of catalyst precursors (RhCl3/PPh3, RhCl3/TPPTS 
and RhCl3/TPPMS) and phosphorus/rhodium (P/Rh) molar ratio on hydrogenation 
of NR and PIP in aqueous media is presented in Table 4.2. At the same 
phosphorus/rhodium (P/Rh) molar ratio of 3 for NR (entries 2, 4, 6) and PIP 
(entries 8, 10, 12), the order of increasing hydrogenation degree (HD) and turnover 
frequency (TOF) using the three types of catalyst precursor is RhCl3/PPh3 < 
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RhCl3/TPPTS < RhCl3/TPPMS. In addition, the HPIP tended to have a higher HD 
compared to HNR. Using RhCl3/PPh3 as a catalyst precursor, a low HD (6.6% for 
NR, and 20.3% for PIP) was obtained due to the hydrophobic behavior of the PPh3 
ligand, and small droplets of the RhCl3/PPh3 catalyst complex were formed in 
aqueous media. 
 
Table 4.2 Effects of catalyst precursors on hydrogenation of NR and PIP. 

Entry Polymer 
Catalyst 
Precursor 

P/Rh 
Molar 
ratio 

Dn  
(nm) 

%HD 
TOF *  
(h-1) 

1 NR - - 209.5 5.8 - 
2 NR RhCl3/PPh3 3 159.6 6.6 5.5 
3 NR RhCl3/PPh3 6 163.5 7.3 6.1 
4 NR RhCl3/TPPTS 3 215.6 16.3 13.6 
5 NR RhCl3/TPPTS 4 182.3 13.3 11.1 
6 NR RhCl3/TPPMS 3 172.6 85.8 71.5 
7 PIP - - 55.7 3.8 - 
8 PIP RhCl3/PPh3 3 53.4 20.3 16.9 
9 PIP RhCl3/PPh3 6 52.0 15.4 12.8 
10 PIP RhCl3/TPPTS 3 55.8 39.2 32.7 
11 PIP RhCl3/TPPTS 4 54.8 23.5 19.6 
12 PIP RhCl3/TPPMS 3 54.9 88.9 74.1 

Conditions:  initial Dn  of NR= 169.1 nm, PIP = 49.3 nm ; time = 6 h; [Rh] =  
250 µM; temperature = 130 ºC;  H2 Pressure = 41.4 bar. 

* TOF was defined as mole of hydrogenated C=C units in the polymer per 
mole of rhodium per hour. 

 
 
 The catalytic activity of the hydrogenation, when using RhCl 3/TPPTS and 
RhCl3/TPPMS complexes, in the absence of organic solvent has been elucidated 
using the Hartley ionic spherical micelle model as shown in Figure 4.4 [51, 52, 61-
63]. There are three layers in this micelle model: micelle core, Stern layer, and 
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the Gouy–Chapman layer. The backbone of the NR with the C=C unsaturated units 
are located in the micelle core. Surrounding the core is the Stern layer containing 
the hydrophilic groups SO3

- (in the TPPMS and TPPTS ligands), and where protein 
at the -terminal position and phospholipid at-terminal position is located in NR. 
The Gouy–Chapman layer is the outer layer where the counter ions Na+ are 
located. The rhodium complex can be either hydrophilic or hydrophobic depending 
on the ligands surrounding the metal [69]. The rhodium location between the Stern 
layer and the micelle core was dependent on the polarity of the catalys t 
complex. Using RhCl3/TPPTS as the catalyst precursor, low HD (16.3% for NR, and 
39.2% for PIP) was obtained. This can be explained in that the high polarity of 
TPPTS ligand caused more rhodium atoms to locate in the hydrophilic layer 
instead of moving through the micelle core. In contrast, the polarity of the TPPMS 
ligand is lower than the TPPTS ligand due to only one charged head group of SO 3

- 
in its structure. The rhodium atom of RhCl3/TPPMS complex is more driven to the 
micelle core. So, high conversion of NR (85.8 % HD) and PIP (88.9 % HD) was 
achieved for hydrogenation using TPPMS as a catalyst ligand.  
 For both catalyst precursors, RhCl3/PPh3 and RhCl3/TPPTS, increasing the 
P/Rh molar ratio did not enhance the catalyst activity for the hydrogenation of NR 
and PIP. At a higher PPh3/rhodium molar ratio of 6 (Table 4.2, entry 3) and with a 
TPPTS/rhodium molar ratio of 4 (entry 5), the TOF for NR hydrogenation was 6.1 
h-1 and 12.8 h-1, respectively. For PIP hydrogenation using RhCl3/PPh3 and 
RhCl3/TPPTS at a molar ratio of 3 (entries 8, 10), a TOF of 16.9 h -1 and 32.7 h-1 
were observed, respectively. Similarly, increasing the P/Rh molar ratio had a 
negative effect on catalyst activity for PIP hydrogenation (entries 9, 11). The 
decrease in catalyst activity at a higher P/Rh molar ratio for hydrogenation of 
both polymers could be explained by a competition between the added free 
ligand and the C=C units of the rubbers for a coordination site on rhodium 
tending to decrease the catalyst activity for the hydrogenation reaction. 
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Figure 4.4 Representation of NR and HNR catalyzed by rhodium complex in a 
model of a Hartley ionic micelle, including micelle core, the Stern 
layer (SL), and the Gouy–Chapman double layer (GCL). 

 
 On comparing the NR and PIP hydrogenation, the catalyst activity of 
RhCl3/PPh3, RhCl3/TPPTS and RhCl3/TPPTS in PIP hydrogenation was higher than 
that in NR hydrogenation. This can be explained in that the impurities such as 
protein, ammonia, or other nitrogen content in the NR might affect the efficiency 
of hydrogenation. The impurities in the emulsion system, located in the Stern 
layer, were suspected to inhibit the catalyst activity. In  addition, previous work 
reported that impurities decreased the catalytic hydrogenation rate of NR using 
an osmium complex in toluene, and p-toluenesulfonic acid was added to the 
solution for neutralizing the impurities in the rubber, and preventing the 
poisoning of the catalyst [38]. 
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4.4 Hydrogenation of NR using RhCl3/TPPTS 

 
 The effects of process variables (catalyst amount, reaction temperature, 
hydrogen pressure, and P/Rh molar ratio) on organic solvent-free hydrogenation 
of NR and PIP using RhCl3/TPPTS as a catalyst are given in Table 4.3. For the NR 
hydrogenation using Rh/TPPTS as catalyst, HD was less than 20%. The increase in 
catalyst amount tended to enhance the C=C conversion. However, the HD was 
slightly increased with increasing rhodium concentration up to 375 M 
approaching a HD of 17.5% (entries 13-15). In addition, HD increased with 
increasing reaction temperature up to 130 ºC approaching a HD of 16.3%, and 
decreased to 9.2% at a temperature of 150 ºC (entries 14, 16, 17). Moreover, a 
low HD was still obtained when the hydrogen pressure and TPPTS/Rh molar ratio 
were varied (entries 14, 20 in Table 4.3). 
 Similarly, in the case of PIP hydrogenation using Rh/TPPTS, a low 
hydrogenation level (20.5-39.2%) was obtained when the catalyst amount (125-
375 µM), reaction temperature (120-150 ºC) and hydrogen pressure (13.8-41.4 bar) 
were varied (entries 21-28 in Table 4.3). Previous work has reported that 
Rh/TPPTS complexes are very efficient for the catalytic hydrogenation of 
unsaturated polymers in aqueous media when an organic solvent, such as n-
hexane, was added (water/n-hexane = 82/18 w/w) [51, 52]. However, all of our 
experiments were performed in the absence of organic solvent. Thus, it can be 
concluded that Rh/TPPTS was not effective for organic solvent -free 
hydrogenation of NR and PIP. 
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Table 4.3 Effects of process variables on hydrogenation of NR and PIP using 
RhCl3/TPPTS as catalyst precursor. 

Entry Polymer 
[Rh]  
(µM) 

T  
(ºC) 

P  
(bar) 

P/Rh 
Molar 
ratio 

Dn  
(nm) 

% HD 

13 NR 125 130 41.4 3 213.2 15.7 
14 NR 250 130 41.4 3 215.6 16.3 
15 NR 375 130 41.4 3 181.2 17.5 
16 NR 250 110 41.4 3 201.5 11.0 
17 NR 250 150 41.4 3 199.9 9.2 
18 NR 250 130 27.6 3 181.6 16.7 
19 NR 250 130 13.8 3 161.7 15.1 
20 NR 250 130 41.4 4 182.3 13.3 
21 PIP 125 130 41.4 3 55.1 24.3 
22 PIP 250 130 41.4 3 55.8 39.2 
23 PIP 375 130 41.4 3 54.2 31.4 
24 PIP 250 120 41.4 3 54.2 32.4 
25 PIP 250 140 41.4 3 53.3 29.6 
26 PIP 250 150 27.6 3 53.2 33.9 
27 PIP 250 150 13.8 3 54.2 20.5 
28 PIP 250 140 41.4 4 54.9 23.5 

Conditions: initial Dn of NR= 169.1 nm, PIP = 49.3  nm; time = 6 h; catalyst 
precursor = RhCl3/TPPTS. 

 
 
4.5 Hydrogenation of NR using RhCl3/TPPMS 

 
 The effect of process variables (rhodium catalyst amount, reaction 
temperature and hydrogen pressure) on NR and PIP hydrogenation using TPPMS as 
a catalyst ligand in absence of organic solvent are presented in Figure 4.5 – Figure 
4.7 and discussed in detail as follows. 
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4.5.1 Effect of Catalyst Concentration 

 
 
Figure 4.5 shows the effects of catalyst amount on the hydrogenation 

level and particle size after hydrogenation of NR and PIP at 41.4 bar and 130 ºC. 
The HD of NR and PIP increased with increasing catalyst amount up to 250 µM 
approaching 85.8% and 88.9%, respectively. In addition, at low rhodium 
concentration of 50 M, the low HD (35.3% for NR, and 44.5% for PIP) was 
observed at this condition. A similar behavior regarding the dependence of HD on 
catalyst concentration has been reported for hydrogenation of polybutadiene-1,4-
block-poly(ethylene oxide) in aqueous media using a water-soluble rhodium 
complex [51]. On comparing NR and PIP hydrogenation, the results in Figure 4 
show that the NR hydrogenation required higher catalyst loading to reach the 
same hydrogenation level as for PIP hydrogenation. It can be assumed that 
impurities in NR might reduce the catalytic activity. In addition, the influence of 
catalyst amount on the particle size after hydrogenation of NR and PIP using the 
Rh/TPPMS complex is shown in Figure 4.5. The particle size increased 3.9 – 14.6 
% (175.7 – 191.2 nm from the initial particle size of 169.1 nm for NR, 54.7 – 56.5 
nm and from an initial particle size of 49.3 nm for PIP) with increasing catalyst 
amount (0 – 250 µM). 
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Figure 4.5 Effect of catalyst concentration on hydrogenation ( ) and particle 
size ( ): polymer,  PIP (initial Dn = 49.3 nm),  NR (initial Dn = 
169.1 nm); time = 6 h; temperature = 130 ºC; H2 pressure = 41.4 bar; 
catalyst precursor = RhCl3/TPPMS (P/Rh molar ratio = 3). 

 
 

4.5.2 Effect of Temperature 

 
The effect of temperature on NR and PIP hydrogenation using 

RhCl3/TPPMS as catalyst in aqueous-phase systems is represented in Figure 4.6. 
When the temperature was increased over the range of 100-120 ºC, a low HD was 
obtained. For NR, the HD increased with increasing reaction temperature 
approaching 85.8% at a temperature of 130 ºC. However, HD of NR decreased at 
temperatures above 130 ºC. For PIP hydrogenation, the HD for PIP reached 88.9% 
at a temperature of 130 ºC, and tended to level off with increasing temperature 
over the range of 140-150 ºC. It can be explained that raising the reaction 
temperature above the optimum temperature had a negative effect on the 
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stability of the micelles resulting in a lower activity for the Rh/TPPMS catalyst 
complex [64]. For the HNR and HPIP particle size as shown in Figure 4.6, the 
particle size increased 2.1 – 14.6 % (172.6 – 179.0 nm from the initial particle size 
of 169.1 nm for NR, 51.8 – 56.5 nm and from an initial particle size of 49.3 nm for 
PIP) with increasing temperature (100 – 150 ºC). 

 

Figure 4.6 Effect of temperature on hydrogenation ( ) and particle size ( ): 
polymer,  PIP (initial Dn = 49.3 nm),  NR (initial Dn = 169.1 nm); 
time = 6 h; H2 pressure = 41.4 bar; catalyst precursor = RhCl3/TPPMS 
(P/Rh molar ratio = 3);  [Rh] = 250 µM. 

 
4.5.3 Effect of Hydrogen Pressure 

 
The dependence of C=C conversion on hydrogen pressure over the range 

6.9– 41.4 bar (at 250 µM of [Rh] and 140 °C) is shown in Figure 4.7. The results 
indicated that the hydrogenation level dramatically increased with an increase in 
hydrogen pressure up to 13.8 bar, and HD of PIP (78.0 %) was slightly highe r than 
that of NR (73.1%). For hydrogen pressures above 13.8 bar, the HD of NR and PIP 
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tended to only slightly increase with a further increase in hydrogen pressure 
approaching 85.8% and 88.9%, respectively, at a pressure of 41.4 bar. A similar 
behavior regarding the effect of hydrogen pressure on the hydrogenation of NR 
using a ruthenium complex [37] and an osmium complex [39] in 
monochlorobenzene has been reported. The influence of hydrogen pressure on 
the particle size after hydrogenation of NR and PIP using the Rh/TPPMS complex 
is shown in Figure 4.7. The particle size slightly increased 2.1 – 10.5 % (172.8 – 
185.6 nm from the initial particle size of 169.1 nm for NR, 52.1 – 54.5 nm and 
from an initial particle size of 49.3 nm for PIP) with increasing hydrogen pressure 
(6.9 – 41.4 bar). 

 

 

Figure 4.7 Effect of hydrogen pressure on hydrogenation ( ) and particle size     
( ): polymer,  PIP (initial Dn = 49.3 nm),  NR (initial Dn = 169.1 
nm); time = 6 h; temperature = 130 ºC; catalyst precursor = 
RhCl3/TPPMS (P/Rh molar ratio = 3); [Rh] = 250 µM. 
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4.6 Morphology of NR and HNR 

 
Morphologies of NR and HNR at hydrogenation levels of 86% are presented 

by TEM micrographs as shown in Figure 4.8. It is seen that the NR particle was 
partially agglomerated having a size of 200 nm (Figure 4.8a). In order to compare NR 
and HNR, the surface of the rubber sample was stained with OsO4 to increase the 
contrast and gradation of the NR and HNR particles. The carbon-carbon double 
bonds in the polymer chain could be stained by the OsO4 agent. Therefore, the dark 
colored domain indicated high C=C region in the polymer, and the region of low C=C 
amount was indicated by a lightly colored domain. For the HNR morphology shown 
in Figure 4.8b, a lightly colored domain in the particles appeared compared with NR 
(Figure 4.8a). This observation confirms that C=C in the isoprene backbone of NR was 
hydrogenated to saturated units during aqueous-phase hydrogenation. 

 

 

 

 

Figure 4.8 TEM micrographs of (a) NR and (b) HNR at 86 % HD. 
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4.7 Thermal Analysis of NR and HNR 

 
 Figure 4.9 illustrates the TGA thermograms for NR and HNR samples at various 
HD. The results indicate that decomposition of the rubbers is an overall one-step 
reaction because the decomposition curve of the samples show only one-step and 
provide smooth weight loss curves. The TGA thermograms of NR and HNR at 23.1 % 
HD have the same decomposition behavior, indicating that HNR at low %HD has a 
similar polymer chain structure to NR. For HNR at 35.5, 60.6, 73.1 and 85.8 %HD, the 
samples began to lose their weight starting at around 100 ºC. This can be explained 
in that the residual C=C bonds of HNR (35.5 – 85.8 % HD) are present in a random 
manner in the molecular chain causing  degradation in the first place, while the 
saturated unit obtained could resist high temperature applied for a longer time. The 
previous work reported a similar weight-loss behavior for hydrogenated natural 
rubber latex by diimide reduction [67]. 
 

 

Figure 4.9  TGA thermograms of (a) NR, (b) HNR (23.1 % HD), (c) HNR (35.5 % HD), 
(d) HNR (60.6 % HD), (e) HNR (73.1 % HD), and (f) HNR (85.8 % HD). 
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The initial decomposition temperature (Tid) and maximum decomposition 

temperature (Tmax) of the NR, PIP, HNR and HPIP at different HD, as evaluated from 
the TGA analysis, are summarized in Table 4.5. The Tid and Tmax of HNR and HPIP 
samples increased with increasing HD. The Tid and Tmax of HNR at the maximum 
hydrogenation level (85.8%) were higher than that of NR (Tid = 77.3 ºC and Tmax 
= 84.2 ºC). Similarly, the Tid and Tmax of HPIP at the maximum hydrogenation level 
(89.7%) were higher than that of PIP (Tid = 74.7 ºC and Tmax = 78.0 ºC). This can 
be explained in that a weak -bond within the rubbers was converted to a stronger 
C-H -bonds on the addition of a hydrogen molecule; thus, the hydrogenation 
improves the thermal stability of NR (Tmax = 465.9 ºC) and PIP (Tmax = 464.0 ºC). 
 
 The DSC thermogram of the HNR samples, shown in Figure 4.10, indicates a 
one-step base-line shift at -60 oC. Therefore, the HNR sample has a single glass 
transition temperature. The Tg values of HNR and HPIP at various HD are presented 
in Table 5. The Tg of HNR increased from -63.8 to -60.0 oC with an increase in HD 
from 0 to 85.8%; and the Tg of HPIP increased from -58.3 to -49.5 oC with an 
increase in HD from 0 to 89.7%.  This can be explained by the replacement of 
amorphous segments of polyisoprene by crystalline ethylene-propylene units in 
the polymer structure. A similar shift in glass transition temperature was observed 
for hydrogenated cis-1,4-polyisoprene [68]. 
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Figure 4.10 DSC thermograms of (a) NR, (b) HNR (23.1 % HD), (c) HNR (35.5 % HD), 
(d) HNR (60.6 % HD), (e) HNR (73.1 % HD), and (f) HNR (85.8 % HD). 

 
Table 4.4 Analysis of glass transition temperature and decomposition 

temperature of HNR and HPIP. 

Polymer %HD Tg (ºC) Tid (ºC) Tmax (ºC) 

NR - -63.8 358.5 381.7 

HNR 23.1 -64.7 359.8 384.7 

 35.5 -61.6 392.9 441.5 

 60.6 -60.9 413.8 459.0 

 73.1 -59.6 429.5 462.2 

  85.8 -60.0 435.8 465.9 

PIP - -58.3 355.0 386.0 

HPIP 14.6 -56.8 356.0 389.8 

 39.2 -55.6 364.2 434.8 

 56.8 -55.2 387.8 452.6 

 79.8 -54.3 403.3 453.4 

  89.7 -49.5 429.7 464.0 
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4.8 Dynamic Mechanical Properties of HNR 

 
 Dynamic mechanical analysis is used to measure the elastic modulus of a 
polymer and its mechanical damping characteristics as a function of frequency 
and temperature. The storage modulus (E) indicating stiffness of rubbers as 
shown in Figure 4.11a decreased in the transition region due to the increase of 
mobility and deformation of the polymer chains with increasing temperature . 
Therefore, the samples have some elastic properties at temperatures above the 
glass transition temperature (Tg). The E of HNR at 21.0, 60.6, and 85.8 %HD were 
227, 322, and 429 MPa, respectively, In addition, the E of all HNR samples was 
higher than that of NR (198 MPa). The higher E of HNR can be explained in that 
the replacement of the ethylene-propylene segments by hydrogenation of the 
isoprene unit in the polymer chain tends to decrease the mobility and the free 
volume of the polymer. 
 Figure 4.11b illustrates the tan  determined from the ratio of the 
dynamic loss modulus (E) to storage modulus (E). The tan  of HNR at the 
maximum HD (85.8%) was lower than that of NR. The results indicated that HNR 
had low dynamic loss due to the increasing ethylene–propylene unit in the 
polymer chain. The Tg could also be determined from the center of the peak of 
the tan  curves shown in Figure 9b. While the HD of NR increased from 0 to 
85.8%, the Tg of HNR increased from -41.6 to -36.8 ºC. This is due to the fact that 
the isoprene units in NR were substituted by crystalline units of ethylene-
propylene in HNR. 
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Figure 4.11 Temperature dependence of (a) storage modulus (E) and (b) loss 
tangent (tan ) for NR and HNR. 

 



CHAPTER V  
 

MECHANICAL PROPERTIES OF NR/PIP AND NR/HPIP BLENDS 

 
5.1 Introduction 

 
Polymer blending products are frequently formulated by blending two or 

more polymers. In generally, a miscible blend of two polymers exhibits combination 
properties obtained from those polymers. The rational for this development involves 
one or more of the following points: develop new properties, improve properties, 
reduce material costs, improve processibility, and the formation of modified 
polymeric materials. Nowadays, for commercial products, the rubber blends of NR 
and synthetic rubber have achieved some of these points. Technically, NR has a 
drawback in thermal and ozone stability due to the carbon-carbon double bonds 
present in polyisoprene backbone; therefore, the thermal and ozone degradation of 
NR could be prevented by blending with another polymer which acted as a thermal 
and ozone stabilizer.  

One noteworthy polymer to blend with NR is the hydrogenated elastomer 
because of its thermal and ozone resistance. For the mechanical properties of 
blends consisting of HNR and NR blends using various cure systems: peroxide 
vulcanization, conventional vulcanization with peroxide, and efficient vulcanization 
with peroxide, the tensile strength of the blends decreased with increasing HNR 
content because of the higher incompatibility to cause a noncoherent behavior 
between NR and HNR [70]. This work was also extended to studies of the thermal 
and ozone stability of HNR/NR at various ratios vulcanized, and the highest retention 
of tensile strength after thermal aging was exhibited. Moreover, the increase in HNR 
content in the blends could retard the ozonolysis resulting in less surface cracking 
when attacked by ozone [71]. 

The purpose of this work was to study the dynamic mechanical properties 
and thermal properties of NR filled with PIP (NR/PIP blends) blends and NR filled with 
HPIP (NR/HPIP blends). The mechanical properties, thermal resistance and ozone 
resistance of NR/PIP and NR/HPIP blends were also investigated. 
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5.2 Dynamic Mechanical Properties of NR/PIP and NR/HPIP Blends 

 
Dynamic mechanical analysis is a powerful technique for the determination of 

a rubber modulus as a function of temperature and frequency. PIP and HPIP, with 
90% HD achieved by aqueous-phase hydrogenation using a water soluble rhodium 
catalyst, were selected to blend with NRL at the various blend ratios (100:0, 90:10, 
80:20 70:30 and 60:40). Modulus data, in the form of the storage modulus (E'), and 
the mechanical damping behavior, in the form of loss tangent (tan ), of NR, NR filled 
with PIP (NR/PIP) and NR filled with HPIP (NR/HPIP) as a function of temperature are 
shown in Figure 5.1.  

The E' values of NR, NR/PIP and NRHPIP blends exhibited a plateau curve 
below the glass transition temperature (Tg) and decreased around the Tg. The storage 
modulus and loss tangent data of NR/PIP and NR/HPIP blends are presented in Table 
5.1. For the E' of NR/PIP blends as shown in Figure 5.1a and Table 5.1, the E' 
decreased from 597 to 117 MPa with an increasing amount of PIP in the blends 
(100:0 - 60:40). Similarly, the E' of NR/HPIP blends decreased from 597 MPa to 117 
MPa with an increasing amount of PIP in the blends (100:0 - 60:40), as shown in 
Figure 5.1b and Table 5.1. Comparing of NR and NR blends, unfilled NR has high 
storage modulus due to low mobility of NR chain, while the polymer chain in NR/PIP 
and NR/HPIP blends has high mobility resulting in decrease in storage modulus. In 
comparison with the blends at the same weight ratio, The storage modulus of the 
NR/HPIP blends were higher than that of the NR/PIP blends (19-39% increasing) for all 
blends ratios. This could be explained in that E of HPIP was higher than that of PIP, 
as reported in Chapter III, which can lead to an increase in the stiffness of the 
NR/HPIP blends. Therefore, the improvement of the storage modulus could be 
achieved by the addition of HPIP into the NR latex, resulting in enhancement of the 
strength and stiffness of NR. 

 Figure 5.1 c-d illustrates the loss tangent with respect to temperature for NR, 
NR/PIP and NR/HPIP blends. For NR and NR/PIP blends as shown in Figure 5.1c, the Tg 
was not changed when PIP at various amounts was blended with NR. However, Tg is 
shifted to a higher temperature with the addition of HPIP into the NR matrix. NR and 
its blends had a single glass transition temperature and the  Tg was -40ºC,  -40ºC and 
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-35ºC for unfilled NR, NR filled with PIP and NR filled with HPIP, respectively. The 
addition of HPIP significantly affected the Tg value due to a lower mobility and 
flexibility of the polymer matrix by the saturated unit of ethylene-propylene. In 
addition, the tan  of NR/HPIP was lower than that of NR/PIP blends (4-19% 
decreasing). The decrease in tan  which is determined from the ratio of the loss modulus 

(E'') to storage modulus (E') implies that the high storage modulus is due to an increase 
in the ethylene-propylene saturated structure of the composite materials. 
 

 

 

 

Figure 5. 1 Temperature dependence of (a) storage modulus, E', for NR/PIP 
blends, (b) E' for NR/HPIP blends, (c) loss tangent, tan  for NR/PIP 
blends and (d) tan  for NR/HPIP blends. 
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Table 5.1 Storage modulus and loss tangent of NR/PIP and NR/HPIP blends. 

Rubber  
NR/PIP or  
NR/HPIP a 

E   
(MPa) 

tan  
Tg  

(ºC) 
NR   597.2 2.15 -39.8 

NR/PIP 90/10 306.6 1.90 -40.2 
 80/20 250.9 1.83 -40.3 
 70/30 198.1 1.75 -39.3 
 60/40 116.9 1.53 -40.2 

NR/HPIP b 90/10 382.5 1.81 -35.9 
 80/20 304.1 1.55 -35.3 
 70/30 236.2 1.41 -34.3 
  60/40 162.9 1.26 -34.4 

a NR/PIP or HR/HPIP, ratio of NR to PIP or HPIP. 
b HPIP at degree of hydrogenation 90%. 

 
 
5.3 Thermal Properties of NR/PIP and NR/HPIP Blends 

 
 The TG and DTG curves for NR/PIP and NR/HPIP blends are illustrated in 
Figure 5.2. For unfilled NR and NR/PIP blends (Figure 5.2a and Figure5.2c), the results 
indicate that decomposition of the composite is an overall one-step reaction 
because the decomposition curve of the samples show only one-step and provide 
smooth weight loss curves. The DTG curve also showed one peak over the 
temperature range of 378-383 ºC. However, for NR/HPIP blends ( Figure 5.2b and 
Figure 5.2d), a 2-step decomposition of the composite occurred, and the DTG curve 
of the NR/HPIP blends showed two peaks at a temperature around 382 ºC and 450 
ºC, respectively.  

The initial decomposition temperature (Tid) and maximum decomposition 
temperature (Tmax) of the unfilled NR, NR/PIP and NR/HPIP blends at different blend 
ratios are summarized in Table 5.2. The Tid of NR/PIP at blend ratios of 90:10, 80:20, 
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70:30 and 60:40 are 348.3 ºC, 355.9 ºC, 355.9 ºC, and 355.8 ºC, respectively. Similarly, 
the Tid of NR/HPIP blends at a blend ratio of 90:10, 80:20, 70:30 and 60:40 are 357.2 
ºC, 357.7 ºC, 356.9 ºC, and 356.3 ºC, respectively. It is obvious that Tid of NR/PIP and 
NR/HPIP were not significantly changed compared with unfilled NR (358.0 ºC). The 
Tmax of NR/PIP blends (377.9-383.3 ºC) and NR/HPIP blends (381.6-384.4 ºC) was not 
significantly different from the Tmax of unfilled NR (381.4 ºC). However, according to 
the DTG curve, the NR/HPIP at a blend ratio of 80:20, 70:30 and 60:40 had another 
Tmax of 449.5, 448.6 and 451.4 ºC, respectively. This could be explained in that the 
second Tmax was attributed to HPIP (Table 3.5) which had a higher maximum 
decomposition temperature than NR and PIP. 

 

 

 

 

Figure 5.2 Temperature dependence of (a) weight loss for NR/PIP blends, (b) 
weight loss for NR/HPIP blends, (c) DTG for NR/PIP blends and (d) DTG 
for NR/HPIP blends. 
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Table 5.2 Analysis of decomposition temperature of NR/PIP and NR/HPIP blends. 

Rubber 
NR/PIP or  
NR/HPIP a 

Tid (
oC) Tmax1 (

oC) Tmax2 (
oC) 

NR  358.0 381.4 - 
NR/PIP 90/10 348.3 377.9 - 

 80/20 355.9 382.2 - 
 70/30 355.9 382.2 - 
 60/40 355.8 383.3 - 

NR/HPIP b 90/10 357.2 382.6 - 
 80/20 357.7 381.6 449.5 
 70/30 356.9 382.0 448.6 
  60/40 356.3 384.4 451.4 

a NR/PIP or HR/HPIP, ratio of NR to PIP or HPIP. 
b HPIP at degree of hydrogenation 90%.  

 
 
5.4 Mechanical Properties of NR/PIP and NR/HPIP Blends 

 
PIP and HPIP, by aqueous-phase hydrogenation using rhodium catalyst, were 

selected to blend with NRL for mechanical testing. Mechanical properties of PIP filled 
NR and HPIP filled NR were investigated in terms of tensile strength, modulus at 
300% strain, and elongation at break. The influence of the amount of PIP and HPIP 
on the stress-strain behavior of NR composites was studied. 

Figure 5.3(i) and Figure 5.4(i) shows the stress-strain curves before aging of PIP 
filled NR and HPIP filled NR (NR to PIP or NR to HPIP ratio of 100:0, 90:10, 80:20, 70:30 
and 60:40), respectively.  The tensile strength of NR/PIP and NR/HPIP blends 
decreased with an increase in PIP and HPIP ratios. The tensile strength of NR/PIP 
decreased by 19.4%, 28.4%, 42.2% and 60.2% from the tensile strength of unfilled 
NR on the addition of the PIP at a blend ratio of 90:10, 80:20, 70:30 and 60:40, 
respectively. In the same way, for the addition of the HPIP at a blend ratio of 90:10, 
80:20, 70:30 and 60:40, the tensile strength of NR/HPIP was decreased by 26.1%, 



 
 

 
 

81 

38.9%, 59.7% and 75.8% of the tensile strength of unfilled NR, respectively. It is 
possible that the PIP and HPIP are incompatible with the NR due to the imbalance in 
the unsaturation level in the NR latex. 

The modulus at 300% strain of PIP filled NR and HPIP filled NR at various 
blend ratios are presented in Table 5.3. The modulus at 300% strain of NR/PIP and 
NR/HPIP blends decreased with an increase in NR/PIP and NR/HPIP ratios. For the 
blend ratio of 60:40, the modulus at 300% strain of NR/PIP and NR/HPIP were found 
to decrease to 1.4 MPa and 0.9 MPa, respectively, compared with unfilled NR (1.7 
MPa). This implied that the reduction in the modulus of NR composites was due to 
the low interaction between the PIP or HPIP and the NR matrix. 

For the elongation at break for unfilled NR and filled NR as shown in Table 
5.3, it can be seen that unfilled NR exhibited the highest elongation at break (828%). 
NR rich compounds possessed the highest elongation at break due to NR 
crystallization which resulted upon stretching. The % elongation at break decreased 
with an increase in PIP or HPIP amount due to the incompatibility of the filler and 
the NR. This phenomenon caused strain reduction of NR dominating the elongation. 

 



 
 

 
 

82 

 

Figure 5.3 Stress-strain curve of (i) NR/PIP before ageing; (a) NR, (b) 90:10 of 
NR:PIP,  (c) 80:20 of NR:PIP, (d) 70:30 of NR:PIP, (e) 60:40 of NR:PIP and 
(ii) NR/PIP after ageing. 
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Figure 5.4 Stress-strain curve of (i) NR/HPIP before ageing; (a) NR, (b) 90:10 of 
NR:HPIP,  (c) 80:20 of NR:HPIP, (d) 70:30 of NR:HPIP, (e) 60:40 of 
NR:HPIP and (ii) NR/HPIP after ageing. 
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5.5 Thermal Resistance of NR/PIP and NR/HPIP Blends 

 
To investigate the thermal resistance of PIP filled NR and HPIP filled NR 

composites, the influence of heat ageing on the mechanical properties of NR filled 
with PIP and HPIP was studied as shown in Figure 5.3b and Figure 5.4b, respectively. 
The tensile strength of unfilled NR after heat ageing was greatly decreased from 21.1 
MPa to 13.1 MPa (62.4 % retention) over the range of strain studied. Similarly, the 
tensile strength of NR/PIP blends, at all of blends ratios, after heat ageing were 
greatly decreased with a % retention of 55.7 – 61.9%.  This indicated that the NR/PIP 
blends containing mainly the unsaturated carbon double bonds had poorer 
properties due to accelerated thermal ageing. For NR filled with HPIP, however, the 
properties did not change and retained high stress values after ageing. The % 
retention in tensile strength of NR/HPIP blend (82.1 – 96.5%) was much higher than 
that of unfilled NR (62.4%) and PIP filled NR (55.7 – 61.9%), respectively. This 
indicated that HPIP performed as a heat stabilizer and prevented polymer chain 
scission on high temperature treatment. The schematic of NR and NR/HPIP blends 
after thermal ageing can be described by Figure 5.5. When NR was exposed to high 
temperature (represented by red arrows), most polymer chain scission occurred and 
NR had been degraded due to low heat stability of C=C in the polymer backbone. 
On the other hand, for the NR/HPIP blends after heat ageing, some NR chain scission 
occurred but HPIP as heat stabilizer stopped the propagation of NR chain scission and 
retarded or stopped the degradation of the NR/HPIP blends. 

 

 

Figure 5.5 Schematic of NR and NR/HPIP blends after thermal ageing. 
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The percentage retention in modulus at 300% strain after ageing of PIP filled 
NR at various NR-to-PIP ratios remained constant (74-77%) as shown in Table 5.3. The 
lowest modulus retention of unfilled NR implied poor heat resistance. For NR/HPIP 
blends, however, the percentage retention in modulus increased up to 95% when 
the HPIP amount was increased up to 40 %wt. In addition, the elongation at break of 
HPIP filled NR after ageing slightly increased with an increase in NR/HPIP blend ratio. 
This can be seen in that the enhancement in ageing resistance was dominated by the 
addition of HPIP nanoparticles into the rubber matrix. 

 
 

Table 5.3 Mechanical properties of NR/PIP and NR/HPIP blends before and after 
ageing. 

Rubber  
NR/PIP 

or 
HR/HPIP a 

Tensile strength 
(MPa) 

Modulus at 300%  
strain (MPa) 

Elongation at Break  
(%) 

Before  
ageing 

After 
ageing 

%Re b 
Before  
ageing 

After 
ageing 

%Re b 
Before  
ageing 

After 
ageing 

%Re b 

NR 
- 21.1 13.1 62.4 1.73 1.32 76.3 828 759 91.7 
  (0.8) (0.3)   (0.06) (0.03)   (11.4) (11.0)   

NR/PIP 

90/10 17.0 10.5 61.9 1.65 1.25 75.6 810 758 93.6 
 (0.5) (0.4)  (0.02) (0.04)  (13.0) (11.6)  

80/20 15.1 8.4 55.7 1.55 1.15 74.2 822 755 91.9 
 (0.3) (0.6)  (0.07) (0.06)  (14.6) (10.5)  

70/30 12.2 7.2 59.1 1.58 1.22 76.8 793 741 93.4 
 (0.3) (0.3)  (0.06) (0.04)  (10.7) (12.2)  

60/40 8.4 5.1 60.4 1.43 1.07 75.2 769 708 92.1 
  (0.4) (0.5)   (0.05) (0.13)   (11.9) (12.5)   

NR/HPIP c 

90/10 15.6 12.8 82.1 1.51 1.22 80.8 796 739 92.8 
 (0.7) (0.8)  (0.04) (0.03)  (10.8) (10.1)  

80/20 12.9 12.2 94.5 1.33 1.24 93.7 774 746 96.4 
 (0.7) (0.3)  (0.08) (0.08)  (11.1) (11.6)  

70/30 8.5 8.2 96.5 1.11 1.07 96.4 734 698 95.1 
 (0.6) (0.3)  (0.08) (0.08)  (9.1) (10.6)  

60/40 5.1 4.9 95.6 0.86 0.81 94.6 638 615 96.3 
  (0.4) (0.4)   (0.12) (0.13)   (11.5) (15.6)   

Ageing conditions: 100°C under air atmosphere for 24 h. 
a NR/PIP or HR/HPIP, ratio of NR to PIP or HPIP. 
b %Re, %Retention = (Properties after ageing/Properties before ageing) x 100. 
c HPIP at degree of hydrogenation 90%. 
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5.6 Surface Morphology of NR/PIP and NR/HPIP Blends 

 
The NR/PIP and NR/HPIP blends at higher blend ratio had a lower tensile 

strength. This could be explained in that the PIP and HPIP is incompatible with the 
NR. This result was also confirmed by SEM. The surface morphology of unfilled NR 
and filled NR before and after ageing was characterized by SEM as shown in Figure 
5.6. It can be seen that the surface of the unfilled NR before and after ageing was 
smooth (Figure 5.6a and Figure 5.6b). For the effect of thermal ageing on surface 
morphology of NR/PIP and NR/HPIP blends (Figure 5.6 and Figure 5.7), the surface of 
all the rubber blends, at each blend ratio, after thermal ageing tended to be 
smoother than the surface before ageing.  

For the addition of PIP into the NR matrix before ageing, SEM micrographs 
show that NR filled with PIP had a rough surface on the NR sample. Moreover, the 
roughness of the NR surface tended to increase with an increasing blend ratio (Figure 
5.6c, e, g and i). For NR/PIP blends after ageing, the roughness of the surface also 
increased with an increasing NR/PIP blend ratio (Figure 5.6d, f, h and j). For NR/HPIP 
blends before ageing, similarly, SEM micrographs show that the roughness of NR filled 
with HPIP occurred on the NR surface, and tended to increase with increasing blend 
ratio (Figure 5.7c, e, g and i). For the NR/HPIP blends surface after ageing, the 
roughness also increased with increasing NR/HPIP blend ratio (Figure 5.7d, f, h and j). 
This could be explained in that PIP and HPIP in rubber blends may aggregate within 
the NR matrix, and thus phase separation and poor interaction occurs due to an 
incompatibility between the PIP, HPIP and the nonpolar NR chain. In addition, for 
rubber blends at a blend ratio of 80:20, the surface of NR/PIP (Figure 5.6e) was 
smoother than that of NR/HPIP (Figure 5.7e). The result shows that HPIP has a poor 
interaction with NR compared with PIP due to the incompatibility and the different 
morphology of HPIP and NR. 
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Figure 5.6 SEM micrographs of samples before and after ageing (x 1000). (a) NR, 
(b) aged NR, (c) NR/PIP (90:10), (d) aged NR/PIP (90:10), (e) NR/PIP 
(80:20), (f) aged NR/PIP (80:20), (g) NR/PIP (70:30), (h) aged NR/PIP 
(70:30), (i) NR/PIP (60:40), (j) aged NR/PIP (60:40). 
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Figure 5.7 SEM micrographs of samples before and after ageing (x 1000). (a) NR, 
(b) aged NR, (c) NR/HPIP (90:10), (d) aged NR/HPIP (90:10), (e) NR/HPIP 
(80:20), (f) aged NR/HPIP (80:20), (g) NR/HPIP (70:30), (h) aged NR/HPIP 
(70:30), (i) NR/HPIP (60:40), (j) aged NR/HPIP (60:40). 
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5.7 Ozone Resistance of NR/PIP and NR/HPIP Blends 

 
Many elastomers are vulnerable to degradation by ozone. The susceptibility 

to ozonation is due to the double bonds in the unsaturated rubber. This is also in 
the case for NR. To improve the ozone degradation of NR, HPIP may be an effective 
filler in NR. Optical photographs of the surfaces of the NR/PIP and NR/HPIP blend 
after ozone exposure for 72 h are shown in Figure 5.8. The photograph of unfilled NR 
showed macroscopic cracks (C-4 type) and numerous vertical cracking lines on the 
surface (Figure 5.8a). Similarly, the C-4 type cracking after 72 h also occurred for 
NR/PIP at blend ratio of 90:10, 80:20 and 70:30, as shown in Figure 5.8b-d. The 
appearance of ozone cracking was evident for the degradation of unfilled NR and 
NR/PIP blends. It is possible that the growth of surface cracks by ozonolysis was 
initiated from the rubber matrix and the PIP filler, and grew over the critical length 
resulting in failure. The ozonolysis is assumed to follow a bimolecular law, where 
each C=C bond functions as an independent kinetic unit (26–28). In addition, ozone 
also attacks, though more slowly, polymers containing hydrogen atoms. However, the 
reaction between ozone and the C–H bond is much slower than that between ozone 
and the C=C bond [72, 73]. 

On the other hand, all NR/HPIP blends showed better resistance towards 
ozone exposure compared with unfilled NR for a 72 h exposure. The NR/HPIP blends 
at ratios of 90:10, 80:20 and 70:30 exhibited less cracking of C-2, B-3 and B-2, 
respectively (Figure 5.8e-g). It is obvious that the ozone resistance of NR at high HPIP 
loading was much better than that of the unfilled NR due to the suppression of crack 
growth. It can be concluded that the incorporation of the HPIP could retard the 
surface cracking, resulting in more ozone resistance of the NR/HPIP blends. 
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Figure 5.8 Surface of NR/PIP and NR/HPIP blends at various blend ratios after 
ozone exposure for 72 h. (a) NR, (b) NR/PIP (90:10), (c) NR/HPIP (90:10), 
(d) NR/PIP (80:20), (e) NR/HPIP (80:20), (f) NR/PIP (70:30), (g) NR/HPIP 
(70:30). 

*Classification of cracking on the surface of rubber specimen are shown in 
Appendix E. 
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CHAPTER VI  
 

CONCLUSIONS AND RECOMMENDATIONS 

 
6.1 Conclusions 

 
 (i) Aqueous-Phase Hydrogenation of Nanosized Polyisoprene Emulsions 

Using Rhodium Catalysts 
 
 A high degree of hydrogenation (upto 90%) has been achieved for the 
hydrogenation of PIP employing water-soluble rhodium complexes in aqueous 
media, especially using RhCl3/TPPMS as the catalyst precursor, while low conversion 
of carbon-carbon double bonds was obtained using RhCl3/TPPTS as the catalyst. A 
Hartley ionic spherical micelle model was proposed to rationalize the observed 
results that the high polarity of TPPTS forces the rhodium atom to locate on the 
Stern layer despite the polymer micelle core. 

Kinetic studies for the aqueous-phase hydrogenation of nanosized PIP showed 
that the reaction was first order with respect to [C=C]. The rate for the aqueous-
phase hydrogenation catalyzed by RhCl3/TPPMS increased with increasing catalyst 
concentration, reaction temperature and hydrogen pressure. The apparent activation 
energy for the hydrogenation of PIP was then calculated to be 117.0 kJ/mol. 
However, increasing the particle size of PIP had a negative effect on the 
hydrogenation rate, which can be explained in that the rhodium catalyst transferred 
through the smaller particles at a higher rate than through the larger particles of PIP.  

For the thermal and dynamic mechanical properties of rubbers, an increase in 
the degradation temperature of the HPIP indicated that the hydrogenation increased 
the thermal stability of PIP. In addition, the HPIP had the highest storage modulus 
(231 MPa) owing to replacement of polyisoprene by ethylene-propylene units in the 
structure of HPIP. Thus, catalytic hydrogenation in aqueous media provides a method 
to improve the thermal stability and dynamic mechanical properties of polyisoprene. 
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 (ii) Aqueous-Phase Hydrogenation of Natural Rubber Latex Using 
Rhodium Catalysts 

 
 For the organic solvent-free hydrogenation of NR and nanosized PIP catalyzed 
by water-soluble rhodium complexes, especially when using RhCl3/TPPMS as a 
catalyst precursor, high degrees of hydrogenation (HD) of NR (85.8%) and PIP (89.7%) 
were achieved. However, hydrogenation using RhCl3/PPh3 or RhCl3/TPPTS as a 
catalyst yielded lower HD for both polymers. A Hartley ionic spherical micelle model 
was applied to explain the observed results. The rhodium atom with the TPPMS 
ligand was located in a polymer micelle core layer despite being transferred to the 
Stern layer due to the low polarity of TPPMS.  

For hydrogenation catalyzed by RhCl3/TPPMS in the absence of organic 
solvent, an increase in the catalyst concentration, hydrogen pressure and reaction 
temperature had a beneficial effect on the NR and PIP hydrogenation and the highest 
HD (86% for NR and 90% for PIP) was achieved under an optimal condition. 
Moreover, the catalyst activity of RhCl3/TPPMS in NR hydrogenation was lower than 
that for PIP hydrogenation for all conditions due to impurities, e.g. protein at the -
terminal group of the NR structure in the latex.  

For the thermal and dynamic mechanical properties of rubbers, thermal 
stability of HNR was improved, as shown by an increase in the maximum degradation 
temperature at 466 ºC compared with the maximum degradation temperature of NR 
at 382 ºC. Moreover, the HNR had the highest storage modulus of 429 MPa due to 
substitution of C=C unsaturation units with ethylene-propylene segments. Therefore, 
it can be generally concluded that the thermal stability and dynamic mechanical 
properties of NR as a “green polymer” can be improved by aqueous-phase 
hydrogenation as a “green process” which may lead to an alternative way in the 
future for the realization of a commercial process for green latex hydrogenation. 
 
 (iii) Mechanical Properties of NR/PIP and NR/HPIP Blends 

 
In this work, the dynamic mechanical properties and thermal properties of 

NR/PIP blends and NR/HPIP blends was studied. The mechanical properties, thermal 
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resistance and ozone resistance of NR/PIP and NR/HPIP blends were also 
investigated. 

For the dynamic mechanical analysis, the storage modulus of NR/PIP and 
NR/HPIP blends decreased with increasing PIP and HPIP amount due to the increase 
in free volume of the NR matrix. Moreover, for the same blend ratio, the storage 
modulus of the NR/HPIP blends were higher than that of the NR/PIP blends which 
led to an increase in the stiffness of the NR/HPIP blends. For the thermal properties 
of rubber blends, NR/HPIP blend had two maximum decomposition temperatures of 
382 ºC and 450 ºC attributed to NR and HPIP, respectively, while NR/PIP blend had 
only one maximum decomposition temperature of 382 ºC a attributed to NR and PIP.  

For the SEM micrographs, the roughness of the NR/PIP and NR/HPIP blends 
surface tended to increase with increasing PIP and HPIP content. This could be 
explained by an incompatibility among PIP, HPIP and the nonpolar NR chain. In 
addition, the surface of NR/PIP tended to be smoother than that of NR/HPIP.  The 
results showed that HPIP had lower interaction with NR compared with PIP due to 
the incompatibility and the different morphology of NR and HPIP. 

For the mechanical properties of NR/PIP and NR/HPIP blends, the tensile 
strength and modulus of the blends were lower than those of unfilled NR. Moreover, 
an increasing amount of PIP or HPIP tended to have a negative effect on mechanical 
properties, indicating that incompatibility among PIP, HPIP and NR occurred which 
resulted in an imbalance in the NR matrix.  

However, the stability of the NR/HPIP blends after thermal ageing increased, 
maintaining 96% retention of their tensile strength and 94% retention of their 
modulus. With the reversed was observed for the mechanical properties of NR/PIP 
blends after thermal ageing (at 62% retention). In addition, incorporation of HPIP in 
NR could retard ozone-induced degradation resulting in an improvement of ozone 
resistance at the surface. Thus it can be concluded that HPIP can be used as a heat 
stabilizer and ozone resistant substance for NR composites to prevent polymer 
degradation at high temperature and ozone treatment.  
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6.2 Recommendations 

 
 A further study of the aqueous-phase hydrogenation of NR should be 
concerned with the following aspects: 

1. The non-rubber contaminants including protein, which may act as the 
inhibitors, could affect the catalyst activity of hydrogenation. Therefore, 
the pretreatment of NR latex by deproteinization or neutralizing the 
impurities by adding p-toluenesulfonic acid should be further studied.  

2. It is clear that a high hydrogenation degree and thermal stability of PIP 
and NR have been achieved for hydrogenation in aqueous media. 
Therefore, aqueous-phase hydrogenation of other elastomers such as 
polybutadiene rubber (PB) and styrene-butadiene rubber (SBR) in latex 
form should be further studied. 

Although the heat and ozone resistance of vulcanized NR was improved by blending 
with HPIP, the mechanical properties of blends tended to be decreased. Therefore, 
mechanical properties improvement by adding a stiffness filler, such as silica or 
montmorillonite, should be further studied. 
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APPENDIX A  
 

Calculation of % Hydrogenation 

  

     

 

 

 

Proton of repeating unit except =CH in Species 1   =  7  protons 

Proton of repeating unit in Species 2     =  10  protons 

 

 

 

Hydrogenation 

cis-1,4 polyisoprene 

 (Species 1) 

Hydrogenated polyisoprene 

(Species 2) 
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where   A  =  Peak area except at 5.2 ppm 

  B  =  Peak area at 5.2 ppm 

  C  =  Peak area of saturated –CH2- and -CH3 

 

Hence,    A  =  10C + 7B 

    C  =  (A - 7B)/10 

 

Total peak area = (Peak area of saturated –CH2– and –CH3) + (Peak area at 5.2 ppm) 

        =  [(A - 7B)/10] +B 

        =  (A + 3B)/10 

 

%Hydrogenation = [(Peak area of saturated –CH2 and –CH3)/(Total peak area)] ×100 

     =  100
10/)3(

10/)7(






BA

BA  

     =  100
)3(

)7(






BA

BA  

 

For example: A = 75.276 and B = 0.318 

  % Hydrogenation  =    
 

100
)318.0(3276.75

)318.0(7276.75




   

     =  95.83% 
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APPENDIX B  
 

Derivation of the Expression from the Proposed Mechanism 
for Hydrogenation of PIP Catalyzed by RhCl3/TPPMS 

 

 

 Using the steady state assumption for reaction intermediates, the following 
equilbria define the concentration of each catalytic species related to the rate 
determining step.  
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Hence;     
1

2
3

][])([
])([

K

TPPMSTPPMSRhCl
TPPMSRhCl   

or     
][

][])([
])([

221

22
3

HKK

TPPMSTPPMSRhClH
TPPMSRhCl           (B-3) 

A material balance on the rhodium charged to the system yields;  
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         (B-4) 

The rhodium species in Eq.(B-4) are substituted by Eq. (B-2) and (B-3), and transform 
to; 
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Rearranging Eq. (B-5) yields; 
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           (B-6) 

where KH is the Henry‖s Law constant for hydrogen in water, and PH2 is the hydrogen 
pressure.  

The relationship of the hydrogenation rate to the operating conditions can be 
derived by substitution of Eq. (B-6) into Eq. (B-1) which is the rate determining step of 
the process. 
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APPENDIX C  
 

Results for the Aqueous-Phase Hydrogenation  
of Nanosized Polyisoprene Emulsion 

 

Table C-1 Results for the synthesis of PIP: Effect of [SDS]. 

 

[SDS]  
(wt%) 

Exp 
Run 

Dn   

(nm) 
Average Dn   

(nm) 

Solid 
Content   

(%) 

Average 
Solid  

Content   (%) 

Conversion 
(%) 

Average 
Conversion 

(%) 
0.25 1 50.0 49.3 13.6 13.4 67.7 69.3 
0.25 2 48.6   13.2   70.9   
0.35 3 44.1 43.9 15.3 15.8 79.9 82.2 
0.35 4 43.7   16.2   84.5   
0.69 5 32.4 32.8 16.3 15.9 85.7 83.6 
0.69 6 33.2   15.5   81.5   
2.18 7 22.6 22.3 15.8 16.1 83.7 85.3 
2.18 8 22.0   16.4   86.9   

    Condition: IP/H2O= 0.4 w/w; [SPS] = 0.3 wt%; [NaHCO3] = 0.6 wt%; temperature=75oC; stirring 

speed=300 rpm; reaction time = 18 h. 
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Table C-2 Results for the aqueous-phase hydrogenation of PIP emulsion. 

Entry 
Initial Dn  

(nm) 
[Rh]  
(M) 

T  
(oC) 

P  
(bar) 

Dn  
(HPIP) 
(nm) 

% HD 

1 22.3 0 140 41.4 27.2 2.6 
2 22.3 50 140 41.4 25.9 51.6 
3 22.3 125 140 41.4 28.1 81.3 
4 22.3 250 100 41.4 25.0 22.1 
5 22.3 250 120 41.4 28.5 35.8 
6 22.3 250 130 41.4 28.2 95.8 
7 22.3 250 140 6.9 25.7 72.8 
8 22.3 250 140 10.3 25.3 82.5 
9 22.3 250 140 13.8 28.8 83.6 
10 22.3 250 140 27.6 29.6 92.8 
11 22.3 250 140 41.4 28.5 96.0 
12 43.9 0 140 41.4 49.0 2.7 
13 43.9 50 140 41.4 52.1 71.0 
14 43.9 125 140 41.4 57.2 79.4 
15 43.9 250 100 41.4 56.0 21.4 
16 43.9 250 120 41.4 47.3 33.0 
17 43.9 250 130 41.4 46.2 86.3 
18 43.9 250 140 6.9 54.2 63.6 
19 43.9 250 140 10.3 55.6 75.0 
20 43.9 250 140 13.8 48.1 84.7 
21 43.9 250 140 27.6 47.6 93.5 
22 43.9 250 140 41.4 52.3 96.0 

Hydrogenation conditions: [C=C] = 125 mM; catalyst precursor = RhCl3/TPPMS 

(P/Rh molar ratio = 3); reaction time = 6 h. 
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Table C-3 Results for the kinetic study of HPIP: Effect of particle size and catalyst 
concentration. 

Time  
(s) 

% HD at 
Dn= 22.3 nm,  
[Rh]=250 M 

X 1-X ln(1-X) 
% HD at 

Dn= 38.1 nm,  
[Rh]=250 M 

X 1-X ln(1-X) 

1800 30.5 0.31 0.70 -0.36 3.1 0.03 0.97 -0.03 

3600 43.2 0.43 0.57 -0.57 9.2 0.09 0.91 -0.10 

5400 57.8 0.58 0.42 -0.86 18.9 0.19 0.81 -0.21 

7200 61.0 0.61 0.39 -0.94 21.2 0.21 0.79 -0.24 

10800 69.1 0.69 0.31 -1.17 54.0 0.54 0.46 -0.78 

14400 77.4 0.77 0.23 -1.49 58.7 0.59 0.41 -0.89 

18000 81.0 0.81 0.19 -1.66 66.2 0.66 0.34 -1.09 

21600 93.1 0.93 0.07 -2.67 89.8 0.90 0.10 -2.28 

28800 92.7 0.93 0.07 -2.61 87.2 0.87 0.13 -2.06 

32400 95.7 0.96 0.04 -3.15 92.8 0.93 0.07 -2.63 

43200 96.5 0.96 0.04 -3.35 95.5 0.96 0.05 -3.10 

         
Time  
(s) 

% HD at 
Dn= 49.3 nm,  
[Rh]=250 M 

X 1-X ln(1-X) 
% HD at 

Dn= 22.3 nm,  
[Rh]=125 M 

X 1-X ln(1-X) 

1800 3.7 0.04 0.96 -0.04 10.2 0.10 0.90 -0.11 
3600 4.2 0.04 0.96 -0.04 15.0 0.15 0.85 -0.16 
5400 15.0 0.15 0.85 -0.16 18.0 0.18 0.82 -0.20 
7200 15.1 0.15 0.85 -0.16 25.5 0.25 0.75 -0.29 
10800 20.6 0.21 0.79 -0.23 43.6 0.44 0.56 -0.57 
14400 40.3 0.40 0.60 -0.52 49.9 0.50 0.50 -0.69 
18000 63.2 0.63 0.37 -1.00 65.3 0.65 0.35 -1.06 
21600 73.5 0.74 0.26 -1.33 76.0 0.76 0.24 -1.43 
28800 83.9 0.84 0.16 -1.83 83.1 0.83 0.17 -1.78 
32400 90.1 0.90 0.10 -2.31 88.4 0.88 0.12 -2.16 
43200 95.1 0.95 0.05 -3.02 93.8 0.94 0.06 -2.78 

   Condition : [C=C] = 125 mM; catalyst precursor = RhCl3/TPPMS (P/Rh molar ratio = 3); temperature = 
140 oC; H2 pressrure = 41.4 bar 
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Table C-4 Results for the kinetic study of HPIP: Effect of temperature and H2 

pressure. 

Time  
(s) 

% HD at 

P= 13.8 

bar,  

T=140 oC 

X 1-X ln(1-X) 

% HD at 

P= 27.6 

bar,  

T=140 oC 

X 1-X ln(1-X) 

% HD at 

P= 41.4 

bar,  

T=140 oC 

X 1-X ln(1-X) 

1800 6.8 0.07 0.93 -0.07 7.9 0.08 0.92 -0.08 30.5 0.31 0.70 -0.36 

3600 14.0 0.14 0.86 -0.15 21.4 0.21 0.79 -0.24 43.2 0.43 0.57 -0.57 

5400 19.7 0.20 0.80 -0.22 25.4 0.25 0.75 -0.29 57.8 0.58 0.42 -0.86 

7200 25.4 0.25 0.75 -0.29 37.8 0.38 0.62 -0.47 61.0 0.61 0.39 -0.94 

10800 42.0 0.42 0.58 -0.54 57.8 0.58 0.42 -0.86 69.1 0.69 0.31 -1.17 

14400 58.9 0.59 0.41 -0.89 63.5 0.64 0.36 -1.01 77.4 0.77 0.23 -1.49 

18000 69.3 0.69 0.31 -1.18 80.2 0.80 0.20 -1.62 81.0 0.81 0.19 -1.66 

21600 77.4 0.77 0.23 -1.49 86.2 0.86 0.14 -1.98 90.1 0.90 0.10 -2.31 

                          
             

Time  
(s) 

% HD at 
P= 41.4 

bar,  
T=130 oC 

X 1-X ln(1-X) 

% HD at 
P= 41.4 

bar,  
T=120 oC 

X 1-X ln(1-X) 

    1800 7.4 0.07 0.93 -0.08 7.7 0.08 0.92 -0.08 
    3600 8.5 0.09 0.91 -0.09 6.6 0.07 0.93 -0.07 
    5400 19.7 0.20 0.80 -0.22 12.3 0.12 0.88 -0.13 
    7200 21.8 0.22 0.78 -0.25 18.2 0.18 0.82 -0.20 
    10800 38.6 0.39 0.61 -0.49 21.9 0.22 0.78 -0.25 
    14400 46.0 0.46 0.54 -0.62 23.8 0.24 0.76 -0.27 
    18000 59.8 0.60 0.40 -0.91 26.3 0.26 0.74 -0.31 
    21600 78.4 0.78 0.22 -1.53 30.4 0.30 0.70 -0.36 
    

 Condition : [C=C] = 125 mM; particle size = 22.3 nm; catalyst precursor = RhCl3/TPPMS 
(P/Rh molar ratio = 3); [Rh] = 250 M 
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APPENDIX D  
 

Results for the Aqueous-Phase Hydrogenation of Natural Rubber Latex 

 
Table D-1 Results for the aqueous-phase hydrogenation of NR latex and PIP 

emulsion. 

Entry Polymer 
[Rh]   
(M) 

P  
(bar) 

T  
(oC) 

Dn  
(nm) 

% HD 

1 NR 0 41.4 130 183.5 5.8 
2 NR 25 41.4 130 175.7 8.3 
3 NR 50 41.4 130 191.2 35.3 
4 NR 125 41.4 130 188.4 66.6 
5 NR 175 41.4 130 186.6 71.4 
6 NR 250 6.9 130 163.8 12.9 
7 NR 250 10.3 130 185.6 21.0 
8 NR 250 13.8 130 180.4 73.1 
9 NR 250 27.6 130 168.5 81.3 
10 NR 250 41.4 100 175.9 23.1 
11 NR 250 41.4 110 176.2 22.4 
12 NR 250 41.4 120 175.1 24.2 
13 NR 250 41.4 130 172.6 85.8 
14 NR 250 41.4 140 179.0 83.0 
15 NR 250 41.4 150 178.1 60.6 
16 PIP 0 41.4 130 55.7 3.8 
17 PIP 25 41.4 130 54.7 14.6 
18 PIP 50 41.4 130 55.0 44.5 
19 PIP 125 41.4 130 55.6 75.4 
20 PIP 175 41.4 130 56.5 85.9 
21 PIP 250 6.9 130 52.7 31.2 
22 PIP 250 10.3 130 52.1 56.8 
23 PIP 250 13.8 130 52.9 78.0 
24 PIP 250 27.6 130 54.5 79.8 
25 PIP 250 41.4 100 54.2 25.5 
26 PIP 250 41.4 110 54.0 30.2 
27 PIP 250 41.4 120 56.5 32.1 
28 PIP 250 41.4 130 54.9 88.9 
29 PIP 250 41.4 140 51.8 89.7 
30 PIP 250 41.4 150 55.6 87.9 

Hydrogenation conditions: [C=C] = 125 mM; initial Dn  of NR= 169.1 nm, PIP = 49.3 nm; time = 6 h; catalyst 
precursor = RhCl3/TPPMS P/Rh Molar ratio = 3 
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APPENDIX E  
 

Results for the Mechanical Properties of NR/PIP and NR/HPIP Blends 

 

Table E-1 Tensile strength of NR/PIP and NR/HPIP blends. 

Rubber 
sample 

NR/PIP 
or 

NR/HPIP 

Tensile strength (MPa) 
before ageing 

Tensile strength (MPa)  
after ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 21.6 21.4 20.2 21.1 0.8 13.0 12.9 13.5 13.1 0.3 

NR/PIP 

90/10 17.4 16.5 17.1 17.0 0.5 10.8 10.1 10.7 10.5 0.4 

80/20 15.2 14.7 15.3 15.1 0.3 8.5 7.8 8.9 8.4 0.6 

70/30 12.3 11.8 12.4 12.2 0.3 7.1 7.5 7.0 7.2 0.3 

60/40 8.1 8.9 8.4 8.4 0.4 4.5 5.6 5.1 5.1 0.5 

NR/HPIP 

90/10 15.6 14.9 16.3 15.6 0.7 12.0 13.6 12.9 12.8 0.8 

80/20 13.7 12.3 12.7 12.9 0.7 11.9 12.3 12.4 12.2 0.3 

70/30 9.2 8.3 8.0 8.5 0.6 8.4 7.9 8.3 8.2 0.3 

60/40 5.4 4.6 5.1 5.1 0.4 5.2 4.4 5.0 4.9 0.4 

 

Table E-2 Modulus at 300% elongation of NR/PIP and NR/HPIP blends. 

Rubber 
sample 

NR/PIP 
or 

NR/HPIP 

Modulus (MPa) 
before ageing 

Modulus (MPa) 
after ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 1.79 1.72 1.67 1.73 0.06 1.29 1.32 1.34 1.32 0.03 

NR/PIP 

90/10 1.67 1.65 1.63 1.65 0.02 1.29 1.22 1.23 1.25 0.04 

80/20 1.54 1.63 1.49 1.55 0.07 1.21 1.10 1.15 1.15 0.06 

70/30 1.53 1.64 1.58 1.58 0.06 1.18 1.21 1.26 1.22 0.04 

60/40 1.43 1.38 1.47 1.43 0.05 1.18 1.11 0.93 1.07 0.13 

NR/HPIP 

90/10 1.49 1.48 1.55 1.51 0.04 1.21 1.19 1.25 1.22 0.03 

80/20 1.38 1.36 1.24 1.33 0.08 1.31 1.27 1.15 1.24 0.08 

70/30 1.14 1.16 1.02 1.11 0.08 1.11 1.12 0.97 1.07 0.08 

60/40 0.96 0.72 0.89 0.86 0.12 0.93 0.67 0.83 0.81 0.13 
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Table E-3 Elongation at break of NR/PIP and NR/HPIP blends. 

Rubber 
sample 

NR/PIP 
or 

NR/HPIP 

Elongation at break (%) 
before ageing 

Elongation at break (%) 
after ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 841 823 820 828 11.4 748 770 760 759 11.0 

NR/PIP 

90/10 797 811 823 810 13.0 745 764 766 758 11.6 

80/20 824 835 806 822 14.6 765 756 744 755 10.5 

70/30 784 805 791 793 10.7 728 752 744 741 12.2 

60/40 756 773 779 769 11.9 696 708 721 708 12.5 

NR/HPIP 

90/10 808 788 791 796 10.8 740 728 748 739 10.1 

80/20 762 775 784 774 11.1 735 744 758 746 11.6 

70/30 744 733 726 734 9.1 700 687 708 698 10.6 

60/40 649 639 626 638 11.5 598 629 617 615 15.6 
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APPENDIX F 
 

Classification of Cracking on the Surface of Rubber Specimens  
for Ozone Resistance Tesing. 

 

  

 

Number of Cracking 

A :  A small number of cracking. 

B :  A large of number cracking. 

C :  Numerous cracking. 

 

Appearance of Cracking 

1 :  That which cannot be seen with eyes but can be confirmed 
with  10 times magnifying glass. 

2 :  That which can be confirmed with naked eyes. 

3 :  That which the deep and comparatively long (below 1 mm). 

4 :  That which the deep and long (above 1 mm and below 3 mm). 

5 :  That which about to crack more than 3 mm or about to severe.

Type of cracking =   C-4 

Number of Cracking 

Appearance of Cracking 
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