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CHAPTER I 

 

INTRODUCTION 
 
1.1 Motivation 

 

 Polymer nanocomposites are novel materials consisting of an inorganic 

component as a reinforcing filler and an organic component as the polymer system. 

The research field of polymer nanocomposites is of tremendous interest and is 

beneficial to many different industries.  Nanosilica, one of the most common 

inorganic systems, has many functional properties including effective reinforcement 

for the rubber and plastic industry. Hence, polymer/silica nanocomposites have grown 

to being the focus of a great deal of academic and industrial research. These materials 

combine the advantageous properties of a polymer species such as elasticity, 

processibility, flexibility and then dispersed silica provides high thermal stability and 

reinforcement. However, these remarkable properties could not be fulfilled due to the 

poor dispersion, the inferior compatibility and the lower stability of the filler in the 

polymer matrix. The drawbacks of hybrid nanoparticles are due to the difference of 

polarity between the filler and polymer. The filler has the highest polarity at its 

surface resulting in a strong aggregation tendency. On the other hand, the polymer is 

less polar resulting in a decrease in mechanical, chemical and thermal properties. 

Since silica particles with hydrophilic surfaces easily adhere to each other through 

hydrogen bonding and form irregular agglomerates, this hydrophilic surface does not 

possess good compatibility with the polymer. Therefore, mechanical 

mixing/dispersion methods such as high speed shearing or milling are not effective to 

break down the agglomeration because the electrostatic forces holding the particles 

together are stronger than the shear force created by the velocity gradient.  

 Consequently, the development of new polymer/silica nanocomposites to 

acheive the homogeneity of the silica nanoparticle in the nanosized polymer as well as 

a good colloidal stability via an alternative synthetic route is a challenge. A new 

direction in this area is to synthesize nanosized rubber and rubber nanocomposites in 
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latex form via a green process which avoids the obvious problems; such as, high 

pressure hydrogen equipment, high cost of a noble metal catalyst, and environmental 

problems which may result from the use of toxic organic solvents. 

 

1.2 Miniemulsion Polymerizaton 

 

The synthesis and application of polymers via miniemulsion polymerization 

have gained popularity in both the academia and industry. Miniemulsion 

polymerization was first investigated by John Ugelstad in 1973 [1]. Miniemulsions 

are obtained by the combination of a high shear device to break up the monomer 

droplets into submicron monomer droplets with a water-insoluble or monomer-

soluble component. Without a high-shear device, miniemulsion polymerization could 

revert to macroemulsion polymerization, indicating that the presence of only a 

costabilizer was not sufficient to cause predominant droplet nucleation [2]. High-

shear devices are provided by sonicator or mechanical homogenizer and surfactant is 

necessary to retard droplet coalescence. The mechanism of miniemulsion 

polymerization is shown in Figure 1.1. For the first step, small stable droplets ranging 

in size between 50 and 500 nm are formed by shearing the dispersed phase system, 

the continuous phase, and surfactant agent. Then, these droplets can propagate during 

polymerization through small monomer-swollen micelles. Miniemulsion 

polymerization produces a large droplet surface area in the system and most of the 

surfactant is adsorbed at the droplet surface to produce very small monomer droplets.  

Particle nucleation initially occurs via radical entry into the monomer droplets by 

using either oil-soluble or water-soluble initiators. The important key is that the 

reaction proceeds by polymerization of the monomer in these small droplets [3]. 

Landfester and coworkers [4] studied the preparation of polystyrene 

nanoparticles via miniemulsion polymerization using the cationic surfactants of 

cetyltrimethyl ammonium bromide (CTAB) and cetyltrimethyl ammonium tartrate 

(CTAT). It was reported that these surfactants could produce particles of similar size 

to those produced when using anionic surfactants at the same levels. 
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Figure 1.1 Scheme of the miniemulsion process [3]. 

 

For direct miniemulsions (oil-in-water), the droplet size also changed rapidly 

through the the sonication process [5]. When homogenization begins, the 

polydispersity of the droplet was still high and the miniemulsion reachs a steady state. 

For inverse miniemulsions (water-in-oil), the concept of emulsion stabilization is 

different in which the reaction medium is insoluble in the continuous oil phase, so-

called lipophobe [6] as shown in Figure 1.2. Due to a change of the continuous phase 

from hydrophilic to hydrophobic in the inverse miniemulsion, the surface coverage of 

the droplet with surfactant was incomplete, and empty micelles were absent. The 

particle size decreased with increasing surfactant amount, and these relations depend 

on the amount of hydrophobe [7].  

 

 

 
 

 

 

 

 

 

 

Figure 1.2 Comparison between (a) direct and (b) inverse miniemulsion [6]. 
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Miniemulsion polymerization could be applied for synthesizing nanosized 

polymers of all types of monomers, which were miscible or immiscible with the 

continuous phase. This enables a variety of polymerization reactions that lead to 

nanoparticles and hybrid nanoparticle synthesis [8-11]. 

Li et al. [12] studied the kinetics of conventional emulsion polymerization in 

comparison with miniemulsion copolymerization of styrene and butadiene using 

hexadecane as the costabilizer. It was found that the miniemulsion polymerization 

occurred mainly by nucleation in the small and relatively stable monomer droplets 

while particle formation occurred within the micelles in conventional emulsion 

polymerization. The rate of polymerization in miniemulsion polymerization was faster 

than in the corresponding conventional emulsion system. The homogenization process 

was important for providing a stable miniemulsion system. 

There have been many reports on the preparation of inorganic encapsulation 

within polymers by miniemulsion polymerization [13-14], Erdem et al. [15-16] 

studied the encapsulation of TiO2 particles via miniemulsion polymerization in two 

steps as shown in Figure 1.3. The TiO2 was initially dispersed in the monomer by 

using polybutene-succinimide as stabilizer and the dispersion phase was then 

dispersed in an aqueous solution to form stable droplets. However, it was found that 

the incorporation of TiO2 nanoparticles within the polystyrene droplet was affected by 

the limits of the droplet size and complete encapsulation of all TiO2 particles in the 

colloidal system was not achieved.  

 

 

 
 

 

 

 

 

 

 

Figure 1.3  Principle of encapsulation by miniemulsion polymerization [16]. 
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Tiarks et al. [17] reported on the encapsulation of silica nanoparticles with 

polystyrene, poly(butyl acrylate), and poly(methyl methacrylate) by the miniemulsion 

process. Polymer/silica nanocomposites could be obtained having a raspberry 

morphology and the overall particle size ranged from 80-120 nm. The particle size of 

the composites could be controlled by the silica loading. The cationic surfactant of 

CTAB resulted in an improvement of the silica nanoparticles within the polymer latex 

[18]. 

Ali Reza Mahdavian et al. [19] applied miniemulsion polymerization to 

prepare a nanocomposite latex of nano-alumina (40–47 nm) encapsulated by 

poly(styrene-co-methyl methacrylate) under high-shear ultrasonic irradiation. First, 

alumina nanoparticles were coated with oleic acid in order to form modified alumina. 

Then miniemulsion polymerization was performed in the minidroplets including 

modified alumina, St and MMA for obtaining core/shell nanocomposite particles. The 

stable poly(St-co-MMA)/alumina nanocomposite latexes with high monomer 

conversion were prepared through miniemulsion polymerization. 

 

1.3 Microemulsion Polymerization 

 

Microemulsion polymerization provides alternative opportunities for 

producing polymer nanoparticle and polymer nanocomposites due to providing a 

stable suspension of ultrafine particles in the nanosized range, so-called “microlatexes 

or nanolatexes”. The concept of microemulsion polymerization appeared in the early 

1980s when it was first reported by Stoffer et al. [20]. For miniemulsion 

polymerization, the monomer droplet size could be sufficiently reduced, the loci of 

polymerization became the monomer droplets and the particle diameter was in the 

range of 50 to 500 nm. Based on microemulsion polymerization, the surfactant 

concentration in a macroemulsion was greatly increased or the monomer 

concentration was highly reduced resulting in a microemulsion. The particles 

produced in this system were very small, ranging from 10 to 100 nm. 

A microemulsion is defined as being thermodynamically stable, isotropic with 

optically transparent dispersion of two immiscible liquids composed of oil and water 

and obtained in a surfactant system consisting both of a single surfactant, a mixture of 
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surfactants or a mixture of a cosurfactant [21-23]. Microemulsion polymerization, oil 

in water (o/w) and inverse microemulsion polymerization, water in oil (w/o) have 

become useful techniques to prepare nanoparticles in latex form and to yield stable 

polymer with particle size ranging from 10 to 100 nm [24]. A globular oil-in-water or 

water-in-oil, microemulsion consists of microdroplets surrounded by a surfactant 

monolayer as shown in Figure 1.4. The small size of the droplets is commonly used as 

a criterion for the preparation of the microemulsion. The thermodynamic stability of 

microemulsions arises from the very low interfacial tension of the small droplets. 

Subsequently, the formation of the microemulsion is a spontaneous process. However, 

a large amount of surfactant (about 10–15% based on monomer weight) is needed for 

achieving thermodynamic stability of the microemulsion [25-28].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Isotropic microemulsion domains in the phase diagram of 

multicompartment systems [28]. 

  

Capek et al. [29] proposed a mechanism for the oil in water microemulsion 

copolymerization of butyl acrylate and acrylonitrile initiated by ammonium 

peroxodisulfate in water and dibenzoyl peroxide in oil in the presence of a radical 

scavenger and water soluble potassium nitrosodisulfonate. The initiation involved a 

two-step process; the radicals are formed by the decomposition of initiator in the 

aqueous phase in the first step and then the oligomeric radicals entered the micelles 
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and initiated the growth of the primary monomer. The production of radicals was 

initiated in the monomer swollen polymer particles to form radicals in the aqueous 

phase and propagated the growth of the polymer chains in both the aqueous phase and 

the monomer-swollen micelles. The nucleation of monomer swollen micelles resulted 

in the formation of colloidal primary particles and stable polymer particles.  

Gan et al. [30] studied the polymerization of styrene in stable o/w 

microemulsions using a cationic surfactant of cetyltrimethyl ammonium bromide 

(CTAB) and a glycol type cosurfactant initiated by water-soluble potassium 

persulphate to produce microlatex. Final latexes with high molecular weight (5-

10x106) and small particle diameter (20-40 nm) were achieved. 

Many investigations have been carried out on the polymerization of globular 

o/w or w/o microemulsions through free-radical polymerization of styrene, methyl 

methacrylate, methacrylic acid [31-33]. The microemulsion polymerization was 

achieved by using a cationic surfactant, CTAB [34] or cetyltrimethyl ammonium 

chloride (CTAC) [35], and microemulsions were prepared using a surfactant of 

sodium dodecyl sulfate (SDS) [36] and a mixture of cosurfactant of SDS with 

pentanol [37-38]. However, the monomer content that could be incorporated was low 

and usually lower than the surfactant amount used. 

These polymerized o/w microemulsions were applied for producing small 

latex diameter of poly(methyl methacrylate) and poly(hexyl methacrylate) (30-50 

nm),  [39-40] and high molecular weight polystyrene (105-106) [41]. The 

polymerization of styrene has also been successfully carried out in o/w 

microemulsions stabilized by dodecyltrimethyl ammonium bromide without using a 

cosurfactant [42-43].   

Sanghvi et al. [44] reported that stable and transparent poly(styrene-

acrylonitrile) latexes were produced by the copolymerization of styrene with 

acrylonitrile in a ternary o/w microemulsion containing SDS as an anionic surfactant. 

The average particle size was found to be 15-20 nm. The anionic nature of the free 

radicals and oligomeric free radicals generated due to potassium persulfate (KPS) and 

the solubility of acrylonitrile in water experience more resistance from the SDS 

molecules compared with OH radicals generated from H2O2/ascorbic acid. The 

kinetics of the copolymerization was studied at different temperatures using different 
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concentrations of KPS and H2O2/ascorbic acid. As a result the rate of polymerization 

showed a higher dependency on initiator concentration for the KPS system. 

A major difference between emulsion and microemulsion arises from the 

amount of surfactant needed to stabilize the reaction systems. This surfactant 

concentration is much larger for a microemulsion (10-50% of the monomer weight), 

as compared with conventional emulsion polymerization. However, high solid content 

and low surfactant concentration are desirable for industrial applications. This is a 

drawback that considerably limits the potential uses of microemulsion polymerization. 

On comparison with conventional emulsion polymerization, microemulsion 

polymerization of a non-polar monomer could produce polymer latex particles with 

small particle diameters of less than 50 nm, whereas particles obtained from 

conventional emulsion polymerization were large being greater than 400 nm in 

diameter. For all the above microemulsion polymerization processes, high surfactant 

concentration was required to form a stable polymer latex which is an obvious 

drawback in comparison with those particles obtained from conventional emulsion 

polymerization. High surfactant levels and low polymer contents restrict the 

application of microemulsion latexes in industry. To minimize the surfactant amount 

and maximize polymer content, alternative methods have been developed. 

 

1.4 Silica Surface Modification 

 

One of the important applications of silica is the use of it as a filler in polymer 

matrices for reinforcement. Nano-silica has more prominent reinforcing effect over 

commercial micro-silica due to its high surface area which leads to better dispersion 

capability in a polymer material. However, silica nanoparticles have a tendency to 

form agglomerates due to high polarity and surface energy through hydrogen bonding. 

This phenomenon of strong filler-filler interactions is not favorable for effective 

reinforcement. This problem could be resolved by surface modification of the silica 

nanoparticles.  

The strategy for modification or functionalization of silica particlee depends 

on the specific structure of their surface and specific surface area. The hydroxyl group 

on the silica surface was used as capping groups and reacted with a carboxyl group 
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through hydrolysis and polycondensation using various silane groups to form siloxane 

linkage Si-O-Si bond [45-47]. Amine and oxysilane are two other popular functional 

groups that are used for surface modification of nanoparticles due to the protection of 

the nanoparticles from aggregation or agglomeration [48]. The modifiers or coupling 

agents should have dual functional groups, one for surface binding and the other for 

initiating the designed chemical reactions [49]. Electrostatic interactions [50-51] and 

other types of Van der Waals interactions [52] are the main driving forces in 

preliminary silica surface modification. However, both these types of interaction are 

physical in nature which tends to be weak compared to chemical reactions. 

Among these strategies, silane coupling agents provide a popular approach to 

produce functionalized silica; this process is based on two main reactions of 

hydrolysis followed by polycondensation. Some typical silane coupling agents used 

for surface functionalization of silica particles are presented in Table 1.1 and the 

mechanism for surface modification of mesoporous silica is shown in Figure 1.5 [53]. 

 

Table 1.1 Typical silane coupling agents for silica surface treatment [53] 
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Figure 1.5 The mechanism for surface modification of mesoporous silica [53]. 

 

For silica treatment, homogeneous base catalysts such as ammonia solution or 

sodium hydroxide and acid catalysts such as hydrochloric acid or nitric acid are 

necessary for the hydrolysis and condensation. The hydrolysis leads to the formation 

of silanol and removes the leaving group during the first step. These silanol groups 

would crosslink during polycondensations to form oligomers which further condense 

catalytically through OH interactions on their surfaces. When the hydroxyl group 

exists on the silica surface, many chemical reactions target interactions with this 

group [54-56]. (3-mercaptopropyl) trimethoxysilane (MPS) are the agents most often 

used for silica modification [57-59]. Polyethylene glycol (PEG) [60], vinyl [61], 

phenyl [62] and amino [63-64] are the most common functional groups at the end of 

these agents.  

Therefore, chemical treatment of the nanoparticle surface is necessary to 

achieve better compatibility and dispersion of the filler in the polymer latex. This 

treatment leads to bonding between the coupling agent and the silica surface to 

remove the surface silanol groups and to change the hydrophilic surface into a 

hydrophobic surface. As shown in Figure 1.6, the ideal result of surface treatment is 

to reduce the filler–filler interaction and to achieve homogeneity of the nano-size 

silica in the polymer [65]. 
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Figure 1.6 Scheme of surface modification for nano-size filler [65]. 

 

1.5 Polymer-Silica Nanocomposites 

 

Physical blending of the silica particles with the polymer is the simplest 

method to prepare polymer/silica composites. The mixing can be classified by melt 

blending and solution blending. Melt blending was done by mixing the silica with the 

polymer above the glass-transition temperature (Tg) of the polymers or above the 

melting point [66]. Perez et al. [67] reported that the addition of silica into styrene-

butadiene rubber (SBR) by melt blending to prepare SBR/silica nanocomposites 

resulted in increasing the Tg and thermal resistance while the modulus and tensile 

strength slightly increased due to the adhesion of the filler in rubber nanocomposites. 

For solution blending, silica and polymer were mixed in an organic solvent and the 

polymer nanocomposites were obtained after removal of the solvent. This method can 

provide a good molecular level of mixing, and can overcome the limitation of melt 

mixing. Many polymers undergo good mixing with silica using this method [68-71]; 

however, solution blending has drawbacks as high amounts of solvent are required 

and the solvent must be removed after processing.  

The preparation of polymer/silica nanocomposites by direct mixing led to 

physisorption, which is a relatively weak interaction and it was sensitive to 

temperature and chemical reagents resulting in easy desorption. Hence, many 

chemical methods have been applied to produce polymer/silica nanocomposites 

providing strong covalent bonds with functional groups. 

An incorporation of inorganic fillers in organic polymers has several ways to 

form the different interactions.  The strong interaction such as covalent bond, 

coordination, and ionic bond or weak interaction such as van-der-Waals force, 

hydrogen bonding, hydrophilic-hydrophobic interaction could occur between the two 
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components depending on the different methods. (Figure 1.7) [72]. However, strong 

interaction and chemisorption between two different phases are preferred. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Different types of polymer nanocomposites. (a) embedding of the filler 

into the polymer, (b) interpenetrating networks, (c) incorporation of 

inorganic groups with chemical bonde to the polymer backbone, and 

(d) dual hybrid polymer [72]. 

 

Polymerization methods have been developed in order to provide many 

advantages, such as ease of processing and good performance of the final products 

[73]. Further, polymerization can produce good dispersion of silica in the polymer 

matrix and increase the strong interaction between the polymers and the nanofillers. 

In 1998, Moller et al. [74] studied the synthesis of poly(methyl methacrylate)/silica 

composites by solution polymerization initiated with benzoyl peroxide through radical 

chain polymerization, implying strong interaction and chemical bonding between the 

polymers and fillers as confirmed by FTIR spectroscopy and SEM. 

 Some previous work has been reported on heterophase polymerization 

techniques to prepare polymer/silica nanocomposites by using dispersion [75-77], 

suspension-dispersion [78-80], and emulsion polymerization [81-85]. Bourgeat-Lami 

et al. [86] studied polystyrene encapsulation of silica particles using dispersion 
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polymerization and a nanocomposite particle size of 0.2-0.5 μm was obtained. The 

polymer encapsulation of small silica particles, using dispersion polymerization of 

styrene was performed in aqueous ethanol medium with poly(N-vinyl pyrrolidone) 

(PVP) as stabilizer. Zhu et al. [87] studied the preparation of poly(styrene-

butylacrylate-acrylic acid)-graft–silica (PSBA-g-silica) hybrid nanoparticles by 

suspension–dispersion polymerization to improve the present unsatisfactory UV-

shielding and water resistance properties. Later, core-shell poly(methyl methacrylate) 

(PMMA)-SiO2 nanoparticles were synthesized using suspension-dispersion- 

polymerization and these nanoparticles were used as a filler in a poly(vinyl chloride) 

(PVC) matrix, resulting in the increased tensile strength, elongation at break and heat 

resistance of PVC [88]. 

 Alternatively, emulsion polymerization provides an effective way of 

synthesizing polymer/silica nanoparticles. Ding et al. [89] reported the preparation of 

monodispersed polystyrene/SiO2 composite particles with a core–shell structure by in 

situ emulsion polymerization of styrene (ST) on the surface of silica nanoparticles 

modified with oleic acid since the C=C bonds of oleic acid were adsorbed by the 

silanol groups at the surface of nanosized silica to induce the coating. Later, 

Mahdavian et al. [90] reported that the preparation of poly(ST-MMA)/SiO2 

composites via emulsion polymerization was accomplished by modification of nano-

SiO2 with oleic acid and composites of particle size in the range of 90-200 nm with 

high silica encapsulation efficiency of 87.2% were obtained. Reculusa et al. [91] 

reported the preparation of polystyrene/silica nanocomposites with the raspberry like 

morphology through emulsion polymerization using the adsorption of a poly(ethylene 

glycol) methacrylate derivative. Hence, emulsion polymerization is commonly used in 

the production of polymer particles with very small size. This method can control the 

reaction rate, particle size and morphology effectively [92]. 

 Recently, modified emulsion polymerization has been developed to obtain 

particles of smaller size by using microemulsion or miniemulsion polymerization. Qi 

et al. [93] studied the preparation of poly(methyl methacrylate-co-butyl acrylate)-

graft-silica using miniemulsion polymerization to obtain particles smaller than 100 

nm at a surfactant level of 20 % based on the monomer weight. The miniemulsion is a 

relatively stable oil-in-water dispersion, which is typically obtained by shearing a 
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system containing monomer(s), water, surfactant and a costabilizer. The monomer 

droplets have a diameter in the range of 50 to 500 nm. Xu et al. [94] reported that the 

PMMA/SiO2 nanocomposite particles could be prepared through microemulsion 

polymerization by using silica particles coated with 3-(trimethoxysilyl) propyl- 

methacrylate (MSMA). This technique can produce particles smaller than 100 nm, 

however the surfactant amount used is about 40 % based on monomer weight.  

 However both microemulsion and miniemulsion polymerization required a 

high amount of surfactant. The surfactants are not only expensive but also have 

significantly negative impact on the physical properties of the polymers. Moreover, 

the concentration of such surfactant molecules in solution needs to be tuned carefully 

because latex formation in free micelles in the emulsion can be observed at higher 

concentrations of surfactant. These molecules are usually only weakly bonded to the 

surface and can therefore be desorbed easily [95].  

Since it is desirable to reduce the surfactant amount and also achieve 

nanosized particles, a differential microemulsion polymerization method was 

proposed. Differential microemulsion polymerization has been developed in which 

the monomer feed was provided continuously as very small droplets and slowly added 

to the polymerization system under mild agitation. Compared with conventional 

emulsion polymerization, the differential microemulsion polymerization requires an 

extremely low surfactant concentration and is controllable in providing PMMA 

nanoparticles of less than 20 nm at a surfactant concentration of 5% based on 

monomer weight, which is difficult to be realized by conventional methods [96]. 

Norakankorn et al. [97] studied differential microemulsion polymerization 

applied to synthesize nanosized poly(methyl methacrylate) using an oil soluble 

initiator as azobisisobutyronitrile (AIBN). These particles of less than 50 nm were 

produced by using 5g/L surfactant concentration. He et al [98] proposed a 

mathematical model for the differential microemulsion polymerization of PMMA. In 

the reaction system as illustrated in Figure 1.8, the initiator decomposes in the water 

phase to form primary radicals. Some of the primary radicals could attack monomers 

to form polymer radicals. These polymer radicals propagated in the water phase 

reaching a critical chain length and precipitated to form polymer particles 

(homogeneous nucleation) or entered into monomer-swollen micelles to generate 
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polymer particles (heterogeneous nucleation). The radicals in the water phase also 

could be terminated by combination or disproportion or be captured by either active 

(polymer particles having free radicals in them) or dead polymer particles.  

Differential microemulsion polymerization has many advantages for the 

production of nanosized polymer latex particles of less than 50 nm with high 

monomer conversion and high polymer content by using an extremely low surfactant 

concentration and is normally performed using an environmental friendly process due 

to the absence of organic solvents under mild conditions.  

 

Figure 1.8     Proposed mechanism of differential microemulsion polymerization [98]. 

 

 

Encapsulation of silica nanoparticles by a polymer layer, so-called core–shell 

particles, can be carried out by an emulsion polymerization process. Polymerization 

could not occur at the surface of unmodified silica particles due to the absence of 

functional groups on the surface. Hence, surface modification of silica pretreatment 

becomes necessary followed by polymerization on the functionalized-silica. The 

surface-active molecules could prevent agglomeration and provide compatibilization 

of the filler into the polymer matrix. Depending on the reaction conditions and type of 
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silica particle, different products were obtained in which particles were encapsulated 

in a polymer shell through only single shell particles or several cores. However, pure 

polymer latex particles so called “free polymer or ungrafted polymer” can also be 

formed in the emulsion (Figure 1.9). Therefore, the surfactant concentration needs to 

be controled carefully since free polymer formation in micelles can be observed at 

higher surfactant concentrations. 

  

Figure 1.9   Different core/shell morphologies of polymer/silica nanocomposites [95]. 

 

 

Besides polymerization, a self-assembly technique is a commonly used 

strategy in the synthesis of polymer/silica nanocomposites with good stability. Self-

assembly is a method capable of making one, two and three dimensional structures of 

nanomaterials [99-100]. The major interaction for self-assembly includes electrostatic 

interactions, surface tension, and hydrophobic interactions [101]. The thickness of the 

shells can be adjusted by depositing oppositely charged reactants as polyelectrolyte 

through predominantly electrostatic interactions [102]. Moreover surface self-

assembly can also be used for the formation of capsules from core-shell structures 

using templating methods [103]. The most commonly used polyelectrolyte pairs 

include poly(styrene sulfonate) (PSS) and poly(diallyldimethylammonium chloride) 

(PDADMAC) [104] PSS and poly(allylamine hydrochloride) (PAH) [105-106], PSS 

and poly(diallydimethyl-ammonium) (PDDA) or poly(pyrrole) and poly(N-

methylpyrrole) [107].  
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1.6 Hydrogenation of Diene-Rubber 

 

Generally, diene-based rubber is widely utilized for industrial proposes. These 

rubbers have carbon-carbon double bonds in their polymer chain which are 

advantageous for vulcanization. However, the residual unsaturated carbons present a 

disadvantage for weather resistance, oxidation, high temperature and ozone resistance. 

Hydrogenation is a reaction in which the addition of hydrogen to double or triple 

bonds are replaced by saturated hydrocarbon bonds. Hydrogenation of diene-based 

rubbers is very useful for improving the thermal and oxidative stability as well as 

mechanical properties of hydrogenated polymers. The hydrogenation of the carbon-

carbon double bonds in diene-based rubber is an important process to obtain the 

hydrogenated rubber which is more resistant than the unsaturated polymer under the 

aggressive environments for outdoor application while maintaining their elastomeric 

property. The hydrogenation of diene-based rubber could be achieved by both 

catalytic process and noncatalytic hydrogenation.  

 

1.6.1 Catalytic Hydrogenation Using Metal Catalysts 

 

The process involved dissolution of the diene rubber in an organic solvent in 

contact with hydrogen in the presence of a hydrogenation catalyst. Homogeneous and 

heterogeneous catalysts have been developed for providing the hydrogenated rubber 

[108-110]. A soluble catalyst complex in an organic solvent under hydrogen pressure 

is needed for homogeneous hydrogenation while insoluble transition metal catalysts 

are used for heterogeneous hydrogenation to promote hydrogen addition to the 

unsaturated carbon-carbon double bonds. Heterogeneous catalysts such as Pd/Al2O3 

and Pd/BaSO4 were used to catalyze the hydrogenation of polybutadiene rubber [111-

112]; it was found that low double bond conversion (<40%) was observed at high 

catalyst concentration. 

 Homogeneous catalysts have been reported to increase the rate of 

hydrogenation. High degrees of hydrogenation (≥97%) of cis-1,4polyisoprene was 

achieved with a Ru(CH=CH(Ph))Cl(CO)(PCy3)2 concentration of 200 µM and 180⁰C 

in monochlorobenzene [113]. For the hydrogenation of natural rubber (NR) using 
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Ru(CH=CH(Ph))Cl(CO)(PCy3)2, a degree of hydrogenation of 99% was obtained and 

an activation energy of 26 kJ/mol was reported. The hydrogenation of NR led to an 

increase in the thermal stability of HNR without affecting its Tg [114]. 

Hinchiranan et al. [115] 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 hydrogenation rate 

was a first-order shifted to 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. The apparent activation energy was 122.76 kJ/mol. 

Later, Mahittikul et al. [116] studied the use of OsHClCO(O2)(PCy3)2 as an effective 

catalyst for hydrogenation of NRL in chlorobenzene; however, impurities in NRL 

such as protein and lypolipids reduce the catalytic activity. However, the presence of 

a sulfonic acid in the hydrogenation process could prevent the poisoning of the 

osmium catalyst by impurities. 

Catalytic hydrogenation is a potentially a useful method for the hydrogenation 

of acrylonitrile-butadiene rubber in the presence of Wilkinson’s catalyst under mild 

conditions. The process is selective to terminal or internal double bonds in rubber 

backbone without any hydrogenation of the nitrile groups [117]. Moreover, the 

Wilkinson’s catalyst could be used for hydrogenation of chloroprene rubber. The 

hydrogenated chloroprene rubber exhibited the improvement in properties such as 

oxidative resistance, thermal degradation resistance and oil resistance [118]. 

Wei et al. [119] reported on a new approach for hydrogenation of 

acrylonitrile-butadiene rubber by direct hydrogenation in latex form using 

RhCl(PPh3)3 as a homogeneous catalyst. A degree of hydrogenation of 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 for an organic solution, 

this process did not show any problems of cross-linking in the resulting product and 

can hydrogenate only the carbon-carbon double bonds. 

Escobar Barrios et al. [120] studied the hydrogenation of styrene-butadiene 

rubber (SBR) by using cyclohexane and n-butyllithium as the solvent and catalyst 

promoter, respectively. The dissolved SBR in cyclohexane was homogeneously 

hydrogenated using a Ziegler-Natta catalyst, prepared from nickel acetylacetonate and 
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n-butyllithium. A 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.  

From literature reviews, catalytic hydrogenation of rubber such as natural 

rubber [121-122], nitrile-butadiene rubber [123], styrene-butadiene rubber and 

polyisoprene rubber [124-128] has proven to be a successful process for providing 

hydrogenated rubber. 

 

1.6.2 Noncatalytic Hydrogenation Using Diimide Reduction  

 

From previous work, the hydrogenation of rubber required hydrogen gas, 

organic solvent, and a metal catalyst; therefore, an alternative way of diimide 

reduction was developed [129]. The numerous sources of diimide mentioned below 

were discovered through the uncatalysed hydrogenation of olefins. 

 

1. Hydrazine yields diimide according to Eq. (1.1) in the presence of 

oxidizing agents such as atmospheric oxygen, mercuric oxide, 

hexacyanoferrate(III) [130], N,N-dichlorotoluenesulfonamide [131] and 

peroxides [132].  

 

H2N-NH2   HN=NH    (1.1) 

  

2. Decomposition of azodicarboxylate in accordance with Eq. (1.2) to 

produce diimide and carbon dioxide, this reaction proceeds especially 

readily in the presence of acid [132]. 

 

O2C-N=N-CO2 + H2    2CO2 + HN=NH  (1.2) 

 

3. High thermal cleavage of arenesulfonyl hydrazide [133] in accordance 

with Eq. (1.3)   

 

C6H5SO2-NH-NH2  C6H5SO2H + HN=NH  (1.3) 

-2H 

150°C 
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4. Thermolysis of p-toluenesulfonyl hydrazide (TSH) [134] as Eq. (1.4) 

 

                 C6H4CH3SO2-NH-NH2  C6H4SO2HCH3 + HN=NH  (1.4) 

 

The source for releasing diimide as active species from the redox reaction of 

hydrazine hydrate (N2H4) with hydrogen peroxide (H2O2) as strong oxidizing agent is 

energetically favorable due to the production of final product in latex form and the 

absence of any organic solvent [135]. Furthermore, this technique could be operated 

without high hydrogen pressure equipment. The reaction for diimide hydrogenation is 

illustrated in accordance with Eqs. (1.5) and (1.6) while the side reactions of diimide 

decomposition and diimide dispropotionation are presented in Eqs. (1.7) and (1.8), 

respectively. 
 

NH2NH2  +  H2O2                      HN=NH  +  2H2O                   (1.5) 

N2H2  + -H2C-HC=CCH3CH2-             -H2C-H2C-CHCH3CH2-  + N2 (1.6)                       

NH2NH2  +  2H2O2                       N2  +   4H2O                               (1.7) 

           2NH=NH                                       N2 + NH2–NH2                  (1.8) 

 

The production of diimide as Eq. (1.5) possibly occurs at the interface of the 

rubber particles and the bulk aqueous phase whereas a competitive reaction before the 

diffusion of diimide into the rubber particles may appear not only at the interface but 

also in the aqueous phase. The radical source for gel formation and the crosslinking 

process is observed according to Eq. (1.8) [136]. A mechanism for dimide 

hydrogenation of nitrile rubber catalyzed by cupric ion is proposed in Figure 1.10. 

The anionic surfactant can produce a soap particle interface and is useful for the 

diffusion of the diimide molecule from the interface to the rubber phase resulting in 

high hydrogenation efficiency for hydrogenation of diene-based rubber [137].  

 

 

 

80°C 
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Figure 1.10 Proposed mechanism of diimide reduction [137]. 

 

The two models of diimide hydrogenation of SBR were proposed for the 

understanding of double bonds distribution as shown in (Figure 1.11). He et al. [138] 

compared the hydrogenation of SBR latex with different particle sizes, SBR latex 

with a diameter of 230 nm showed that a low hydrogenation level of 42%. On the 

other hand, a high hydrogenation degree of 91% was obtained for SBR latex with a 

small diameter of 50 nm. A further result resulted in a “Layer model” for 

hydrogenation of the latex [139]. The hydrogenation was initiated at the outer layer of 

the rubber particles and the diimide reduction was then propagated in the inner layer 

to attach with carbon-carbon double bonds deep inside the particle. The mobility of 

the diimide species was retarded for the attachment within the core rubber particles. 

Therefore, a layer model could be proposed for hydrogenation of diene rubber 

comparable with the uniform model.  
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Figure 1.11 Proposed models for the double bonds distribution of hydrogenated 

SBR latex (a) layer model and (b) uniform model [138]. 

 

Diimide reduction has been applied for the hydrogenation of carbon-carbon 

double bonds within acrylonitrile-butadiene rubber (NBR) with a hydrogenation 

degree of 81% [139], carboxylated styrene butadiene rubber (XSBR) with a 

hydrogenation degree of 80 % [140] and natural rubber latex (NR) with a 

hydrogenation degree of 67% [141]. However, a low degree of hydrogenation of 

natural rubber was obtained due to the larger size of the rubber particles (0.2-2 µm).  

 Simma et al. [142] reported on the diimide hydrogenation of skim natural 

rubber latex (SNRL) in a system of hydrazine/hydrogen peroxide using cupric ion as 

catalyst. A result provided a degree of hydrogenation of 64.5% at a hydrazine: 

hydrogen peroxide of 1.6:1 and a low copper sulfate concentration of 49.5 mM. The 

apparent activation energy of the catalytic and non-catalytic hydrogenation of SNRL 

over the range of 60–80 ºC was found to be 9.5 and 21.1 kJ/mol, respectively. The 

SHNR/NR vulcanizate exhibited the highest retention of mechanical properties after 

ageing and a high resistance to surface cracking caused by ozone. 

Xie et al. [143] 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 
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mechanical properties. The retention after thermal ageing in tensile strength and 

ultimate elongation was 98% and 96%, respectively. 

Lin et al. [144] 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 

the catalysts of copper ion, silver ion or ferrous ion were lower than that of boric acid. 

Crosslinking was also related to the side reactions of diimide in the organic phase. 

Radical scavengers are not efficient to suppress the gel formation. 

 

1.7 Mechanical Properties and Thermal Stability of Polymer Nanocomposites 

 

Polymer properties such as mechanical and thermal properties are important in 

indicating the use of a specific polymer in various applications. The mechanical 

behavior of a polymer can be characterized by its stress–strain properties. Generally, 

polymer products require both reinforcement and thermal stability to extend the usage 

period of the products. In order to improve the mechanical properties of a polymer, 

the incorporation of a filler in the polymer matrix to prepare polymer composites were 

reported. Mammeri et al [145] reported on an improvement of mechanical properties 

of hybrid thin films by adding nanosilica encapsulation with PMMA. 

Rubber is a high molecular weight polymeric material, with high elongation 

and excellent resilience possessing low tensile strength and modulus and poor creep 

characteristics leading to the limits for rubber applications. Silica is one of the 

reinforcing substances currently used, so fillers as silica are frequently added to 

polymers in order to improve the mechanical properties of the composites. The use of 

silica particles, instead of carbon black, has proven to be of interest for rubber 

reinforcement [146]. Gauthier et al. [147] studied silica-filled styrene–butadiene 

rubber (SBR) by varying filler content and surface treatment of silica. It was found 

that the use of coupling agents that promote covalent bond between rubber and fillers 

reduced the amplitude of the non-linear phenomenon resulting in improved tensile 

strength of the rubber. Chuayjuljit et al. [148] reported that polystyrene (PS)-

encapsulated nanosilica was used as a filler in the NR nanocomposite. The properties 
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of NR in tensile strength and modulus at 300% strain were found to be increased by 

the incorporation of PS-encapsulated nanosilica at 9 parts per hundred rubber (phr).  

Liu et al. [149] studied the properties of styrene–butadiene rubber (SBR) filled 

with nanosilica powder prepared by solution polymerization which was modified by 

three silane coupling agents of 3-methacryloxypropyl trimethoxy silane (MEMO), [3-

(2-aminoethyl)aminopropyl] trimethoxy silane (AMMO), and bis[3-

(triethoxysilyl)propyl] disulfide (TESPD). This result reported that SBR filled with 

silica powder modified by MEMO exhibited better filler dispersion and mechanical 

properties in tensile strength, modulus at 300%, hardness and tear strength as 

compared with unfilled SBR and SBR filled with unmodified silica powder.  

Thammathadanukul et al. [150] compared rubber/silica reinforcement using 

different organo-silane coupling agents to prepare styrene–butadiene/silica composite 

and styrene-co-isoprene/silica rubber composite. The results showed that the surface 

modification of silica processes highly increased the compound cure rate and also 

increased tensile strength, tear strength, abrasion resistance and compression set of the 

cured compound. Later, Pongprayoon et al. [151] reported that the mechanical 

properties of natural rubber reinforced with silica modified by admicellar 

polymerization were superior to those reinforced with unmodified silica or silica 

modified by thermal admicellar polymerization. For preparation of NR/silica via 

admicellar polymerization, cetyltrimethyl ammonium bromide (CTAB) proved to be 

the most effective surfactant.  

Many types of rubber, such as natural rubber (NR), butadiene rubber (BR), 

acrylonitrile butadiene rubber (NBR) and styrene butadiene rubber (SBR) have 

unsaturated carbon–carbon double bonds in the chemical structure. These double 

bonds present a disadvantage for high thermal heating and can enter easily into 

additional reaction with ozone resulting in degradation of the rubber. Since thermal 

resistance of rubber would be improved, the filler having high thermal stability could 

be used for providing the desirable properties. The thermal ageing resistance of the 

rubber vulcanizates was greatly improved by the presence of silica filler resulting to 

high resistance to heat degradation [152]. 

Park et al [153] compared the rubber/silica composites treated by silane 

coupling agents, γ-aminopropyl triethoxysilane (APS), γ-chloropropyl 
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trimethoxysilane (CPS), and γ-methacryloxypropyl trimethoxysilane (MPS). The 

modification of organic functional groups on silica surfaces resulted in an increase in 

the crosslink density of the composites, resulting in increasing the final thermal 

stability of the final product. The results further showed that the rubber filled with 

silica treated by MPS had the superior thermal stability and improved crosslink 

density. Therefore, treatment of silica particles could be utilized to develop effective 

fillers for rubber industry. Previous works reported on incorporation of silica in 

polychloroprene rubber [154-157] natural rubber [158-161], styrene butadiene rubber 

[162-163] and carboxylated styrene butadiene rubber [164] for improving the thermal 

stability of rubber composites have been presented.  

 

1.8  Objective and Scope of Dissertation  

 

 Polymer/silica nanoparticles have shown great potential for future 

applications. However, silica particles have amounts of hydroxyl groups on their 

surface resulting in the strong filler-filler interaction through hydrogen bonding. This 

phenomenon cannot be broken down by the shear forces during physical mixing and 

also lead to a decrease in mechanical and thermal properties.  In this work, the good 

dispersion, superior compatibility, and high stability of nano-silica into nanosized 

polymer matrix are targeted. Therefore, the nanocomposites are designed as a 

core/shell morphology containing a silica core coveraged by a polymeric shell to 

enhance a new class of polymer/silica nanocomposites as well as an environmentally 

friendly process with high encapsulation efficiency are desired. A novel technique of 

differential microemulsion polymerization is applied for nanosized polymer/silica 

synthesis due to the advantages of producing nanosized polymer in latex form in the 

absence of organic solvents and at extremely low surfactant concentration. For rubber 

applications, the preparation of rubber/SiO2 nanocomposite with excellent elastomeric 

properties and good reinforcement properties has been explored in demand for 

industrial production. However, diene-based rubber consisting of carbon-carbon 

double bonds have many drawbacks under aggressive environment such as poor heat 

resistance and less oxidative stability due to the presence of unsaturated bonds in their 

polymer backbones leading to the limits of rubber application.  
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One approach is to carry out the hydrogenation of rubber nanocomposites in 

aqueous latex form and carbon bonds are replaced by saturated carbon resulting in 

high thermal stability. Hydrogenated rubber is produced by diimide hydrogenation; 

moreover, the dissolution and separation of solvents from rubbers would be omitted 

and this process is favorable rather than in the solution hydrogenation process. An 

optimized process would be available from this research work. Preparation of 

polymer/silica nanocomposites without the use of organic solvents has been 

investigated in this work. 

 
Chapter I, the subjects of miniemulsion polymerization and microemulsion 

polymerization were reviewed. The different techniques for the synthesis of 

polymer/silica nanocomposites with historical and tutorial approaches were described. 

The fundamentals of catalytic and noncatalytic hydrogenation of diene-based rubber 

and the overview of principal concepts of nanocomposites for different applications 

were also described.  

 

Chapter II, the experimental procedures for the preparation of polymer-silica 

nanocomposites with good dispersion and high efficiency were revealed. The novel 

methods for the synthesis of nanosized rubber with high conversion as well as 

hydrogenated rubber nanocomposites with high hydrogenation degree were presented. 

The various techniques were applied for characterization of nanocomposites and 

nanosized rubber product. 

 

Chapter III, the alternative route for the synthesis of nanosized ethylene-

propylene rubber latex by isoprene polymerization followed by diimide reduction was 

developed. The influences of process variables on polyisoprene hydrogenation were 

discussed and the kinetics of the polyisoprene hydrogenation at different particle size 

was also studied. The thermal stability of ethylene-propylene rubber was investigated.  

 

Chapter IV, the synthesis of poly(styrene-co-methyl methacrylate)-SiO2 

nanocomposite was carried out for the preliminary study and the effects of process 
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variables on encapsulation were analyzed. The dispersion of two different phases 

between nanosilica and nanosized polymer was clarified. 

 

Chapter V, the utilization of differential microemulsion polymerization to 

perform the silica encapsulation with polyisoprene and the proposed mechanism of 

polyisoprene-SiO2 formation was reported. The process variables on particle size, 

monomer conversion and grafting efficiency were studied. Morphology and thermal 

properties of polyisoprene/silica nanocomposites were also investigated. 

 

Chapter VI, the preparation of new nanocomposites of hydrogenated 

polyisoprene-silica was reported. The polyisoprene-SiO2 nanocomposites were 

hydrogenated by diimide reduction using hydrazine and hydrogen peroxide with boric 

acid as promoter. The effect of process parameters on hydrogenation level was 

investigated and the thermal stability of hydrogenated polyisoprene-silica was 

reported. The kinetics and activation energy of diimide hydrogenation as well as a 

reasonable mechanism of hydrogenated polyisoprene-silica were also reported.  

 

Chapter VII, the mechanical properties, thermal resistance by ageing and 

ozone resistance of rubber nanocomposites were studied for utilization in rubber 

application. The nanocomposites of polyisoprene-silica/NR and hydrogenated 

polyisoprene-silica/NR were prepared. A discussion of stress-strain behavior and 

surface morphology was included in order to compare the improved properties of 

polyisoprene nanocomposite with unfilled natural rubber.    

 

Chapter VIII, the summarization of results and the recommendations for future 

work was highlighted. 
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CHAPTER II 

 

EXPERIMENTAL AND CHARACTERIZATION 

 
2.1 Materials 

 

2.1.1 Synthesis of Nanosized Ethylene-Propylene Rubber Latex 

 

Isoprene (IP) (Aldrich), sodium persulfate (SPS) (Sigma), sodium dodecyl 

sulphonate (SDS) (Fisher Scientific), sodium bicarbonate (NaHCO3) (Aldrich) 

were used as received for nanosized polyisoprene synthesis. Hydrazine hydrate 

(Aldrich), boric acid (Aldrich), and hydrogen peroxide (30% aqueous solution, 

VWR Scientific) were used as received for the diimide hydrogenation. Reagent 

grade methyl ethyl ketone (MEK) was obtained from Fisher Scientific for rubber 

precipitation and d-chloroform (99.9%) was purchased from Aldrich Chemical for 

NMR analysis. De-ionized water was used in all experiments. 

 

2.1.2 Synthesis of Poly(Styrene-co-Methyl Methacrylate)-SiO2 

Nanocomposites 

 

Styrene (ST) (Aldrich, AR) was washed with 5 %wt aqueous sodium 

hydroxide to remove the inhibitor, dried over anhydrous magnesium sulfate and 

stored at 0oC. Methyl methacrylate (MMA) from (Aldrich, AR) was purified by 

washing, drying, and then distillation under reduced pressure before use. Acrylic acid 

(AA) (Aldrich), ammonium persulfate (APS) (Ajax), hydrochloric acid (35%HCl, 

Mallinkrodt), sodium dodecyl sulphonate (SDS) (Fisher Scientific), ammonia solution 

(25%NaOH, BDH), sodium bicarbonate (Aldrich) and methanol (Fisher) were used as 

received. Commercial nano-SiO2 (Aerosil 200) with average particle size of 12 nm 

was supplied from Degussa.  
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 2.1.3 Synthesis of Polyisoprene-Silica Nanocomposites 

 

Nano-SiO2 (Aerosil 200) with an average particle size of 12 nm was supplied 

by Degussa (Thailand). The 3-methylacryloxypropyl trimethoxy silane (MPS, Sigma) 

and vinyl trimethoxysilane (VTS, Sigma) were used as coupling agents. An ammonia 

solution (25% NH4OH, BDH) was used as catalyst for silica surface modification. 

Isoprene monomer (IP, Aldrich), sodium dodecyl sulphate (SDS, Fisher Scientific), 

sodium persulfate (SPS, Aldrich) and sodium bicarbonate (NaHCO3, VWR) were 

used for synthesis of the polyisoprene-SiO2 emulsion. The methanol (MeOH, Fisher 

Scientific) and methyl ethyl ketone (MEK, Fisher Scientific) were used for the 

modified silica precipitation and the rubber coagulation, respectively. De-ionized 

water was also used in all experiments. 

 

2.1.4 Synthesis of Hydrogenated Polyisoprene-Silica Nanocomposites  

 

Nano-SiO2 (Aerosil 200) with an average particle size of 12 nm was supplied 

by Degussa (Thailand). Vinyl trimethoxysilane (VTS, Sigma) were used as coupling 

agents and ammonia solution (25% NH4OH, BDH) as catalyst for silica surface 

modification. Isoprene monomer (IP, Aldrich), sodium dodecyl sulphonate (SDS, 

Fisher Scientific), sodium persulfate (SPS, Aldrich) and sodium bicarbonate 

(NaHCO3, VWR) were used for synthesis of the polyisoprene-SiO2 emulsion. 

Hydrazine hydrate (Aldrich), boric acid (Aldrich), and hydrogen peroxide (30% 

aqueous solution, VWR Scientific) were used as received for diimide 

hydrogenation and d-chloroform (99.9%, Aldrich) was used for NMR analysis. 

The methanol (MeOH, Fisher Scientific) for the modified silica precipitation and 

methyl ethyl ketone (MEK, Fisher Scientific) for rubber coagulation were used as 

received. De-ionized water was also used in all experiments. 

 

2.1.5 Pre-Vulcanization 

 

Nanosized polyisoprene-SiO2 and nanosized hydrogenated polyisoprene-SiO2 

were used as nanofiller in rubber film pre-vulcanization. For the preparation of 
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prevulcanized NR nanocomposites, high ammonia natural rubber latex (NRL) 

comprised almost of cis-polyisoprene with 60% dry rubber content, sulfur as a 

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 Ethylene-Propylene Rubber Latex  
 

2.2.1 Synthesis of Polyisoprene (PIP) Nanoparticles 

 

 Polyisoprene (PIP) nanoparticles were synthesized by differential 

microemulsion polymerization. The differential microemulsion polymerization of 

isoprene was carried out in a 250-mL Parr reactor. 0.2 g SPS initiator, 0.6 g SDS and 

0.7 g sodium bicarbonate were dissolved in de-ionized water (70 mL) and charged 

into the reactor. The solution was stirred at 300 rpm under a nitrogen atmosphere. 

Then the mixture was heated to the desired reaction temperature of 75 °C and then 

condensed isoprene monomer (20 g) was fed via small dropwise addition 

continuously using a peristaltic pump at a feeding rate of 0.8 mL/min.  After the 

addition of the monomer was completed, the reaction system was held at a 

constant temperature (75°C) and stirring rate (300 rpm) for 18 h. 

 
 

2.2.2 Diimide Hydrogenation for Ethylene-Propylene Rubber Latex 

Synthesis 

 

 Polyisoprene latex was used as the starting reactant for diimide hydrogenation. 

The hydrogenation of nanosized polyisoprene latex in the presence of a 

hydrazine/hydrogen peroxide system was conducted in a 250 mL glass reactor 

equipped with a temperature controlled oil bath, reflux condenser, a nitrogen gas 

inlet and a feeding tube. The de-ionized water was added into the polyisoprene 

latex and charged into the glass reactor. Then hydrazine hydrate and dissolved 

boric acid were dropped into the latex. Then nitrogen gas was charged for 

degassing the reaction system before heating up to the reaction temperature. 
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Subsequently, the mixture was heated up to the desired temperature and hydrogen 

peroxide was added dropwise using a peristaltic pump at a feeding rate of 0.4 

mL/min at a constant temperature. When the addition of hydrogen peroxide was 

completed, the reaction was left to proceed for 4 h under a constant stirring rate. 

The synthetic EPM latex thus produced was then precipitated using methyl ethyl 

ketone to form the coagulated rubber. The schematic diagram of EPM synthesis is 

shown in Figure 2.1. 

 The influence of process variables on PIP hydrogenation was studied by 

varying hydrazine concentration (0.5-6 M), hydrogen peroxide concentration (0.5-6 

M), amount of boric acid addition (0.02-0.15 M), ratio of hydrogen peroxide to 

hydrazine (0.5-2), water concentration (7-40 M) and reaction temperature (40-80 ºC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 The schematic diagram of nanosized EPM synthesis. 

Synthesis of PIP nanoparticle 

(Differential microemulsion polymerizaton) 

Condensed isoprene  
DI water 
N2 gas 
 

SPS 
SDS 
NaHCO3 
 

H2O2 
N2H4 

      H3BO4 

Diimide Hydrogenation Reaction temperature 70oC  
Stirring speed 300 rpm 

EPM nanoparticle (latex) 

Characterization 

PIP nanoparticle 

 % Hydrogenation 
 Particle size 
 TGA 
 TEM 



32 
 

 

2.3  Synthesis of Poly(Styrene-co-Methyl Methacrylate)-SiO2 Nanocomposites  

 

2.3.1 Pretreatment of Nano-SiO2 by Acrylic Acid 

 

 5 g of nanosilica was initially dispersed in 90 mL of distilled water with the 

aid of an ultrasound bath for 3 h. Then, 1.5 g of acrylic acid (AA) was added into the 

dispersion which was vigorously stirred for 90 min at room temperature. Then, 4 mL 

of 25 wt% aqueous ammonia solution was added into the solution and the agitation 

was continued overnight. Then the dispersion was neutralized with 30 wt% aqueous 

HCl solution. The mixture was dried for 48 h at 55 o C to obtain modified-SiO2. The 

excess amount of acrylic acid on silica particles was removed using a 

centrifugation/redispersion cycle. Free AA was separated from grafted AA onto silica 

surface in 1/1 ethanol/water (v/v) solution. The original precipitates containing free 

silica, free AA, and grafted AA onto silica surface were centrifuged at 10,000 rpm for 

20 min. The supernatant solution (denoted as a serum) was carefully separated from 

the residue. The settled modified silica was washed with ethanol/water solution, again 

separated from the serum by centrifugation. The operation was repeated until a 

constant weight of residue was obtained. This procedure was necessary to ensure the 

complete extraction of unreacted AA from the coated AA onto the silica surface. 

Finally, the resulting precipitates were dried in oven at 55 oC for 48 h to produce the 

modified nano-SiO2 (m-SiO2) powders. 

 

 2.3.2  Synthesis of Poly(Styrene-co-Methyl Methacrylate)-Silica 

Nanocomposites 

 

 For differential microemulsion polymerization, styrene and methyl 

methacrylate monomers were polymerized in a 500 mL four necked round bottomed 

glass reactor equipped with a reflux condenser, a thermometer, a peristaltic pump and 

a magnetic stirrer under nitrogen atmosphere to prevent probable inhibition. The 

process to obtain nanocomposite latex was as follows: typically, 0.5 g modified nano-

SiO2 powder was dispersed into 4 mL of distilled water with the aid of an ultrasound 

bath for 1 h just before use. The ammonium persulfate initiator (APS) was dissolved 



33 
 

 

in distilled water, then a small amount of NaHCO3 and surfactant (SDS) was added 

and the solution was transferred into the glass reactor. The reaction vessel was 

charged with the modified nano-SiO2 suspension. The suspension was stirred at 300 

rpm and heated up to 75oC. Then, the mixture of ST and MMA was fed dropwise into 

reactor by using a peristaltic pump at the feed rate of 0.23 mL/min. When the addition 

of the monomers was completed, the solution was stirred for an additional 4 h. Then, 

the system was cooled down to room temperature.  

The composite latex was precipitated with excess methanol to produce the 

coagulated solid then the precipitated solid and was dried at 50oC overnight. The 

surfactant and initiator were removed by washing with a sufficient amount of warm 

distilled water and methanol. Then the precipitated solids were extracted using 

acetone in a Soxhlet apparatus to remove the free polymer (ungrafting polymer) and 

dried to a constant weight. The schematic diagram of poly(ST-co-MMA)-SiO2 

synthesis is shown in Figure 2.2. 

The univariate experiments were utilized to investigate the effect of 

parameters on particle size, monomer conversion, polymer grafting efficiency, and 

silica encapsulation efficiency. The influences of initiator concentration over the 

range of 1-4 %wt surfactant concentration over the range of 0.5-5 %wt, the ratio of 

monomer to water over the range of 0.1-0.4 and styrene-to-methyl methacrylate ratio 

range of 0.5-4 were also studied. 
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Figure 2.2 The schematic diagram of poly(ST-co-MMA)-SiO2 synthesis. 
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2.4  Synthesis of Polyisoprene-Silica Nanocomposites 

 

2.4.1 Pretreatment of Nano-SiO2 by Organo-Silane Coupling Agents 

 

 10 g of nanosilica was initially dispersed in 300 mL of de-ionized water with 

stirring at 450 rpm for 30 min. Then, 0.3 g of the coupling agent (MPS, VTS) was 

added dropwise into the dispersion and the pH of the solution was then adjusted to 

around 10 with the addition of 25 %wt aqueous ammonia solution. The dispersion 

was stirred for 30 min at room temperature, and then heated up to a reaction 

temperature of 80ºC with continuous stirring overnight. Afterwards, the suspension 

was dried at 90oC for 24 h to obtain a modified-SiO2. A Soxhlet extraction was used 

to remove coupling agents which were not effectively bonded on the silica surface. 

Finally, the nano-SiO2 powders (MPS-SiO2, VTS-SiO2) produced was dried in an 

oven at 55 oC for 48 h. 

 

 2.4.2 Synthesis of Polyisoprene-Silica Nanocomposites  

 

 Nanosized PIP-SiO2 particles were prepared in a 250 mL Parr reactor 

equipped with a thermocouple, a feeding tube, a coolant, and a magnetic stirrer under 

a nitrogen atmosphere and the apparatus is shown in Figure 2.3. Modified nano-SiO2 

(VTS-SiO2) was dispersed in de-ionized water with the aid of an ultrasonic bath for 1 

h. Then, SPS initiator, SDS surfactant and NaHCO3 buffer solution was dissolved in 

distilled water. Then, the solution and the modified nano-SiO2 was charged into the 

Parr reactor and stirred at 300 rpm for 45 min. After degassing, the solution was 

heated up to the reaction temperature. For differential microemulsion polymerization, 

the condensed isoprene was slowly fed dropwise into the reactor using a peristaltic 

pump at a feed rate of 0.4 mL/min. When the addition of the monomers was complete, 

the solution was stirred at a specific temperature for an additional 18 h. Then, the 

system was cooled down to room temperature.  

For precipitation of rubber-SiO2 nanocomposite the composite latex was 

precipitated with an excess of methyl ethyl ketone to produce the coagulated rubber. 

The coagulated rubber was dried at 50oC overnight. Furthermore, the coagulated 
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rubber composite was then extracted using petroleum ether in a Soxhlet apparatus to 

remove the free polymer (ungrafted polyisoprene) and then dried to a constant weight.  

The influence of initiator and surfactant concentration, monomer/water ratio 

and silica loading on particle size, monomer conversion as well as encapsulation 

efficiency was also investigated. The influences of initiator concentration over the 

range of 0.5-5 %wt surfactant concentration over the range of 0.5-10 %wt, monomer 

to water ratio range of 0.1-0.5 and silica loading range of 2.5-20 % were also studied. 

 

 

 

 

 

 

 

 

 

Figure 2.3 The apparatus of polyisoprene-SiO2 synthesis. 

 

2.5  Synthesis of Hydrogenated Polyisoprene-Silica Nanocomposites 

 

2.5.1 Synthesis of Polyisoprene-Silica Nanocomposites  

 

The pretreatment of nano-SiO2 was carried out similarly to the procedure 

mentioned in section 2.4.1. The synthesis of nanosized PIP-SiO2 particles via 

differential microemulsion polymerization was carried out similarly to the procedure 

mentioned in section 2.4.2. 

 

2.5.2  Diimide Hydrogenation for Hydrogenated Polyisoprene-Silica 

Synthesis 

 

 The hydrogenation of PIP-SiO2 (VTS-SiO2 at 10 %wt) latex was carried out 

similar to the procedure mentioned in section 2.2.2.The schematic diagram of HPIP-
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SiO2 synthesis is shown in Figure 2.4. In this section, the process variables of 

hydrazine concentration (0.5-6 M), hydrogen peroxide concentration (0.5-5 M), 

amount of boric acid addition (0.02-0.15) and water concntration (5-40 M) on PIP-

SiO2 hydrogenation was investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 The schematic diagram of HPIP-SiO2 synthesis. 
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2.6 Preparation of PIP-SiO2 Filled NR Nanocomposites and Hydrogenated 

PIP-SiO2 Filled NR Nanocomposites 

 

i) Preparation of PIP-SiO2 Filled NR Nanocomposites 

 

For the preparation of prevulcanized PIP-SiO2 filled NR nanocomposite, 

natural rubber latex (NRL) with a total solid content of 60% was selected to blend 

with PIP-VTS-SiO2 or PIP-MPS-SiO2. The lattices of PIP-VTS-SiO2 and PIP-MPS-

SiO2 were dropped into NRL at various weight ratios (NR: PIP-VTS-SiO2 and NR: 

PIP-MPS-SiO2 = 100:0, 95:5, 90:10, 80:20, 70:30) under a stirring rate of 450 rpm for 

30 min to form a good dispersion of NR/PIP-SiO2 composite. Then, surfur (1.5 phr) 

as vulcanizing agent, ZDEC (1 phr) and ZnO (2 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. Then, the NR nanocomposite latex was cooled to room temperature and cast 

on a raised glass plate having a dimension of 13 cm × 13 cm × 3 mm. The cast sheet 

was dried at 70°C for 5 h. For thermal ageing of 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 Hydrogenated PIP-SiO2 Filled NR Nanocomposites 

 

The preparation of prevulcanized HPIP-SiO2 filled NR nanocomposite was 

carried out similarly to the procedure mentioned in section 2.6 i).  

 

2.7  Characterization  

 

2.7.1 Fourier Transform Infrared Spectroscopy 

 

Modified-silica, PIP-SiO2 and HPIP-SiO2 were characterized using Fourier 

transform infrared spectroscopy (Bruker 3000X spectrometer). Before measurement, 

all samples were purified via soxhlet extraction to remove the unreacted coupling 
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agent and ungrafted polyisoprene, the grafted PIP-SiO2 samples were ground with 

dried KBr powder and compressed into a pellet.  

 

2.7.2 1H NMR Spectroscopy  

 

For hydrogenated polyisoprene (HPIP) and HPIP-SiO2, the actual final 

degree of hydrogenation and polyisoprene conversion was examined by proton 

nuclear magnetic resonance spectroscopy (1H NMR, Advanced 500 MHz 

spectrometer, Bruker). The structure identification of ethylene-propylene rubber 

(EPM) was interpreted from 13C NMR spectroscopy. All samples were dissolved 

in CDCl3 at room temperature and the spectra were recorded on a Advance Bruker 

300 MHz spectrometer. The composition of copolymer (ST/MMA) in composite 

samples was quantified for chemical structure and end group analysis, the sample was 

dissolved in CDCl3 and analyzed by 1H NMR spectroscopy.  

 

2.7.3 Particle Diameter Measurement  

 

For the determination of particle size, the number-average diameter (Dn) and 

particle size distribution of ethylene-propylene rubber (EPM), poly(styrene-co-methyl 

methacrylate)-silica, polyisoprene-SiO2 and hydrogenated PIP-SiO2 were measured 

using a dynamic light scattering technique (Malvern Instrument, USA).  

 

2.7.4 Thermogravimatic Analysis (TGA) 

 

The amount of silica content in the poly(styrene-co-methyl methacrylate)-

silica was determined using thermogravimetric/differential thermal analysis 

(TG/DTA) on a Perkin-Elmer Pyris Diamond instrument. The samples were placed 

into a platinum pan and the temperature was raised under a nitrogen atmosphere from 

room temperature to 700 oC at a constant heating rate of 10oC/min. The nitrogen gas 

flow rate was 50 mL/min. For thermal analysis, the initial decomposition 

temperature (Tid) was determined from the intersection of two tangents at the onset 

of the decomposition temperature. Another important thermal characteristic is the 
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temperature at the maximum rate of weight loss (Tmax) which was determined from 

the peak maxima of the derivative of TG curves.  A sample weight of 10 mg was 

placed on a platinum pan and the temperature was raised from room temperature 

to 800°C under a nitrogen atmosphere at a flow rate of 50 mL/min and the heating 

rate for all experiments was 10°C/min.  

 

2.7.5 Morphological Study 

 

The morphology of PIP-SiO2 nanoparticle was examined by a transmission 

electron microscope (TEM) (JEOL, 80 kV). The samples diluted 20 times were 

stained with OsO4 and dropped on a copper grid.  

 

2.8 Determination of Monomer Conversion, Polymer Grafting Efficiency, 

Silica Encapsulation Efficiency 

   

The monomer conversion was determined by a gravimetric method and 

calculated using Eq. (2.1): 

 

  Conversion (%) = (M0 - M1) / M2 × 100%              (2.1) 

 

where M0 is the mass of the resulting composite particles, M1 is the mass of the 

charged SiO2 particles, and M2 is the mass of the charged monomer.  

The polymer grafting efficiency (%GE) was calculated using Eq. (2.2): 

 

Grafting efficiency  = Amount of polymer in the composite sample  X 100           (2.2) 

          Total amount of polymer formed   

 

 The silica encapsulation efficiency was measured by an acid etching method 

as shown in Figure 2.5. The free silica particles were separated from the PIP-SiO2 

latex by HF etching. Trial experiments were conducted in which a HF solution was 

added to bare silica particles, PIP and PIP-SiO2 latex. After HF etching, it was found 

that all of the bare silica particles were consumed whereas the weight of PIP particles 
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remained constant and the PIP-SiO2 only lost the weight of the free silica particles and 

the incompletely encapsulated SiO2. Therefore, completely encapsulated SiO2 was not 

extracted by HF etching. The weight percent of residue (encapsulated SiO2) was 

measured gravimetrically. 

 

 

 

 

 

 

 

 

Figure 2.5 Schematic diagram of HF etching method. 

 

The solid content of EPM was measured gravimetrically and calculated 

according to Eq. (2.3). 

 

% Dry rubber content (DRC) = (M1/M2) x100             (2.3) 

 

where, M1= mass of dry coagulated rubber (g), M2= mass of the latex sample (g) 

 

2.9 Mechanical Properties of EPM and Vulcanized Rubber 

 

Dynamic mechanical thermal analysis of PIP-SiO2 and NR filled with PIP-

SiO2 nanocomposites was performed using a dynamic mechanical thermal 

analyzer (DMA, METTLER). NR nanocomposites were measured with a strain of 

70 µm peak to peak displacements over the temperature range of -70°C to 60°C at 

a frequency of 10 Hz and the heating rate was 5°C/min. The storage modulus and 

the loss tangent (tan ) curve dependence on temperature was observed.  

Mechanical properties in terms of tensile strength, %elongation at break and 

modulus were measured by a Universal Testing Machine (LLOYD model LR5K), 
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according to the ASTM-412 method at 500 mm/min of the cross-head speed. 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.  

 

2.10 Ozone Resistance of Vulcanized Rubber 

 

Ozone resistance of HPIP-SiO2 filled NR was studied using an ozone test 

chamber (HAMPDEN, Northampton, England) at 40 °C according to ISO 1431-

1:2004. The ozone concentration used was 50 parts per hundred million (pphm). 

Before exposure to ozone, all rubber specimens were stretched by 20% extension for 

48 h in the absence of light under an ozone-free atmosphere. Photographs were taken 

using a CCTV camera to investigate the cracks on a rubber surface. 
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CHAPTER III 

 

SYNTHESIS OF NANOSIZED ETHYLENE-PROPYLENE 

RUBBER LATEX VIA POLYISOPRENE HYDROGENATION  

 
3.1 Introduction 

 

Generally, the synthesis of ethylene-propylene rubber (EPM) requires gaseous 

monomer equipment, organic solvent with solvent recovery, and a metal catalyst. 

Hence, an alternative method is proposed for the synthesis of EPM nanoparticles by 

hydrogenation of nanosized polyisoprene in the absence of any organic solvent, 

pressurized gas equipment and a metal catalyst, thus providing a “new green process”. 

The method of diimide hydrogenation of carbon-carbon double bonds in a latex 

system was employed and diimide generated from the reaction between hydrazine and 

hydrogen peroxide could be used to release hydrogen from diimide for the 

hydrogenation. In this work, nanosized ethylene-co-propylene rubber latex was 

synthesized via diimide hydrogenation of synthetic polyisoprene nanoparticles. First, 

the polyisoprene nanoparticles were synthesized by differential microemulsion 

polymerization, and the nanosized polyisoprene obtained was then hydrogenated by 

diimide reduction in a aqueous system using hydrazine reacted with hydrogen 

peroxide and boric acid as promoter. Diimide hydrogenation is normally performed 

via an environmental friendly process due to the absence of organic solvents and 

metal catalyst. The influences of process variables on polyisoprene hydrogenation and 

the thermal properties of ethylene-propylene rubber were investigated.  

 

3.2 Characterization of Polyisoprene Nanoparticles 

 

 The polyisoprene nanoparticles synthesized via differential microemulsion 

polymerization had an average particle size of 42 nm with a narrow size 

distribution of polydispersity index (PDI) equal to 0.02. The configurations of 
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polyisoprene were in four structures of the isoprene unit, 1,4-cis, 1,4-trans, 1,2-

vinyl and 3,4-polyisoprene as shown in Figure 3.1.  

The qualitative and quantitative analysis of the functional groups of PIP 

were identified by 1H NMR spectroscopy as shown in Figure 3.2 (a). A signal was 

observed at 5.15 ppm corresponding to olefinic protons of cis- and trans-1,4 

polyisoprene. The methine proton of 1,2-vinyl polyisoprene was identified at 5.7 

ppm, whereas the signal in the range of 4.60-4.80 ppm was the characteristic peak 

of the methylene proton of 3,4 polyisoprene. The ratio of structures was calculated 

from the integrated peak areas of these signals, therefore, synthetic PIP was 

composed of 1,4-polyisoprene, 1,2-polyisoprene and 3,4-polyisoprene with an 

average ratio of 91:3:6. For the aliphatic protons, a high intensity peak at 1.58 and 

1.67 ppm was attributed to methyl protons of cis-1,4 and trans-1,4 polyisoprene, 

respectively. The appearance of 1,4 addition peaks was calculated resulting in an 

approximate ratio of cis-1,4 to trans-1,4 of 80:20. The characteristic peak of the 

methylene groups for 1,4 addition appeared in the range of 1.95-2.15 ppm, 

moreover the low intensity peaks at 0.95 ppm and 1.3 ppm could be assigned to 

methyl protons of 1,2-polyisoprene and 3,4-polyisoprene, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Structure configurations of synthetic polyisoprene nanoparticles 
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3.3 Characterization of Ethylene-Propylene Rubber (EPM) Nanoparticles 

 

The conversion of polyisoprene to ethylene-propylene copolymer was 

determined in terms of the hydrogenation degree, the increase in hydrogenation 

degree resulted in an increase in the EPM yield. The hydrogenation degree of 

hydrogenated polyisoprene (HPIP) was determined using 1H NMR spectroscopy as 

shown in Figure 3.2 (b-c). The actual percentage of hydrogenation was calculated 

from the peak area of the olefinic protons (C=C) and the integrated peak area over 

the range of 0.8-2.0 ppm. From Figure 3.2 (b), when diimide hydrogenation 

proceeded to 78% hydrogenation, the signals at 5.7 ppm and 4.7 ppm 

corresponding to olefinic protons of 1,2-vinyl polyisoprene and 3,4 polyisoprene 

were greatly decreased. The integrated peak area of cis-, trans- olefinic protons of 

5.15 ppm gradually decreased with the increasing degree of hydrogenation. New 

peaks appearing at 0.8 ppm attributed to the CH3 group of saturated carbon and the 

peak in the range of 1.0-1.3 ppm corresponded to the CH2 and CH of saturated 

polyisoprene. When the hydrogenation degree reached 94% as shown in Figure 3.2 

(c), the peak at 5.15 ppm belonging to unsaturated carbon shows a very low 

intensity signal while the peak area of saturated carbon centered at 0.8 -1.3 was 

sharply increased. The peak area of methylene groups for 1,4 polyisoprene 

appearing from 1.95 to 2.15 ppm dramatically decreased.  

According to the NMR spectra, the double bond conversion of the different 

structure configurations was also evaluated. The results imply that the vinyl-1,2 

polyisoprene is firstly saturated followed by 3,4 polyisoprene and 1,4 polyisoprene 

as a result of the structure hindrance of the methyl group in the 3,4-polyisoprene 

which tends to impede the reaction between diimide and the double bond in the 

coordination step of the diimide hydrogenation cycle. On the other hand, 1,4 

addition of cis-polyisoprene and trans-polyisoprene were hydrogenated at a slower 

rate due to the steric effect of polyisoprene chain in the cis-, trans- structures. This 

indicated that the diimide species could react with the external double bond of the 

vinyl groups (1,2 and 3,4 polyisoprene) at the end of polymer chain more 

effectively than the internal double bond (1,4- polyisoprene), resulting in a high 

degree of hydrogenation. Additionally, it is observed that the reduction of the peak 
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area at 1.58 ppm (cis-1,4 polyisoprene) is higher than the intense signal at 1.67 

ppm (trans-1,4 polyisoprene), indicating that the structure of the cis configuration 

is hydrogenated to a greater extent than that of the trans-1,4 polyisoprene. This 

selectivity was determinated by the ability of saturation of different types of 

double bonds with diimide. The mechanism of dimide approaching the double 

bond is believed to occur through a syn-addition, thus steric hindrance 

significantly affected the coordination and insertion steps for diimide 

hydrogenation.  

Molecular structure confirmation of the polyisoprene and ethylene-

propylene rubber at 94% conversion was identified by 13C NMR spectroscopy as 

shown in Figure 3.3. For the polyisoprene structure (Figure 3.3a), the peaks at 

139.3 ppm were attributed to the unsaturated carbon of cis-polyisoprene and trans-

polyisoprene and the signal at 125.7 and 125.9 ppm was attributed to the -CH of 

the unsaturated carbon of the cis- and trans-polyisoprene, respectively. The 

chemical shift of 39.8 and 40.0 ppm corresponded to the -CH2 of trans-

polyisoprene while the peak at 26.8 and 28.0 ppm belonged to the -CH2 of cis-

polyisoprene. The methyl groups of cis- and trans-polyisoprene are positioned at 

23.4 ppm and the –CH3 of vinyl-polyisoprene are centered at 17.0 ppm. However, 

–CH3 of 3,4-polyisoprene might be observed at 13 ppm. After PIP hydrogenation, 

the peak in the region of 124-135 ppm corresponding to unsaturated carbon 

disappeared (Figure 3.3b). Addtionally, the new peaks appearing at 19.7, 33.0 and 

37.4 ppm were attributed to -CH3, CH2 and CH of the propylene unit. The peaks at 

33.0 and 24.5 ppm were attributed to CH2 of the ethylene unit. It is noted that for 

HPIP at 94% hydrogenation, the structure of an alternating ethylene-propylene 

copolymer is confirmed by NMR spectroscopy.    
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Figure 3.2 1H NMR spectra of (a) PIP, (b) HPIP (78%), (c) HPIP (94%). 
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Figure 3.3 13C NMR spectra of (a) PIP and (b) EPM (94% HD). 

 

 

 

 

 

 

 

 



49 
 

 

3.4 Diimide Hydrogenation of Nanosized Polyisoprene 

 

 The influence of process variables on PIP hydrogenation was studied by 

varying hydrazine concentration, hydrogen peroxide concentration, amount of boric 

acid addition, ratio of hydrogen peroxide to hydrazine, water content and reaction 

temperature. The effects of all parameters are discussed in detail below. 

 

3.4.1 Effect of Boric Acid Concentration 

 

Boric acid was added into the hydrogenation system to improve the diimide 

hydrogenation. The effect of boric acid concentration was studied over the range 

of 0.02-0.15 mol/L. Figure 3.4 shows that the hydrogenation degree is linearly 

proportional to the boric acid concentration. This phenomenon illustrated that 

boric acid could promote hydrogenation with a high selectivity and could reduce 

the diimide side reactions such as disproportionation and decomposition as 

presented in Eqs. (3.1) and (3.2), respectively.  

 

2N2H2                N2H4   + N2     (3.1) 

 

N2H2                    N2   + H2     (3.2) 

 

Without boric acid addition, the PIP conversion could not reach 60% in 4 h. 

suggesting that a small amount of boric acid is necessary to accelerate the reaction 

of hydrogen peroxide dissociation and to induce the diffusion of the diimide active 

species from the interphase between the water phase and the rubber phase.         

Lin et al. [144] studied the diimide hydrogenation of nitrile butadiene rubber latex 

and reported that the efficiency of hydrogenation using copper ion, silver ion and 

ferrous ion as catalysts was lower than that achieved with boric acid addition. 
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Figure 3.4 Effect of boric acid addition on PIP hydrogenation.  

Condition: [N2H4] = 3 mol/L, [H2O2] = 4.5 mol/L, [C=C] = 1 mol/L, 

[H2O] = 10 mol/L, Temp 70°C, time = 4 h.  

 

 

3.4.2 Effect of Hydrazine Monohydrate and Hydrogen Peroxide 

Concentration 

 

Hydrazine was used as source for releasing the diimide species. The 

dependence of the percentage of hydrogenation (%HD) on hydrazine concentration 

was studied over the range of 0.5 to 6 mol/L. From Figure 3.5 (a), the degree of 

hydrogenation is seen to increase with an increase in hydrazine concentration from 

0.5 up to 4 mol/L and a maximum PIP conversion of 78% was achieved. This can 

be explained that with increasing hydrazine concentration, a high amount of 

diimide molecules are generated in the system through a redox reaction with 

hydrogen peroxide according to Eq. (3.3). More diimide species would attach to 

the unsaturated polymer chains resulting in increasing hydrogenation of the carbon 
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double bonds in the nanosized polyisoprene units, Eq. (3.4). On the other hand, 

above 4 mol/L of hydrazine, the degree of hydrogenation is suppressed due to the 

side reaction of the diimide reduction according to Eq. (3.2). Moreover, the 

particle size slightly increased from 42 nm for PIP to 47 nm for HPIP at 78% 

hydrogenation.  

 

N2H4  + H2O2                      N2H2  + 2H2O (3.3) 

 

N2H2  + -H2C-HC=CCH3CH2-              -H2C-H2C-CHCH3CH2-  + N2    (3.4) 

 

 For the redox reaction, hydrogen peroxide was used as a strong oxidizing 

agent to react with the hydrazine molecule. The effect of hydrogen peroxide 

concentration on PIP conversion has been studied under a hydrazine concentration 

of 3 mol/L and boric acid of 0.15 mol/L. The phenomenon of increasing 

hydrogenation level with increasing hydrogen peroxide concentration is shown in 

Figure 3.5 (b). It was found that, the percentage of hydrogenation is sharply 

increased from 40 to 80 % over the studied range of hydrogen peroxide 

concentration and then decreased, whereas the particle diameter of the 

hydrogenated product essentially did not change.  

Hence, hydrogen peroxide should be provided at a sufficient level for 

oxidizing the hydrazine molecules to release the diimide species. However, the 

decreasing hydrogenation degree at a high level of hydrogen peroxide (above 4.5 

mol/L hydrogen peroxide) was due to the side reaction of hydrogen peroxide as 

shown in Eq. (3.5) - Eq. (3.7). Moreover, the high content of hydrogen peroxide in 

the system possibly tends to cause a crosslinking reaction and forms gel in the 

rubber latex resulting in a lower hydrogenation efficiency [136], suggesting that 

an appropriate hydrogen peroxide concentration is important for double bond 

reduction and to increase the efficiency of the EPM preparation. 

 

2 H2O2 + N2H4                 N2 + 4 H2O     (3.5) 

H2O2    + N2H2                 N2 + 2 H2O     (3.6) 

2 H2O2                             O2 + 2H2O     (3.7) 
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(b) 

Figure 3.5 PIP hydrogenation: a) effect of hydrazine concentration on PIP 

hydrogenation at [H2O2] = 4.5 mol/L. b) effect of hydrogen peroxide 

amount on PIP hydrogenation at [N2H4] = 3 mol/L. Condition: 

[H3BO3] = 0.15 mol/L, [C=C] = 1 mol/L, [H2O] = 10 mol/L, T = 70°C, 

time = 4 h.  
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3.4.3 Effect of Hydrogen Peroxide to Hydrazine Ratio 

 

The hydrogen peroxide to hydrazine ratio has a significant effect on the 

double bond reduction as shown in Figure 3.6. The hydrogenation degree was 

increased from 50% to 78% with an increasing ratio of hydrogen peroxide to 

hydrazine from 0.4:1 to 1.5:1, whereafter the hydrogenation degree was 

suppressed. From Eq. (3.3), the ratio of hydrogen peroxide to hydrazine should be 

1:1 based on stoichiometry. However, the maximum PIP conversion was achieved 

at a ratio of hydrogen peroxide to hydrazine of 1.5:1. It can be implied that 

hydrogen peroxide could be decomposed easily by reacting with hydrazine or 

diimide molecule. Therefore, the ratio of hydrogen peroxide to hydrazine needs to 

be higher than 1:1 to enhance effective diimide production. From previous work, it 

was found that acrylonitrile butadiene rubber (NBR) [139] and styrene butadiene 

rubber (SBR) [138] were effectively hydrogenated at a ratio of hydrogen peroxide 

to hydrazine of 2:1. In this work, the ratio of hydrogen peroxide to hydrazine was 

1.5:1 since the diimide active molecule was able to effectively attach with a 

double bond in an inner portion of nanosized polyisoprene compared with the 

larger particle size and higher steric hindrance exhibited by NBR and SBR.   

On a comparison of the effect of hydrazine concentration (Figure 3.5 a) and 

hydrogen peroxide concentration (Figure 3.5 b), it is seen that the ratio of 

hydrogen peroxide to hydrazine was not held constant resulting in a decrease in 

hydrogenation degree even though hydrazine hydrate concentration was increased. 

Hence, it is necessary to study the effect of hydrazine concentration on diimide 

reduction at a constant ratio of hydrogen peroxide to hydrazine of 1.5:1. It was 

found that the hydrogenation level increased sharply from 66% to 87% with an 

increase in the hydrazine concentration from 2 mol/L up to 5 mol/L and then 

slightly increased (Table 3.1). The high hydrogenation degree (87%) was achieved 

at a concentration of hydrazine and hydrogen peroxide of 5 mol/L and 7.5 mol/L, 

respectively. 
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Table 3.1  Effect of hydrazine amount on hydrogenation at the constant 
[H2O2]/[N2H4]  

     PIP particle size = 42 nm. 

N2H4 

(mol) 

H2O2 

(mol) 

Degree of hydrogenation 

(%) 

Particle diameter 

(nm) 

2 3 65.9 46.8 

3 4.5 78.0 47.4 

4 6 83.2 48.2 

5 7.5 87.0 47.5 

6 9 87.4 49.0 

 
Condition: [H2O2]/[N2H4] = 1.5/1, [H3BO3] = 0.15 mol/L, [C=C] = 1 mol/L, [H2O] =  

      10 mol/L, T = 70°C, time = 4 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Effect of hydrogen peroxide to hydrazine ratio on PIP hydrogenation.  

Condition: [N2H4] = 3 mol/L, [H3BO3] = 0.15 mol/L, [C=C] = 1 

mol/L, [H2O] = 10 mol/L, T= 70°C, time = 4 h.  
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3.4.4 Effect of Reaction Temperature 

   

The effect of reaction temperature was studied over the range of 40-80 °C. 

From Figure 3.7, the increase in reaction temperature dramatically affected the 

decrease of the carbon double bonds in the PIP structure. When the reaction 

temperature was increased from 40 to 80°C, the hydrogenation degree was 

increased from 40 up to 90%, whereas, the PIP hydrogenation conversion did not 

reach 70% when the reaction temperature was below 65°C. The high temperature 

could increase the probability of collision between the starting reactants with the 

polymer chains and accerelate the diimide mobility to coordinate with the double 

bonds [139], resulting in a high EPM yield. However, even though high 

temperature became necessary to obtain a high level of diimide, the particle size 

was also changed with increasing temperature. For PIP of 42 nm, the particle size 

was increased from 42 nm to 50 nm for the resulting HPIP with increasing 

temperature due to the entanglement of the polymer chains induced by the 

hydrogenation reaction at high temperature. Hence, an optimum reaction 

temperature of 70°C was preferred and a high EPM yield (87%) and a relative 

small particle size (47 nm) were achieved. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7  Effect of reaction temperature on PIP hydrogenation.   

Condition: [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [H3BO3] = 0.15 

mol/L, [C=C] = 1 mol/L, [H2O] = 10 mol/L, time = 4 h.  
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3.4.5 Effect of Water Addition  

 

De-ionized water was added into the reaction system to reduce the viscosity 

of the synthetic polyisoprene latex. Figure 3.8 shows that on increasing the water 

content in the system a linear decrease in the hydrogenation level resulted. The 

high hydrogenation level of 88% was achieved at a water content of 7 mol/L. 

Although the presence of water in the system could reduce the viscosity of the 

latex and increase the attachment between the polymer particles and other 

substances, the hydrogenation level was decreased at water content above 20 

mol/L. Based on dry rubber content (DRC), the water concentration of 5, 7, 10, 20, 

40 mol/L is equivalent to 13, 9.5, 6.7, 3, 1.6% DRC, respectively. It can be seen 

that the hydrogenation degree increased from 66% to 87% with increasing DRC 

from 1.6% to 6.7% and then decreased to 78% at DRC of 13%. This can be 

explained that the reaction between hydrazine and hydrogen peroxide occurred in 

the aqueous phase; thus, the diimide active species was produced in the water 

phase at high water content and the diimide migration into the rubber phase was 

limited, and consequently the hydrogenation efficiency was reduced [141]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Effect of water addition on PIP hydrogenation.   

Condition: [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, 

[H3BO3] = 0.15 mol/L, T = 70°C, time = 4 h.  
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3.5 Conversion Profile of Nanosized PIP Hydrogenation 

 

The PIP conversion versus reaction time profile at various particle 

diameters of PIP was studied over an interval of time from 0 to 5 h (Figure 3.9 a). 

The double bond conversion was sharply increased with time initially, and then 

leveled off. It is suggested that diimide is a highly active intermediate species and 

is consumed toward the surface of the unsaturated rubber particles, so the 

reduction of the double bonds is observed. For reaction times above 5 h, the PIP 

conversion remained constant, implying that the mobility of the diimide was 

retarded in transferring to the carbon double bonds within the particles due to a 

mass transfer limitation [165]. The dependence on the particle size (30-65 nm), 

showed that double bond reduction of small particles was higher than that of large 

size, suggesting that diimide hydrogenation occurred at the outer surface and 

transferred to the inner particles. Therefore, diimide diffusion was enhanced 

toward C=C inside smaller particles at a higher rate than that for larger particles 

resulting in an increase in double bond conversion.  

According to the layer model for diimide hydrogenation reported by Lin et 

al. [166], the double bond reduction was performed from the outer layer and then 

into the inner particle, so it is suggested that the particles of synthetic PIP should 

be less than 50 nm in order to achieve a high degree of hydrogenation. This is due 

to the fact that the high surface area of the polyisoprene nanoparticles can be 

attached with diimide active species effectively and the diimide molecule can 

diffuse towards the double bonds inside the particle, resulting in an increase in 

EPM yield. 

The kinetics of hydrogenation of nanosized polyisoprene at various particle 

sizes was also investigated. From Figure 3.9 (b), the hydrogenation rate exhibits 

an apparent first-order rate law dependence on the double bond substrate 

concentration, as described by Eq. (3.8). 

The experimental rate law for the reaction could be written as 

 

             d[C=C]                              (3.8) 

 dt = -k' [N2H2][C=C] 
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When diimide is a highly active intermediate, a pseudo steady state assumption is 

made, therefore, the rate of hydrogenation has a first order dependence on double 

bond concentration 

The fractional hydrogenation conversion, X is defined as 

 

X = 1-[C=C]t/[C=C]0                 (3.9) 

 

where  [C=C]t is the double bond concentration at reaction time t and [C=C]0 is the 

initial double bond concentration   

Eqs. (3.8) and (3.9) can further be expressed in term of Eq. (3.10) 

 

ln(1-x) = - k' t                (3.10) 

  

Plots of ln(1-x) versus time fit first order kinetics very well, and thus, the 

rate constant (k') is determined from the slope of these kinetic profiles. It was 

found that the rate constant for hydrogenation of PIP of 30 nm, 42 nm and 65 nm 

were 16.0x10-5, 13.0x10-5 and 9.9x10-5 (s-1), respectively. Previous work reported 

that the rate constant of NRL [141] and skim natural rubber (SNRL) [142] 

hydrogenation by using diimide reduction was 5.4x10-5 and 5.96x10-5 (s-1), 

respectively. Hence, the higher rate of diimide hydrogenation for PIP 

nanoparticles was achieved due to the smaller particle size of PIP compared with 

NRL. 
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Figure 3.9     (a) Conversion profile, (b) First order in ln plot of PIP hydrogenation. 

Condition: [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, 

[H3BO3] = 0.15 mol/L, [H2O] = 10 mol/L, T = 70°C. 
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3.6 Proposed Synthetic Route for Nanosized EPM Synthesis via Diimide 

Hydrogenation 

 

 A synthetic route for the synthesis of nanosized ethylene-propylene rubber 

(EPM) is proposed in Figure 3.10. The preparation of nanosized EPM was 

synthesized through differential microemulsion polymerization to produce 

synthetic PIP and then diimide hydrogenation was carried out to produce EPM. 

Firstly, isoprene monomer is polymerized through a radical chain polymerization 

mechanism to obtain polyisoprene nanoparticles (Figure 3.10a). For diimide 

hydrogenation, hydrogen peroxide as a strong oxidizing agent is used to oxidize 

hydrazine hydrate via a redox system and subsequently the diimide molecule is 

released at the interphase (Figure 3.10b). This step is accelerated under thermal 

dissociation of hydrazine which is promoted by boric acid. Then, nanosized 

particles containing 1,4 polyisoprene (91%) are reacted with the diimide molecule 

through a coordination process (Figure 3.10c). Indeed, the ability of the 

unsaturated carbon-carbon bonds to coordinate with the diimide species depends 

on the structure of configuration of the synthetic polyisoprene. Thus this 

coordination step would control the configuration of product due to the selectivity 

between the intermediate diimide molecule and the different double bond 

structures, suggesting that vinyl polyisoprene is hydrogenated more readily than 

cis-, trans- polyisoprene due to steric effects as described in the previous section. 

After the coordination step, hydrogen is transferred through a hydride shift 

mechanism toward the olefinic bond to obtain an alkyl complex, and then the alkyl 

bond is cleaved by a transferred hydride in an insertion step and nitrogen gas is 

released (Figure 3.10d). Alternatively, the hydrogen atoms for the diimide may 

transfer to the carbons of double bonds via a four centre intermediate with release 

of nitrogen. Finally, the nanosized EPM latex is successfully obtained via diimide 

hydrogenation of polyisoprene nanoparticles. 
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Figure 3.10  Proposed synthetic route for nanosized EPM synthesis by diimide 

hydrogenation of PIP.  

 

3.7 Thermal Properties of Nanosized Ethylene-Propylene Rubber 

 

Thermal stability of the ethylene-propylene rubber at various hydrogenation 

levels were investigated using thermogravimetric analysis. From Figure. 3.11, the 

thermograms of PIP and HPIP show a one-step polymer degradation and provide 

smooth weight loss curves. The initial decomposition temperature (Tid) and the 

maximum decomposition temperature (Tmax) are summarized in Table 3.2. 
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Polyisoprene of 30 nm had a Tmax of 425°C while both Tid and Tmax of all HPIP 

products are higher than that of PIP. It is noted that the degradation temperature 

increased with an increasing hydrogenation level. When the extent of 

hydrogenation increased from 57% to 94%, the maximum decomposition 

temperature increased from 450°C to 510°C. This implied that thermal stability of 

nanosized polyisoprene depended on the density of the carbon-carbon double 

bonds. The sigma bonds are stronger than π bonds because the sigma bonds 

contain hybridized atomic orbitals. Therefore, hydrogenation involves the 

breaking of π bonds with a change to sigma bonds resulting in an increase in 

thermal stability of the hydrogenated polyisoprene nanoparticles. On comparison 

with commercial ethylene-propylene with an ethlyene/propylene ratio of 1:1, the 

decomposition temperature of nanosized EPM (510°C) was somewhat higher than 

that of commercial ethylene-propylene rubber (471°C). Therefore, diimide 

hydrogenation of nanosized polyisoprene rubber leads to a structure of an 

alternating ethylene-propylene copolymer having improved thermal stability.  

 

 

 

 

 

 

 

 

 

Figure 3.11     Thermograms of (a) nanosized PIP, (b) HPIP (57 %), (c) HPIP (78%), 

(d) HPIP (94%). 
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Table 3.2     Decomposition temperature of rubber samples  

Rubber Hydrogenation (%) Tid (°C) Tmax (°C) 
PIP - 359.7 425.4 
HPIP 57 373.5 450.1 
 78 422.6 480.9 
 94 447.3 510.1 
EPDMa - 452.7 470.7 

aEPDM has an ethylene/propylene ratio of 50/50 and diene content of 9.5%. 

 

3.8 Appearance of Nanosized Ethylene-Propylene Rubber Latex 

 

From Figure 3.12a, the nanosized polyisoprene latex was transparent. All 

samples of synthetic ethylene-propylene rubber latex (Figure 3.12 b-c) at various 

hydrogenation levels showed homogeneous dispersion and superior stability of 

nanoparticles with uniform size distribution. 

 

 

 

 

 

 

 

 

 

Figure 3.12 The appearance of rubber latex samples and particle size distribution: 

(a) nanosized PIP, (b) nanosized EPM at 40% hydrogenation and (c) 

nanosized EPM at 94% hydrogenation. 

(a) (b) 

(c) 
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CHAPTER IV 

 

SYNTHESIS OF POLY(STYRENE-CO-METHYL 

METHACRYLATE)-SIO2 NANOCOMPOSITES VIA 

DIFFERENTIAL MICROEMULSION POLYMERIZATION 
 

 

4.1 Introduction 

 

Both microemulsion and miniemulsion polymerization can provide small 

particle size of silica encapsulation with polymer; however, these methods required a 

high amount of surfactant. The surfactants are not only expensive for industrial 

production but also have a significant negative impact on the physical properties of 

the resulting polymers. Moreover, the concentration of such surfactant molecules in 

solution needs to be tuned carefully because a latex formation in the free micelles in 

the emulsion can be observed at higher concentrations. These molecules are usually 

only weakly bonded to the surface and can therefore desorb easily. Since, it is 

desirable to reduce the surfactant amount and also to yield nanosized particles, the 

differential microemulsion polymerization method has been applied. 

 The purpose of this work was to prepare a nanocomposite of poly(styrene-co-

methyl methacrylate)/SiO2 by a differential microemulsion polymerization method, 

and to clarify the effects of process variables on encapsulation. To produce modified 

nanosized silica, the nano-SiO2 was first pretreated using acrylic acid in which the 

carboxylic group can be bonded to the silanol groups at the silica surface. The C=C 

bonds of acrylic acid could be copolymerized with styrene and methyl methacrylate 

monomer via emulsion polymerization.  
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4.2 Preliminary Study of Poly(Styrene-co-Methyl Methacrylate)-SiO2 

Nanocomposites 

  

Effect of the influence of initiator and surfactant concentration, ST/MMA 

ratio, monomer/water ratio and silica loading on particle size, as well as silica 

encapsulation efficiency was also investigated in the preliminary study. The results of 

the initial study are provided in Table 4.1. From these results, it can be seen that the 

particle diameter ranges from 29 to 82 nm, conversion from 50 to 75%, polymer 

content from 12 to 32%, silica content from 68 to 87 %, polymer grafting efficiency 

from 24 to 67%, and silica encapsulation efficiency from 85 to 95%, depending on the 

process condition, which will be discussed in detail. 

 

4.2.1 Effect of Initiator Concentration  

 

 The amount of initiator has a great influence on particle size. Both particle 

diameter and %conversion were significantly increased with an increase in initiator 

level. From Figure 4.1, it can be seen that the particle size was increased from 43 nm 

to 74 nm with an increasing initiator amount from 1-4% based on monomer weight. 

At a high initiator concentration, a large amount of free radicals was rapidly reacted 

with monomers to form oligomeric radicals. Growing oligomer chains were 

associated with each other resulting in an increase in particle size and conversion. 

Moreover, the grafting efficiency of polymer onto the silica surface was affected by 

initiator level as illustrated in Table 4.1. The polymer grafting efficiency decreased 

from 36.7 % to 18.8 % with increasing initiator amount. It can be considered that the 

free amount of initiator in the water medium was increased, resulting in a higher free 

polymer concentration rather than the grafting of the polymer onto the silica surface. 

The free polymers could form the small aggregates with the grafted silica. Therefore, 

the increasing initiator amount had a negative impact on particle size (increase) and 

polymer grafting efficiency (decrease). 
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Table 4.1 The recipes for the synthesis of poly(ST-co-MMA)-SiO2 and effects of process variables on particle size,                

conversion, encapsulation efficiency 

 

 

 

 

 

 

 

 

 

  

   

 

 

 

 

 

 
 

Sample SDS 

(% a) 

ST /MMA  

(w/w) 

APS 

(% a) 

M /H2O 

(w/w) 

Particle size 

(nm) 

Conversion 

(%) 

Polymer 

Content 

(%) 

Silica 

Content 

(%) 

Polymer 

grafting 

Efficiency 

(%) 

Silica 

encapsulation 

Efficiency 

(%) 

 

P-mSi_APS_1 

 

1.75 

 

1.5/1 

 

1 

 

0.2 

 

43.3 

 

59.7 

 

21.9 

 

78.1 

 

36.7 

 

94.7 

P-mSi_APS_2 1.75 1.5/1 2 0.2 57.0 65.2 23.0 77.0 35.3 93.0 

P-mSi_APS_3 1.75 1.5/1 3 0.2 64.7 70.5 20.9 79.1 29.6 89.5 

P-mSi_APS_4 1.75 1.5/1 4 0.2 73.8 74.3 14.0 86.0 18.8 85.3 

P-mSi_SDS_1 0.5 1.5/1 1 0.2 74.8 50.7 12.4 87.6 24.5 90.5 

P-mSi_SDS_2 1.0 1.5/1 1 0.2 60.2 54.0 16.7 83.3 30.9 95.5 

P-mSi_SDS_3 1.75 1.5/1 1 0.2 43.3 59.7 21.9 78.1 36.7 94.7 

P-mSi_SDS_4 3.0 1.5/1 1 0.2 31.7 65.9 22.0 78.0 33.4 93.5 

P-mSi_SDS_5 5.0 1.5/1 1 0.2 29.5 66.2 17.0 83.0 25.7 93.9 

P-mSi_M/H 2O_1 1.75 1.5/1 1 0.1 37.6 75.0 23.9 76.1 31.9 87.4 

P-mSi_M/H 2O_2 1.75 1.5/1 1 0.2 43.3 59.7 21.9 78.1 36.7 94.7 

P-mSi_M/H 2O_3 1.75 1.5/1 1 0.3 61.7 54.2 27.6 72.4 50.9 95.0 

P-mSi_M/H 2O_4 1.75 1.5/1 1 0.4 82.0 50.0 28.0 72.0 56.0 95.6 

P-mSi_ST/M MA_1 1.75 0.5/1 1 0.2 30.5 50.0 25.7 74.3 51.4 92.1 

P-mSi_ST/M MA_2 1.75 1/1 1 0.2 40.3 52.0 22.8 77.2 43.8 94.1 

P-mSi_ST/M MA_3 1.75 1.5/1 1 0.2 43.3 59.7 21.9 78.1 36.7 94.7 

P-mSi_ST/M MA_4 1.75 2/1 1 0.2 46.4 59.9 20.6 79.4 34.4 94.1 

P-mSi_ST/M MA_5 1.75 3/1 1 0.2 48.9 61.1 19.5 80.5 31.9 93.7 

P-mSi_ST/M MA_6 1.75 4/1 1 0.2 50.3 64.6 16.3 83.7 25.2 94.4 

Poly(ST/MMA)blank 1.75 1.5/1 1 0.2 31.5 89.0 0 0 0 0 
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Figure 4.1 Particle size and conversion at various initiator amounts.  

Condition: ST/MMA ratio = 1.5/1, surfactant amount = 1.75%, 

modified silica loading = 10%, monomer/water = 0.2. 

 

4.2.2 Effect of Surfactant Concentration  

 

The influences of surfactant amount on particle size and conversion were 

investigated. From Figure 4.2, the particle size was decreased from 75 to 29 nm with 

increasing SDS content from 0.5 to 5% based on monomer weight (surfactant: 

monomer = 1: 200 and 1: 20). This can be explained in that the initiator decomposed 

into free radicals in the water phase, then these free radicals firstly attacked monomer 

in the water phase to form monomer radicals which continued to grow by accepting 

monomers to produce polymer radicals. These polymer radicals in the small newly 

formed particles were surrounded by the surfactant to become polymer precursors. 

Hence, the surfactant amount can be affected to allow the generation of other particle 

precursors and coverage of the newly formed surfaces. If the amount of surfactant was 

less than the optimum amount, the number of particle precursors was lower, and 

therefore, the probability of polymer radicals in the water phase penetrating into the 

already formed dead particle was higher. That is the main reason that the particle size 

was the highest when low surfactant amounts were used [96].  
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Besides the change in the particle size of these composites, monomer 

conversion increased sharply and reached a maximum conversion around 66% for an 

SDS amount ranging from 0.5% to 5% i.e., the conversion was increased from 50% to 

66%. This indicated that with an increase in the SDS amount, an increase in the 

monomer diffusion and stability of polymer particles could be realized in the 

polymerization system. Then, this reaction proceeds in a nucleation mechanism, 

resulting in a higher conversion [167].  

 In this research work, the amount of surfactant required (surfactant: monomer 

= 1: 57) that gave the desirable particle size (smaller than 50 nm) was much lower 

than those required in the previous work [90-92]. This phenomenon confirms that 

differential microemulsion polymerization is a novel method for synthesizing 

composite nanoparticles using an extremely low amount of surfactant. However, for 

synthesis of poly(ST-co-MMA)-SiO2, maximum conversion was less than 70% 

compared with the synthesized poly(ST-co-MMA) particles without silica (conversion 

= 89%) because nanosilica particles could possibly decrease or retard the diffusion of 

monomer in the aqueous phase resulting in a lower conversion.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Dependence of particle size and conversion on SDS concentration. 

Condition: ST/MMA ratio = 1.5/1, APS amount = 1% based on 

monomer weight, modified silica loading = 10% based on monomer 

weight, monomer/water = 0.2. 
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4.2.3 Effect of Monomer/Water Ratio  

 

 For the effect of monomer/water ratio as shown in Figure 4.3, the increasing 

water content in the reaction system (low level of monomer/water ratio) caused an 

increased conversion from 58% to 81%. Therefore, a higher amount of water as 

reaction medium was necessary for increasing in monomer diffusion and stability of 

the nanoreactor, resulting in a higher conversion. However, a high level of water 

enhanced the decrease in silica encapsulation efficiency. Because most silica particles 

could migrate or transfer from organic phase as monomer phase to aqueous phase, 

silica encapsulation efficiency was decreased [75]. Furthermore, the particle 

diameters could be controlled by variation of water content as presented in Table 4.1. 

The smaller diameters were produced for increasing water amount due to the 

improvement of stability and dispersion of nanonuclei in polymerization system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Conversion and silica encapsulation efficiency at various monomer to 

water ratio. Condition: ST/MMA ratio = 1.5/1, surfactant amount = 

1.75%, initiator amount = 1%, modified silica loading = 10% based on 

monomer weight.  
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4.2.4 Effect of Styrene/Methyl Methacrylate Ratio   

 

From Figure 4.4, the change of particle diameter shows a downward trend 

with the decrease in ST/MMA ratio or the increase in the MMA feed. The particle 

size decreased from 50 nm to 30 nm with decreasing ST/MMA ratio from 4:1 to 

0.5:1. It is seen that the lower of ST/MMA ratio resulted in the smaller diameter. Due 

to the hydrophilicity of MMA compared with the hydrophobicity of styrene, the 

nucleation mechanism likely occurred in the water phase as homogeneous nucleation 

rather than in the micelles as heterogeneous nucleation [98]. Hence, with increasing 

MMA feed, smaller nuclei in the system were produced and then a smaller particle 

size of polymer was formed. This is also attributed to the fact that styrene is more oil-

soluble (the solubility = 0.5 wt% in water) than MMA (2 wt% in water) [168]. 

Therefore, styrene had a stronger tendency to form oil droplets in the aqueous reaction 

system than MMA, and the presence of these oil droplets caused the reactions to 

proceed in a similar manner to a conventional emulsion polymerization [96]. This is 

possibly the reason that the smaller particle size was obtained under a higher MMA 

feed.  

 Moreover, at high MMA composition, grafting efficiency increased which 

implied that more polymers were built up at the silica surface than free polymer 

formed in the aqueous phase. This is due to the stronger polarity and solubility of the 

monomer MMA resulting in compatibility between MMA monomer and modified-

SiO2. As a result, the amount of free polymer was reduced but grafting efficiency of 

polymer on silica surface was increased. Nevertheless, a high ST/MMA ratio of 4/1 

enhanced the conversion to as high as 65%, due to the higher monomer reactivity 

constant of styrene (0.52) than methyl methacrylate (0.46). 
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Figure 4.4 Dependence of particle size and grafting efficiency on ST/MMA ratio. 

Condition: SDS amount = 1.75%, APS amount = 1%, modified-SiO2 

loading = 10% based on monomer weight, monomer/water = 0.2 

 

 

4.2.5 Effect of Silica Loading 

 

 The amounts of silica loading have a significant influence on particle sizes and 

grafting efficiency of polymer as presented in Table 4.2. When the silica level was 

increased from 10% to 20% based on monomer weight, the average particle size 

increased from 43 nm to 70 nm and the size distribution became broader. More 

aggregation or agglomeration of silica particles were produced for the higher silica 

loading. On the other hand, at high silica concentration, the grafting efficiency of 

polymer was sharply increased due to the increase in the total surface area and the 

interfacial area of silica resulting in an increase in the graft polymerization rate.  
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Table 4.2 Characterization of nanocomposites at various silica amounts 

Sample m-Si 

(%wt) 

Particle   

Size  

(nm) 

Size  

distribution 

Conva 

(%) 

Si  

encapb 

 (%) 

Polymer 

content 

(%) 

GEc 
  

(%) 

 

P-mSi_Si_10 

 

10 

 

43.3 

 

0.27 

 

59.7 

 

94.7 

 

21.9 

 

36.7 

P-mSi_Si_15 15 62.8 0.49 49.4 93.0 29.5 59.7 

P-mSi_Si_20 20 69.7 0.58 49.0 93.6 32.0 66.7 

 
 a % Conversion 

 b % Silica encapsulation efficiency 

 c % Grafting efficiency 

 

 

For polymer content and polymer grafting efficiency, the grafting efficiency of 

polymer, polymer content and silica content of composite particles were evaluated by 

the two techniques, an extraction by a Soxhlet apparatus and a 

thermogravimetric/differential thermogravimetric analysis (TG/DTA). For the 

extraction method, the free polymer latex was separated from the graft polymer and 

the amount of polymer in the composite particles was determined gravimetrically as 

described in the experimental section. For TG/DTA, the thermogram of the composite 

sample (Figure 4.5), the weight loss over the range of 200-500 oC corresponded to 

polymer decomposition and the residue weight was attributed to the silica content. 

Hence, the polymer content and silica content of the composite sample, (P-

mSi_APS_1) were 23.2 and 76.8 %, respectively. From Table 4.3, the data obtained 

by the two techniques are in good agreement and definitely attest the validity of these 

methods used for the determination of both the grafting efficiency and silica 

encapsulation of composite particles under these experimental conditions.  
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Table 4.3 Polymer content and polymer grafting efficiency of composite sample  

    (P-mSi_APS_1) 

Method Polymer 
content a 

(%) 

GEb (%) Silica 
content 

(%) 
 

Material balance 
 

21.9 
 

36.7 
 

78.1 
 

Thermogravimetric analysis 23.2 38.9 76.8 
 

 
a In weight percent of the composite sample 
b Percent by weight of the total amount of synthesized polymer 

 

 

Figure 4.5 Thermogravimetric analysis curve of composite sample, P-mSi_APS_1. 
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For particle size distribution of poly(ST-co-MMA)-SiO2  nanocomposite, The 

particle size distribution index was used to identify the dispersion of nano-SiO2 in 

polymer matrix. Particle size distribution of poly(ST-co-MMA)-modified-SiO2  (P-

mSi_APS_1) compared with poly(ST-co-MMA)/unmodified-SiO2 (P-untreated-

Si_APS_1) is shown in Figure 4.6 (a) and Figure 4.6 (b), respectively. For a 

nanocomposite of SiO2 pretreated with acrylic acid, a narrow size distribution (0.27) 

was obtained while a boarder size distribution (0.68) was formed for a composite of 

untreated SiO2. It can be noted that the silica surface modification method is required 

to produce a homogeneous structure rather than an agglomeration structure.  

In this work, the pretreatment of the silica surface by acrylic acid could 

increase the silica dispersion and compatibility between silica and polymer resulting 

in a uniform size distribution. For comparision, the direct mixing or physical mixing 

between untreated silica particles and polymer latex was performed. The direct 

mixing shows the phase separation and also produced the multiple size distribution at 

27 nm of poly(ST-co-MMA), and 200 nm of agglomerated silica as shown in Figure 

4.6 (c). Therefore, the method of differential microemulsion polymerization is a novel 

technique for synthesizing composite nanoparticles with smaller particle size, narrow 

size distribution, and homogeneous structure. 

 The comparison of appearance of poly(ST-co-MMA) nanoparticles prepared 

by differential  microemulsion polymerization and by physical mixing is shown in 

Figure 4.7. The physical mixing between untreated silica particles and polymer latex 

shows the phase separation due to the precipitation of silica particles at the bottom 

phase and the dispersion of polymer particles at the top phase. The physical mixing 

led to the multiple size distribution and the less stability of silica nanoparticles (Figure 

4.7 a). A homogeneous dispersion is obtained by differential mocroemulsion 

polymerization (Figure 4.7 b), indicating that nano-SiO2 particles have the good 

dispersion and compatibility with polymer particle resulting to a uniform size 

distribution and superior stability of nanoparticles. 
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Figure 4.6 Particle size distributions of composite samples (a) P-mSi_APS_1, (b) 

P-untreated-Si_APS_1 and (c) P-Si_APS_1 (Physical Mixing).  

 

 

 

 

 

 

 

Figure 4.7 Appearance of composite latex (a) P-Si_APS_1 (Physical Mixing), (b) 

P-mSi_APS_1. 
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4.3 Characterization of Poly(ST-co-MMA)-SiO2 Nanocomposites 

 

 The characterization of the modified-SiO2 (m-Si 1 and m-Si 2) obtained was 

performed using FT-IR spectroscopy. From Figure 4.8, the spectrum of treated silica, 

with high AA content, m-Si 1 shows =CH2 stretching bands at 3177 cm_ 1 and the 

peaks at 3600-3000, 1639, 1548 and 1401 cm_ 1 corresponding to OH, C=O, C=C 

stretching and CH2 bending of AA, respectively. While a very pronounced band 

appearing at 1105 cm_ 1, together with two less pronounced bands at 806 and 472 cm_ 

1 correspond to the vibration absorption band of  the Si-O-Si groups. 

The functional groups of poly(ST-co-MMA)/SiO2 composite particle were 

also characterized by FT-IR spectroscopy as shown in Figure 4.9. The absorption 

bands of P-mSi_APS 1 at 1144, 805 and 470 cm_ 1 correspond to Si-O-Si groups. The 

peaks at 2936 cm_ 1 (υ CH3), 2852 cm_ 1 (υ CH2), 1730 cm_ 1 (υ C=O), 1457 cm_ 1 (υ 

CH2 bending) and 1398 cm_ 1 (CH3 bending) relate to methacrylate group of MMA. 

The bands in 3027 cm_ 1 (υ CH), 1600 cm_ 1(υ C=C) and 700 cm_ 1 (CH out of plain 

bending) are attributed to the aromatic group of ST. These results indicate that 

poly(ST-co-MMA) could be grafted onto the silica surface. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 FTIR spectrum of modified silica at high AA amount (m-Si 1). 
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Figure 4.9 FT-IR spectrum of P-mSi_APS_1 after separation of the free latex 

particles. 

 

 

Figure 4.10 represents the 1H NMR spectrum of the poly(ST-co-MMA) 

extracted from the poly(ST-co-MMA)/SiO2. Phenyl protons of polystyrene are 

observed in the range of 7.1-7.4 ppm. Methine protons of PS are found at 1.9 ppm. 

For PMMA, the peaks at 3.5 and 0.9 ppm are the characteristic peaks of methoxy 

protons and methyl protons, respectively. Moreover, the peaks in the range of 1.1-1.4 

ppm correspond to the methylene protons of both PS and PMMA. Hence, the ratio of 

ST to MMA in composite particles is determined with the phenyl proton peak area of 

PS (at 7.1-7.4 ppm) and the methoxy proton peak areas of PMMA (at 3.5 ppm). It 

could be seen that the ratio of ST/MMA in the composite is 1.47 for P-mSi_APS 1 

prepared with a ST/MMA feed ratio of 1.5/1 (Table 4.1).  
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Figure 4.10  1H NMR spectrum of composite sample, P-mSi_APS_1, in CDCl3. 
 
 

4.4 Morphology of Poly(ST-co-MMA)-SiO2 Nanocomposites 

 TEM micrographs of poly(ST-co-MMA)-SiO2 composites show dark SiO2 

cores and white polymeric layer shells around each core (Figure 4.11). Figure 4.11 (a) 

shows that the aggregation phenomenon of silica particles was significant for 

untreated-SiO2. Untreated SiO2 particles were not able to separate and stabilize each 

particle due to high polarity on their surface, resulting in the agglomeration structure 

through hydrogen bonding and free polymer formation. Nevertheless, the regular 

spheres and a well-dispersed morphology were obtained by using modified-SiO2 as 

shown in Figure 4.11 (b). At higher magnification (Figure 4.11 (c)), it can be seen that 

SiO2 particles were encapsulated by a polymer shell, indicating that core/shell 

nanoparticles have been successfully formed under this condition.  

 

ppm 
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Figure 4.11 TEM micrographs of (a) untreated-SiO2, (b) P-mSi_APS_1, (c) P-

mSi_APS_1 at higher magnification. 
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4.5 Proposed Mechanism for Poly(ST-co-MMA)-SiO2 Nanocomposites 

Synthesis  

 

The formation mechanism with controlled morphology of poly(ST-co-

MMA)/SiO2 is proposed in Figure 4.12. Firstly, the acrylic acid was bonded to a silica 

surface through a hydrogen bonding to produce the C=C bonds on their surface. Due 

to this modification method, the polarity of silica surface was decreased and became 

amphiphilic characteristic. Then, the hydrophilic initiator (APS) and the surfactant 

(SDS) could be adsorbed on the silica domains due to its hydrophilic surface. The 

hydrophobic group of surfactant tended to turn in the oil phase and the hydrophilic 

group turn towards the aqueous phase as reaction medium (Figure 4.12a). The 

interface between the oil phase and the aqueous phase could stabilize the colloid 

particles. The differential microemulsion polymerization consisted of water, water-

soluble initiator (APS), surfactants (SDS), nonagglomerated silica and a very small 

amount of monomer droplet (ST, MMA). The initiator decomposed in water phase to 

form primary radicals. Some of these radicals could attach both monomers and C=C 

bonds of acrylic acid to produce polymer radicals on silica surface (b). Therefore, the 

polymers could graft onto silica surface through the encapsulation reaction to obtain 

silica core and polymer shell morphology (c). However, some free polymer chains 

which did not graft would form the nanosized polymer particles. 
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Figure 4.12 The proposed model for formation mechanism of nanosized-SiO2 

encapsulated by poly(ST-co-MMA) with core/shell morphology. 
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CHAPTER V 

 

SYTHESIS OF POLYISOPRENE-SILICA NANOCOMPOSITES 

VIA DIFFERENTIAL MICROEMULSION POLYMERIZATION  

 

 
5.1 Introduction 

 

Differential microemulsion polymerization is advantageous for the production 

of nanosized polymer latex with an extremely low surfactant concentration and is 

normally performed using an environmental friendly process due to the absence of 

organic solvents and can be performed under mild conditions. For the mechanism of 

differential microemulsion polymerization, when the reaction was initiated, the 

system contains initiators, radicals of primary radicals, monomer radicals, and 

polymer radicals, nonaggregated surfactants, and a very small amount of monomer. 

The initiator decomposes in the aqueous phase to generate primary radicals and some 

of the radicals enter into monomer swollen micelles to produce polymer particles. So 

far, the synthesis of nanosized rubber-SiO2 by differential microemulsion 

polymerization has not been reported.  

In this research work, the preparation of a monodispersion of nanosized 

polyisoprene-SiO2 composite with core/shell morphology was studied. Differential 

microemulsion polymerization was applied to synthesize the nanocomposites having a 

uniform particle size distribution. The nano-SiO2 was pretreated using organo silane 

coupling agents to produce a siloxane bond at the silica surface and the carbon double 

bonds at the chain end of the silane coupling agent could be polymerized with the 

isoprene monomer. The influence of initiator and surfactant concentration, 

monomer/water ratio and silica loading on particle size, monomer conversion as well 

as encapsulation efficiency was also investigated.  
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5.2. Characterization of Polyisoprene-SiO2 Nanocomposites 

 

From Figure 5.1a, the spectrum of SiO2-treated with MPS (MPS-SiO2), the 

peaks at 2960, 1732 and 1633 cm-1 are attributed to =CH2, C=O and C=C stretching 

of the MPS groups, respectively [169, 170]. The peak at 3441 cm-1 is assigned to the 

surface hydroxyl group (O-H) of silica [65]. While a very broad band appearing at 

1111 cm-1, together with two less pronounced bands at 810 and 473 cm-1 correspond 

to the vibration absorption band of the Si-O-Si groups. 

 For silica modified with VTS (VTS-SiO2) (Figure 5.1b), the absorption bands 

at 1114, 802 and 470 cm-1 correspond to Si-O-Si groups. The peaks at 3443, 3067 and 

2962 cm-1 relate to OH, CH and CH2 stretching of the VTS groups. The bands at 1604 

cm-1 (C=C) and 1411 cm-1 (CH out of plain bending) are attributed to the double 

bonds of VTS. These results indicate that coupling agents could be bonded onto the 

silica surface. The methoxy groups of silane were firstly hydrolyzed by the water in 

the aqueous solution to form silanol groups. The added ammonium hydroxide 

catalyzed the hydrolysis reaction due to a nucleophilic attack at the silicon atom of the 

silane. The siloxane linkage between the silica surface and the silane agent was then 

produced through a polycondensation reaction [171].  

For the PIP-VTS-SiO2 composite (Figure 5.1c), new peaks at 2860 and 2972 

cm-1 are related to the methyl and methylene stretching of polyisoprene, respectively. 

Additionally, the low intensity band at 837 cm-1 and medium intensity band at 1674 

cm-1 correspond to the CH of trisubstituted olefin and the C=C stretching of 

polyisoprene, respectively. The methyl deformation bands of polyisoprene were 

apparent at 1370 and 1490 cm-1 [172]. These results imply that polyisoprene was 

grafted onto the silica surface. 
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Figure 5.1 FTIR spectra of (a) MPS-SiO2, (b) VTS-SiO2, (c) PIP-VTS-SiO2. 

(a) 

(b) 

(c) 
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5.3 Encapsulation of VTS-SiO2 with Polyisoprene 

 

 The encapsulation of the nanosized VTS-SiO2 with PIP was studied under 

various process parameters such as monomer to water ratio, surfactant concentration, 

initiator amount and silica loading. The effects of parameters on particle size, polymer 

grafting efficiency, monomer conversion as well as silica encapsulation efficiency are 

discussed in detail. 

 

5.3.1 Influence of Monomer/Water Ratio 

 

 The monomer to water ratio significantly affected to the encapsulation as 

shown in Figure 5.2. The particle size of PIP-SiO2 nanocomposite increased with 

increasing monomer concentration. The particle diameter was increased from 20 nm 

to 55 nm when the monomer to water ratio was increased from 0.1 to 0.5. At a high 

monomer to water ratio, the probability that one particle collided with another particle 

was higher and thus monomer conversion increased which resulted in a larger particle 

size than that obtained at low monomer concentration [96]. The monomer conversion 

and grafting efficiency were increased when increasing the monomer to water ratio 

from 0.1 to 0.3 and then decreased at a higher ratio. Thus, a high monomer to water 

ratio above 0.3 caused a negative effect on particle size, conversion and polymer 

grafting efficiency. However, at the highest monomer to water ratio (0.5), most of the 

further added monomer molecules had to enter into the existing polymer particles, 

which was more than that of the newly nucleated particles and the long time needed 

for monomer diffusion into the particle would decrease the monomer conversion 

[173]. Thus, the monomer conversion was decreased at high monomer/water ratio. 

The grafting efficiency (GE) had a similar trend to conversion and the %GE at higher 

monomer concentration was decreased, due to the fact that the free PIP was more 

pronounced than grafted PIP [174]. The maximum conversion (87%), grafting 

efficiency (78%) and small particle size (35 nm) was obtained at a monomer to water 

ratio of 0.3. 
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Figure 5.2 Effect of monomer to water ratio (M/H2O) on PIP-SiO2; (  ) Particle 

diameter, (  ) %Conversion, (   ) %GE. Condition: SPS = 1 %wt, SDS 

= 3 %wt, VTS-SiO2 = 10 %wt based on monomer. 

 

5.3.2 Influence of Initiator Concentration 

 

The effect of initiator concentration on SiO2 encapsulation with PIP was also 

studied over the range of 0.5-5 %wt based on monomer. From Figure 5.3, it is seen 

that the polymer grafting efficiency was dramatically affected by initiator amount. 

The %GE decreased from 80 to 50% with an increase in initiator concentration from 

0.5 to 5 %wt. It can be explained in that, a large amount of oligoradicals are generated 

in the aqueous phase, but these radicals can enter into the polymer particles to react 

with the modified silica double bonds. A greater radical entry rate may be the reason 

for the decrease in the grafting efficiency with the increase in initiator concentration. 

This phenomenon resulted in a higher free PIP concentration rather than the grafting 

of PIP onto the silica surface. Although the high initiator amount had a negative effect 

on the grafting efficiency, the increasing initiator level had a positive effect on the 

monomer conversion. At high initiator concentration, the initiator decomposed to 

generate free radicals and the radicals reacted with monomer to produce primary 
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radicals and then the growing polymer chains increased resulting in an increase in 

conversion [175]. Therefore, a low initiator concentration is preferred for the 

preparation of PIP/SiO2 encapsulation. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Effect of initiator concentration on PIP-SiO2; (  ) Particle diameter, (  ) 

%Conversion, (   ) %GE. Condition: M/H2O = 0.3, SDS = 3 %wt, 

VTS-SiO2 = 10 %wt based on monomer. 

 

 

5.3.3 Influence of Surfactant Concentration  

 

SDS was used as an anionic surfactant for encapsulation of nano-SiO2 with 

PIP. The amount of surfactant had a great influence on particle size, conversion and 

polymer grafting efficiency as illustrated in Figure 5.4. Particle size decreased from 

50 nm to 20 nm with an increase in the surfactant amount from 0.5 to 10 %wt based 

on monomer. At a high surfactant level, smaller nuclei in the system were produced 

and then a smaller particle size of PIP-SiO2 composite was formed [176]. The 

conversion was increased from 60 to 90% with an increase in surfactant level from 

0.5 to 7% it then leveled off. An increase in the SDS amount increased the number of 
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monomer-swollen micelles and therefore the number of particles which led to an 

increase in the polymerization rate and the final conversion. For PIP-SiO2 

encapsulation, polymer grafting efficiency was significantly affected by the surfactant 

concentration; %GE was increased with increasing SDS, reaching a maximum 

grafting efficiency of 80% at a SDS amount of 3 %wt and then it decreased. 

Surfactant could provide the monomer-swollen micelles favoring the diffusion of 

hydrophobic monomer onto the SiO2 surface and the stability of PIP-SiO2 

nanocomposite resulted in an increase in grafting efficiency. However, the grafting 

efficiency decreased at a high surfactant concentration. It is indicated that above the 

critical micelle concentration (CMC), further addition of surfactant resulted in an 

increase in micelle concentration while the monomer concentration remained constant 

in a value close to the CMC; and thus, the formation of ungrafted polyisoprene (free 

homopolymer) was produced rather than the encapsulation of SiO2 with PIP [177]. 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Effect of SDS concentration on PIP-SiO2; (  ) Particle diameter, (  ) 

%Conversion, (  ) %GE. Condition: M/H2O = 0.3, SPS = 1 %wt, VTS-

SiO2 = 10 %wt based on monomer. 
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5.3.4 Influence of Silica Loading  

 

The concentration of silica loading had a significant influence on particle size 

and encapsulation efficiency as shown in Figure 5.5. When the silica level was 

increased from 5 to 20 %wt based on monomer, the average particle size was linearly 

increased from 29 nm to 57 nm and the silica encapsulation efficiency and conversion 

linearly decreased. This implies that at high silica loading, more aggregation of silica 

particles was produced and SiO2 particles were not encapsulated, resulting in low 

encapsulation efficiency and large particle size. It is also probable that, the 

aggregation of silica particles tended to decrease the number of monomer-swollen 

micelles and particle stability, and therefore the final conversion was decreased. 

However, the conversion and silica encapsulation efficiency of PIP-VTS-SiO2 at 5-

20% silica loading were higher than that of PIP/untreated SiO2 (conversion = 51%, Si 

encapsulation eff = 22%). Therefore, an appropriate silica loading of 10-15% could be 

added in the encapsulation for the PIP/SiO2 nanoparticles with a high conversion (70-

80%), small particle size (40 nm), and provided high encapsulation efficiency (75-

80%) via this novel method.  

Consequently, the optimum condition of PIP-VTS-SiO2 synthesis was also 

applied for the synthesis of PIP-MPS-SiO2 nanoparticles. It was found that at the 

same condition, the particle size of PIP-MPS-SiO2 was 40 nm, monomer conversion 

was 84% and grafting efficiency was 74%. However, the type of silane coupling 

agents did not seem to have any significant effect on the synthesis of PIP-SiO2 

nanoparticles. 
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Figure 5.5 Effect of silica loading on PIP-SiO2; (  ) Particle diameter, (  ) %Si 

encapsulation, (   ) %Conversion. Condition: M/H2O = 0.3, SPS = 1 

%wt, SDS = 3 %wt based on monomer. 

 

5.4 Particle Size Distribution of PIP-SiO2 Nanocomposites 

 

The particle size distribution characterized by DLS was used to identify the 

dispersion of nano-SiO2 in the PIP matrix. For PIP without SiO2 particles, a particle 

size of 24 nm and a narrow size distribution of 0.02 were obtained as shown in Figure 

5.6 a. For PIP/SiO2 (untreated SiO2 of 10 %wt) (Figure 5.6 b), two-phase dispersion 

of nano-SiO2 with average particle size of 10 nm and PIP domain with an average 

particle size of 22 nm was observed. It can be clearly seen that the untreated SiO2 

particles were not able to separate and stabilize due to the high polarity of their 

surface, resulting in heterogeneity and free polymer formation. Interestingly, the 

effective dispersion of silica in the PIP latex and an uniform size (average particle 

diameter of 35 nm) of the composite product were produced for PIP-VTS-SiO2 (VTS-
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SiO2 of 10 %wt) as illustrated in Figure 5.6 c. The polydispersity index of 

PIP/unmodified SiO2 (PDI = 0.16) was higher and the particle size distribution 

became boarder than that of PIP-VTS-SiO2 (PDI =0.02). This observation from the 

size distribution curves provides evidence for an uniform dispersion of PIP-modified 

SiO2. Therefore, differential microemulsion polymerization of isoprene on modified 

SiO2 could provide PIP-SiO2 nanoparticles with a narrow size distribution resulting in 

homogeneous composite latex. 

For appearance of PIP-SiO2 latex, the silica agglomeration and phase 

separation were observed for PIP/untreated SiO2 latex due to the precipitation of silica 

particles at the bottom phase and the dispersion of PIP particles at the top phase 

(Figure 5.7 a). Nevertheless, PIP/VTS-SiO2 latex including 10% wt of nano-SiO2 was 

kept in a period of time of 1-6 months to investigate the colloidal stability. It was seen 

that homogeneous and stable colloidal latex were observed during about 6 months and 

the particle size and size distribution of nanocomposite did not change (Figure 5.7 b). 

After rubber precipitation, the aggregated silica particles were precipitated onto PIP 

rubber for PIP/untreated SiO2; however, the agglomerated silica disappeared for 

PIP/VTS-SiO2. This can be explained that the synthesis of PIP/SiO2 nanoparticles via 

differential microemulsion polymerization had a high colloidal stability and reduction 

of silica aggregation.   
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Figure 5.6 Particle size distribution of samples (a) PIP, (b) PIP/untreated SiO2 (10 

%wt) and (c) PIP-VTS-SiO2 (10 %wt). 

 

(b)

(a)

0

20

40

60

80

100

%
P

as
si

ng

%
C

ha
nn

el

0

10

20

30

40

50

0.001 0.01 0.1 1 10
Size (microns)

24 nm

%
C

ha
nn

el

0

10

20

30

40

50
0.000

0

20

40

60

80

100

%
P

as
si

ng 10 nm
22 nm

0.001 0.01 0.1 1 100.000
Size (microns)

(c)
%

C
ha

nn
el

0

10

20

30

40

50

0.001 0.01 0.1 1 10
Size (microns)

0

20

40

60

80

100

%
P

as
si

ng

35 nm

0.000



93 
 

 

 

Figure 5.7 Appearance of (a) PIP/untreated SiO2 and (b) PIP-VTS-SiO2. 

 

5.5 Morphology of PIP-SiO2 nanocomposites 

 

Morphology of PIP-SiO2 nanocomposites charaterized by TEM is illustrated 

in Figure 5.8. For PIP/untreated SiO2 (at 10 %wt), silica particles as dark domains 

were aggregated inside the polyisoprene matrix as lighter domains (Figure 5.8a). Free 

polyisoprene and agglomerated silica appeared; thus a heterogeneous structure of PIP-

SiO2 using untreated SiO2 was observed due to interface debonding between the silica 

particle and polyisoprene matrix. For PIP-VTS-SiO2 (at 10 %wt) (Figure 5.8b) and 

PIP-MPS-SiO2 (at 10 %wt) (Figure 5.8c), these morphologies showed the 

encapsulation of dark SiO2 cores with white polymeric layer shells around the core. 

Interestingly, the nanosized SiO2 particles were well-dispersed inside the polymer 

latex as regular spheres and no agglomeration morphology of composite particles was 

(a) PIP/untreated SiO2 

(b) PIP-VTS-SiO2 
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predominantly observed. Therefore, nano-SiO2 particles were encapsulated with a PIP 

shell, indicating that core/shell nanoparticles have been successfully produced from a 

differential microemulsion polymerization. The particle sizes of the composite as seen 

from the TEM photograph were about 30 nm and 40 nm respectively for PIP-VTS-

SiO2 and PIP-MPS-SiO2   in good agreement with the DLS charaterization.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 TEM micrographs of (a) PIP/untreated SiO2, (b) PIP-VTS-SiO2, (c) 

PIP-MPS-SiO2. 
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5.6 Proposed Mechanism for PIP-SiO2 Composite Nanoparticles 

 

A PIP-SiO2 formation mechanism with controlled morphology of the 

core/shell is proposed in Figure 5.9. The silica surface modification using organo-

silane coupling agents was firstly carried out through hydrolysis and 

polycondensation to produce the carbon double bonds on the silica surface. For 

pretreatment, the polarity of the silica surface was decreased (Figure 5.9a). Before 

polymerization, SPS initiator and SDS surfactant were dispersed in the aqueous silica 

dispersion. The interface between the oil phase and the aqueous phase could stabilize 

the colloidial particles by using SDS and the hydrophobic group of the surfactant 

tended to turn towards the oil phase and the hydrophilic group turned towards the 

aqueous phase used as the reaction medium (Figure 5.9b). For a differential 

microemulsion polymerization, the system consisted of water, water-soluble initiator, 

nonaggregated surfactants, nonagglomerated silica and a very small amount of 

monomer droplets (isoprene). The initiator decomposed  in an aqueous phase to 

generate free radicals which generated reactive monomer radicals on the silica surface 

for the initiation stage (Figure 5.9c) and the primary monomer radicals were then 

polymerized to produce the oligomeric radicals resulting in chain propagation (Figure 

5.9d).  Therefore, the polymers could graft onto the silica surface through 

encapsulation to form a silica core and a polymer shell morphology.  
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Figure 5.9  The proposed formation mechanism of nanosize-SiO2 encapsulated by 

nanosized PIP with core/shell morphology. 

 

 

5.7 Thermal Properties of PIP-SiO2  

 

The silica loading affected the decomposition temperature of PIP-SiO2 

nanoparticles as shown in Figure 5.10. The thermograms of PIP and PIP-SiO2 show 

a one-step polymer degradation and provide smooth weight loss curves, indicating 

the good compatibility between PIP and nano-SiO2. Comparison with PIP-untreated 

SiO2, the untreated nano-SiO2 had a initial weight loss below 100 ºC which is related 

to the elimination of absorbed water from the silica surface [65] and a two-step weight 

loss at 390 and 430ºC was observed due to imcompatibility between the silica and the 

polymer. The SiO2 content in the PIP/SiO2 composite increased with increasing silica 
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loading. From the thermogram, it is seen that the maximum decomposition 

temperature of PIP filled with VTS-SiO2 at 0, 10, 15, 20 %wt was 438, 455, 475, 

and 440°C, respectively. This implies that the nano-SiO2 could uniformly disperse 

in the PIP matrix resulting in the high thermal stability of the nanocomposite 

compared with PIP-untreated SiO2. However, the decomposition temperature was 

decreased at high silica loading (20 %wt) due to an agglomeration of nano-SiO2 in 

the PIP matrix resulting in a reduction of the thermal resistance. Therefore, the 

nanosized PIP-SiO2 at a silica loading of 10-15 %wt led to high thermal stability. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Thermograms of (a) nanosized PIP, (b) PIP-VTS-SiO2 (10 %wt), (c) 

PIP-VTS-SiO2 (15 %wt,) (d) PIP-VTS-SiO2 (20 %wt), (e) PIP-

untreated SiO2 (10 %wt). 
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CHAPTER VI 

 

SYNTHESIS OF HYDROGENATED POLYISOPRENE-SILICA 

NANOCOMPOSITES VIA DIIMIDE REDUCTION  
 
6.1 Introduction 

 

Nanocomposite materials have increasing potential for future applications due 

to their extraordinary properties based on the combined system of inorganic species 

with organic polymers. For rubber applications, the preparation of rubber/SiO2 

nanocomposites with elastomeric properties of rubber and reinforcement properties of 

nanosilica has gained much attention for the industrial production. However, rubber 

such as polybutadiene rubber and polyisoprene rubber has poor heat resistance due to 

the presence of carbon-carbon double bonds in their polymer backbones. The carbon 

double bonds of rubber are sensitive to oxygen, ozone and heat resulting in rubber 

degradation and the suppression of physical and thermal properties. To improve the 

thermal properties and oxidative stability of diene rubber, the carbon double bonds 

can be hydrogenated to the saturated carbon.  

In the present work, a new nanocomposite of hydrogenated polyisoprene 

(HPIP)-SiO2 was synthesized via diimide reduction. First, PIP-SiO2 nanoparticles 

were synthesized by differential microemulsion polymerization of isoprene on silane 

treated nanosilica, and subsequently hydrogenated by diimide reduction in the 

presence of hydrazine/hydrogen peroxide using boric acid as promoter. Differential 

microemulsion polymerization is an advantageous method for the production of 

monodispersed PIP-SiO2 nanocomposites using extremely low surfactant 

concentration and diimide hydrogenation is an environmental friendly process since it 

is normally performed in the absence of organic solvents and metal catalyst. The 

influences of process variables on PIP-SiO2 hydrogenation and the kinetics for 

diimide hydrogenation were studied. Furthermore, a mechanism for the synthesis of 

HPIP-SiO2 nanocomposite is also proposed.  
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6.2 Characterization of PIP-SiO2 and HPIP-SiO2 Nanocomposites 

 

The characterization of VTS-SiO2 and PIP-SiO2 by FTIR spectroscopy is 

shown in Figure 6.1. For VTS-SiO2, the peaks at 1114, 802 and 470 cm-1 correspond 

to Si-O-Si groups. The peaks at 3440, 3067 and 2962 cm-1 relate to OH, CH and CH2 

stretching and the bands at 1600 cm-1 (C=C) and 1417 cm-1 (CH out of plain bending) 

are attributed to the VTS groups2. For the PIP-VTS-SiO2, new peaks at 2860 and 2972 

cm-1 are related to the methyl and methylene stretching of PIP, respectively. 

Additionally, the low intensity band at 837 cm-1 and medium intensity band at 1674 

cm-1 correspond to the CH wag of trisubstituted olefin and the C=C stretching of PIP, 

respectively. These results imply that PIP was grafted onto the silica surface. 

The NMR spectra of PIP-SiO2 and HPIP-SiO2 are shown in Figure 6.2. For 

PIP-SiO2 (VTS-SiO2 at 10 %wt), signals were observed at 5.09, 1.58 and 1.66 ppm 

corresponding to olefinic protons, CH3 of cis-1,4 PIP and trans-1,4 PIP, 

respectively. The methylene groups appeared in the range of 1.98-2.15 ppm. For 

HPIP-SiO2 (VTS-SiO2 at 10 %wt), the peak at 5.08 ppm disappeared and new 

peaks for the saturated carbon centered at 0.8-1.2 ppm were sharply increased. The 

peak area of methylene groups appearing from 1.93 to 2.11 ppm dramatically 

decreased. The degree of hydrogenation (HD) calculated from the peak area of the 

olefinic protons (C=C) and the intergrated peak area over the range of 0.8-2.0 ppm 

was 98%, implying that PIP-SiO2 was completely hydrogenated under the 

optimum condition. 
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(b) 

Figure 6.1 FTIR spectra of (a) VTS-SiO2 and (b) PIP-VTS-SiO2. 
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(b) 

 

Figure 6.2 1H NMR spectra of (a) PIP-SiO2, (b) HPIP-SiO2 (98% HD). 
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6.3 Diimide Hydrogenation for Nanosized HPIP-SiO2 Synthesis 

 

The nanosized PIP-SiO2 latex with a particle size of 35 nm and a narrow size 

distribution (0.02) was obtained by differential microemulsion polymerization. At the 

optimum condition, monomer to water ratio of 0.3, surfactant concentration of 3 %wt, 

initiator concentration of 1 %wt and SiO2 loading of 10 %wt, a high monomer 

conversion (87%), grafting efficiency (78%), and silica encapsulation (80%) were 

achieved [178].  

In this section, the process variables of hydrazine concentration, hydrogen 

peroxide concentration, amount of boric acid addition and water content on PIP-SiO2 

hydrogenation was investigated and the effects of all parameters are discussed in 

detail below. 

 

6.3.1 Effect of Hydrazine Monohydrate and Hydrogen Peroxide 

Concentration 

 

The influence of hydrazine (N2H4) and hydrogen peroxide (H2O2) 

concentration on hydrogenation of PIP-SiO2 (43 nm) is shown in Figure 6.3. %HD 

linearly increased from 38 to 96% with an increase in N2H4 concentration from 0.5 

to 3 mol/L. A large amount of diimide molecules are generated according to Eq. 

6.1 and diimide species would attach to the unsaturated PIP chains (Eq. 6.2) 

resulting in increasing the hydrogenation degree in the nanosized PIP-SiO2. 

However, above 5 mol/L of N2H4, %HD was suppressed due to the side reaction of 

diimide decomposition. For the redox reaction, H2O2 was used as a strong 

oxidizing agent to react with the hydrazine molecule for releasing the diimide 

species. It can be seen that HD is sharply increased from 40 to 96% with an 

increase in H2O2 concentration from 0.5 to 4.5 mol/L. Interestingly, the particle size 

of HPIP-SiO2 essentially did not change over the studied range (42-47 nm).  

 

N2H4  + H2O2                      N2H2  + 2H2O             (6.1) 

N2H2  + -H2C-HC=CCH3CH2-              -H2C-H2C-CHCH3CH2-  + N2   (6.2) 
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(b) 

Figure 6.3 Hydrogenation of PIP-SiO2: a) effect of [N2H4] at [H2O2] = 4.5 mol/L. 

b) effect of [H2O2] at [N2H4] = 3 mol/L. Condition: [H3BO3] = 0.15 

mol/L, [C=C] = 1 mol/L, [H2O] = 10 mol/L, T = 70°C, time = 4 h.    

%HD,      Particle size. 
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6.3.2 Effect of Boric Acid Concentration 

 

Boric acid was added to improve the hydrogenation efficiency. The effect 

of boric acid concentration was studied over the range of 0.02-0.15 mol/L. Figure 

6.4 shows that the hydrogenation degree is linearly proportional to the boric acid 

concentration. This phenomenon indicated that boric acid could promote 

hydrogenation with a high selectivity and could reduce the diimide side reactions 

such as disproportionation and decomposition as presented in Eqs. (6.3) and (6.4).  

 

2N2H2                N2H4   + N2                    (6.3) 

N2H2                    N2   + H2                    (6.4) 

 

Without boric acid addition, the PIP conversion could not reach 70% in 4 h. 

suggesting that a small amount of boric acid is necessary to accelerate the 

hydrogen peroxide dissociation and to induce the diffusion of the diimide active 

species from the interphase between the water phase and the rubber phase.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Effect of boric acid addition on PIP-SiO2 hydrogenation. Condition: 

[N2H4] = 3 mol/L, [H2O2] = 4.5 mol/L, [C=C] = 1 mol/L, [H2O] = 10 

mol/L, Temp 70°C, time = 4 h.     %HD,      Particle size. 
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For diimide hydrogenation of nitrile butadiene rubber latex, the 

hydrogenation efficiency using copper ion, silver ion and ferrous ion as catalysts 

was lower than that using boric acid addition [166]. 

 

6.3.3 Effect of Water Addition  

 

De-ionized water was added into the reaction system to reduce the viscosity 

of the polyisoprene-SiO2 latex. From Figure 6.5, increasing the water content in 

the system resulted a decrease in the hydrogenation level. The highest 

hydrogenation level of 96% was achieved at a low ratio of water to carbon double 

bonds (10/1). However, the low amount of water addition could reduce the 

viscosity of the latex and increase the interaction between the polymer particles 

and other substances. At high water addition, the reaction between hydrazine and 

hydrogen peroxide occurred in the aqueous phase; thus, the diimide active species 

was produced in the water phase and the diimide migration into the rubber phase 

was limited, and consequently the hydrogenation efficiency was decreased. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Effect of water addition on PIP-SiO2 hydrogenation. Condition: [N2H4] 

= 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, [H3BO3] = 0.15 

mol/L, T = 70°C, time = 4 h.      %HD,      Particle size. 

 



106 
 

 

6.4 Conversion Profile of Nanosized PIP-SiO2 Hydrogenation 

 

The PIP conversion versus reaction time profile at various reaction 

temperatures was studied over an interval of time of 0 to 5 h (Figure 6.6a). The 

double bond conversion was sharply increased with time initially, and then leveled 

off. It is suggested that diimide is a highly active intermediate species and is 

consumed at the surface of the unsaturated rubber particles, so the reduction of the 

double bonds is observed. For reaction times above 5 h, the PIP-SiO2 conversion 

remained constant, implying that the mobility of the diimide was retarded in 

transferring to the carbon double bonds within the particles due to a mass transfer 

limitation [165]. Therefore, the highest hydrogenation efficiency of 98% could be 

obtained for hydrogenation of PIP-SiO2 (particle size of 43 nm) within 5 h. This is 

due to the fact that the high surface area of the polyisoprene nanoparticles can 

interact with the diimide active species effectively and the diimide molecule can 

diffuse towards the double bonds inside the particle, resulting in an increase in 

HPIP-SiO2 product. 

The kinetics of diimide hydrogenation of nanosized HPIP-SiO2 at different 

reaction temperatures was also investigated. From Figure 6.6b, the hydrogenation 

rate exhibited an apparent first-order rate law dependence on the double bond 

substrate concentration, as described by Eq. (6.5). 

  

             d[C=C]                              (6.5) 

 

 

When diimide is a highly active intermediate, a pseudo steady state assumption is 

made, therefore, the rate of hydrogenation is a first order dependence on double bond 

concentration. 

The fractional hydrogenation conversion, X is defined as 

 

X = 1-[C=C]t/[C=C]0                 (6.6) 

 

dt = -k' [N2H2][C=C] 
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where  [C=C]t is the double bond concentration at reaction time t and [C=C]0 is the 

initial double bond concentration.    

Eqs. (6.5) and (6.6) can further be expressed in term of Eq. (6.7) 

 

ln(1-x) = - k' t                  (6.7) 

 

 Plots of ln(1-x) versus time fit first order kinetics very well, and thus, the 

rate constant (k') is determined from the slope of these kinetic profiles. It was 

found that the rate constant for diimide hydrogenation of PIP-SiO2 (43 nm) at 50, 

60 and 70⁰C was 11.4x10-5, 16.2x10-5 and 21.4x10-5 (s-1), respectively. 

Comparison to PIP without SiO2 (42 nm), the rate constant at 50, 60 and 70⁰C was 

7.4x10-5, 10.7x10-5 and 18.3x10-5 (s-1), respectively. Thus, it is clearly seen that 

the rate constants for diimide hydrogenation of PIP-SiO2 nanoparticles were 

higher than that of PIP without SiO2. This indicated that diimide is a highly active 

intermediate species and is consumed from the surface of the unsaturated PIP 

particles toward the carbon double bonds core inside; hence, the diimide mobility 

in the PIP particle without a SiO2 core was retarded in transferring to the carbon 

double bonds deep inside the particles due to a mass transfer limitation resulting in 

a lower kinetic rate constant of PIP hydrogenation than that for core/shell PIP-

SiO2 hydrogenation.  

Previous work reported that the rate constant of NRL [141] and skim 

natural rubber (SNRL) [142] hydrogenation by using diimide reduction was 

5.4x10-5 and 5.96x10-5 (s-1), respectively. Hence, the higher rate of diimide 

hydrogenation for PIP-SiO2 nanoparticles was achieved due to the smaller particle 

size of PIP compared with NRL. From a kinetic study, the rate of PIP-SiO2 

hydrogenation increased with increasing reaction temperature. It can be explained 

that high temperature could increase the probability of collision between the 

reactants with the polymer chains and accerelate the diimide mobility to 

coordinate with the double bonds [139], resulting in a high HPIP-SiO2 yield. 

Interesting, high reaction temperature and prolong reaction time were not required 

for the synthesis of HPIP-SiO2 nanocomposites, implying that the proposed 
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synthetic route is a novel technique for the preparation of a new nanocomposite of 

HPIP-SiO2 via diimide reduction.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Conversion profiles of (a) HPIP-SiO2, (b) HPIP without SiO2 and first 

order in ln plot of (c) HPIP-SiO2, (d) PIP without SiO2. Condition: 

[N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, [H3BO3] = 

0.15 mol/L, [H2O] = 10 mol/L.     = 50ºC,         = 60ºC,    = 70ºC. 

 

(a) (b) 

(c) (d) 
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Rate constants for diimide hydrogenation of PIP and PIP-SiO2 nanoparticles 

presented in Table 6.1 are fitted by a linear Arrhenius plot. The apparent activation 

energy (Ea) calculated from a least squares regression analysis of ln(k') versus 1/T for 

hydrogenation of PIP and PIP-SiO2 was 39.8 and 29.1 kJ/mol, respectively over the 

temperature range of 50 and 70ºC. The hydrogenation rate of core/shell PIP-SiO2 

nanoparticle was higher than that of PIP nanoparticle as confirmed by the rate 

constant and activation energy. From previous work, the activation energy for diimide 

hydrogenation of NBR catalyzed by a gelatin-cupric ion complex and boric acid was 

65.0 and 35.9 kJ/mol, respectively [179]. 

 

Table 6.1 Rate constant and activation energy of PIP and PIP-SiO2 nanoparticles. 

 

Hydrogenation k' x 105 (s-1) Activation energy (Ea) 

 323 K 333 K 343 K (kJ/mol) 

Nanosized PIPa 7.7 10.7 18.3 39.8 

Nanosized PIP-SiO2
a 11.4 16.2 21.4 29.1 

 
a condition: [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, [H3BO3] = 0.15 

mol/L, [H2O] = 10 mol/L. 

 

 

6.5 Proposed New Route for Nanosized HPIP-SiO2 Synthesis  

 

A synthetic route for a new nanocomposite of HPIP-SiO2 is proposed in 

Figure 6.7. Nano-SiO2 was pretreated using VTS coupling agent through hydrolysis 

and polycondensation to produce the carbon double bonds on the silica surface. SPS 

initiator and SDS surfactant were dispersed onto the silica surface due to a 

hydrophilic effect. The interface between the monomer phase and the aqueous phase 

could stabilize the colloid particles by using SDS and the hydrophobic group of the 

surfactant tended to turn towards the monomer phase and the hydrophilic group 
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turned towards the aqueous phase as the reaction medium (Figure 6.7b). For 

differential microemulsion polymerization, the system consisted of water, a water-

soluble initiator, nonaggregated surfactants, nonagglomerated silica and a very small 

amount of monomer droplets (isoprene). The initiator decomposed to form primary 

radicals which generated reactive monomer radicals on the silica surface for the 

initiation stage and then isoprene was polymerized resulting in chain propagation. 

Therefore, PIP could graft onto the silica surface with a core/shell morphology. PIP-

SiO2 latex was then hydrogenated by diimide reduction; diimide active species 

were generated from the redox reaction between hydrazine (N2H4) and hydrogen 

peroxide (H2O2). This step was accelerated under thermal dissociation of 

hydrazine which is promoted by boric acid (H3BO3). Then, carbon-carbon double 

bonds were reacted with the diimide molecule through a coordination process. The 

hydrogen was transferred through a hydride shift mechanism to produce an alkyl 

complex, and finally HPIP-SiO2 was obtained. 

 

 

 

Figure 6.7  Proposed mechanism for synthesis of HPIP-SiO2 nanocomposite. 
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6.6 Morphology of HPIP and HPIP-SiO2 Nanocomposite 

 

 Morphologies of HPIP-SiO2 and HPIP without SiO2 at different hydrogenation 

levels are shown in Figure 6.8. It is seen that the polyisoprene nanoparticles with 

uniform size were spherical with smooth surface, and the average particle size was 

about 37-42 nm (Figure 6.8a). The surface morphology of all rubber samples was 

stained with OsO4 to increase the contrast and gradation of the particles. From Figure 

6.8b, when the degree of hydrogenation increased to 64%, the lightly color domain at 

the outer layer of the nanoparticles appeared, suggesting a core/shell morphology. 

HPIP at 64 %HD had a shell thickness of about 15-20 nm. This can be explained in 

that OsO4 agent could stain only the carbon-carbon double bonds, the dark color 

domain indicated a high double bond concentration while the lightly color domain 

indicated a region of low C=C amount. This observation is in good agreement with 

the layer model for understanding the C=C distribution in the rubber during diimide 

hydrogenation. For the highest hydrogenation degree in the HPIP latex (Figure 6.8c), 

the particles showed a lighter color than that of PIP and the core/shell morphology of 

HPIP at 98 %HD was not observed due to the absence of carbon-carbon double 

bonds.  

 Further morphological study is investigated for HPIP-SiO2 nanocomposites at 

various degrees of hydrogenation. After being encapsulation with nanosilica, a 

core/shell structure was clearly observed with a shell thickness of PIP of about 30- 35 

nm and a core thickness of silica of about 12-15 nm (Figure 6.8d). A single silica 

particle was observed due to the thickness of the core close to the size of one silica 

nanoparticle (12 nm), indicating the monodispersion. At a HPIP-SiO2 of 64 %HD 

(Figure 6.8e), the shell of the composite showed a lighter color than that of HPIP-

SiO2. According to the layer model, the rubber particle was hydrogenated from the 

outer layer to the center of the particle due to the limitation of diimide mobility 

towards carbon double bonds deep inside the particle. From Figure 6.8f, when the 

degree of hydrogenation continued to increase to 98%, the composite with a lightly 

color shell was observed. Furthermore, HPIP at 98 %HD essentially showed 

core/shell morphology containing the lighter color of a shell than that of HPIP-SiO2 at 

64% HD.  
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It can be concluded that well-dispersed HPIP-SiO2 nanocomposites are 

approximately spherical particles of about 45 nm and the core, SiO2 nanoparticles, 

were successfully encapsulated by a shell of hydrogenated polyisoprene rubber. 

 

 

 

 

 

 

Figure 6.8     TEM micrographs of (a) PIP, (b) PIP at 64 %HD, (c) PIP at 94 %HD, (d) 

PIP-SiO2, (e) HPIP-SiO2 at 64% HD and (f) HPIP-SiO2 (98% HD). 

 
 

6.7 Thermal Analysis of HPIP-SiO2 Nanocomposites 

 

Degradation behavior of the HPIP-SiO2 nanoparticles at various 

hydrogenation levels was investigated using thermogravimetric analysis. From 

Figure 6.9, the thermograms of rubber samples show a one-step polymer 
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degradation and provide smooth weight loss curves and the detailed data are 

summarized in Table 6.2. The decomposition of the rubbers PIP and HPIP was 

observed at temperatures over the range of 350 to 550 ºC. On comparison with 

nanosized PIP, the degradation temperature of modified SiO2 filled nanosized PIP 

increased due to the high thermal resistance of the nanofiller and the hindered thermal 

movement of the polymer molecular chains [180]. With the effect of a high 

interaction in an organic–inorganic composite, the inorganic phase could restrict the 

movement of the polymer chains and thus, scission of the chains becomes more 

difficult and leads to an increase in the decomposition temperature [181]. From these 

results, it found that Tid and Tmax of PIP-SiO2 were shifted approximately 19 and 29 

ºC towards a higher temperature as compared to unfilled PIP.  

After diimide hydrogenation, PIP-SiO2 (0% HD), HPIP-SiO2 (64%HD) and 

HPIP-SiO2 (98%HD) had a decomposition temperature of 416, 483 and 521°C, 

respectively. It is clearly seen that the degradation temperature is proportional to 

the hydrogenation level and HPIP-SiO2 at the highest HD (98%) exhibited the 

maximum decomposition temperature. As a result, Tid and Tmax of HPIP-SiO2 at 

98% HD were shifted 70 and 105 ºC to a higher temperature than that PIP-SiO2. This 

implied that thermal stability of nanosized polyisoprene depended on the density 

of the carbon-carbon double bonds. The sigma bonds are stronger than the π bonds 

because the sigma bonds contain hybridized atomic orbitals. Therefore, 

hydrogenation involves the breaking of π bonds with a change to sigma bonds 

resulting in an increase in thermal stability of HPIP-SiO2 nanoparticles. It could be 

concluded that the synthesis of HPIP-SiO2 nanocomposites shows improved 

thermal stability and dramatically an increase in heat resistance. 
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Table 6.2     Thermal properties of rubber nanocomposite 

 

Rubber Hydrogenation 
degree (%) 

Tid (°C) Tmax (°C) 

Nanosized PIP - 349.3 387.1 

PIP-VTS-SiO2 0 368.2 416.2 

HPIP-VTS-SiO2 64 429.2 483.6 

HPIP-VTS-SiO2 98 437.9 521.0 

 

 

 

 

 

 

 

 

 

Figure 6.9     Thermograms of (a) nanosized PIP, (b) PIP-SiO2, (c) HPIP-SiO2 (64% 

HD) and (d) HPIP-SiO2 (98% HD). 

 

 

 

 

a 
b 
c 
d 
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CHAPTER VII 

 

MECHANICAL PROPERTIES OF RUBBER/SILICA 

NANOCOMPOSITES 

 

 
7.1 Introduction 

 

 Natural rubber as a diene polymer is used extensively in many applications 

and in the manufacturing industry for automobile and airplane rubber components. 

Due to its high elasticity property and resilience, natural rubber latex can be widely 

used for applications such as films, coatings, and membranes. However, NR has a 

drawback in mechanical properties and thermal stability due to the carbon-carbon 

double bonds present in polyisoprene backbone. Many previous works have reported 

on the improvement of the mechanical properties of SiO2 filled NR composites [148-

150]. However, difficulties of such an approach for NR/silica composites are due to 

potential incompatibilities between silica and NR due to the difference of polarity and 

surface energy, resulting in a phase separation, filler agglomeration and the 

weakening of mechanical and thermal properties. Admicellar polymerization [182] 

and radiation induced admicellar polymerization [183] have been used to prepare 

polyisoprene/silica composites with superior mechanical properties compared with 

polyisoprene/unmodified SiO2.  

 Since it is desirable to achieve high mechanical properties, the SiO2 

encapsulation with polymer and hydrogenation have been developed. This work is 

divided into 3 parts. 1) For diimide hydrogenation of PIP, the dynamic mechanical 

analysis of HPIP was studied. 2) For monodispered PIP-SiO2 nanocomposites with a 

uniform particle size distribution used as an effective filler in NRL, the mechanical 

properties of NR/PIP-SiO2 nanocomposite were also investigated. 3) For 

hydrogenated PIP-SiO2 nanocomposites used as a new nanofiller in NRL, the 

mechanical properties and thermal stability as well as ozone resistance of NR filled 

with HPIP-SiO2 nanocomposite were also investigated. 
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7.2 Dynamic Mechanical Properties  

 

Dynamic mechanical analysis is a technique to measure the mechanical 

properties of material as a function of temperature and frequency. The data was 

reported as modulus and tan  after applying a sinusoidal force. The modulus as an in-

phase component and an out of phase component was expressed in term of storage 

modulus (E') and loss modulus (E''), respectively. The storage modulus is the measure 

of elastic behavior while tanwhich calculated from the ratio of the loss modulus to 

storage modulus, is a measure of the energy dissipation of material.   

 

7.2.1 Dynamic Mechanical Properties of EPM 

 

The elastic modulus of a rubber and its mechanical damping or energy 

dissipation characteristics as a function of frequency and temperature can be 

measured by dynamic mechanical analysis. The storage modulus or elastic modulus 

is measured from the elastic energy storage of the rubber, indicating the stiffness 

of materials. From Figure 7.1 (a), it is seen that the storage modulus of PIP and 

HPIP was decreased with an increase in temperature and rapidly decreased in the 

transition region due to the mobility and deformation of the polymer chains under 

the action of an external force. HPIP at 57%, 78% and 94% hydrogenation had a 

storage modulus of 451 MPa, 486 MPa and 493 MPa, respectively and the storage 

modulus of all HPIP samples were higher than that of polyisoprene (430 MPa). 

The improvement of storage modulus properties is due to the domains of 

poly(ethylene-co-propylene) segments produced from hydrogenation of the 

isoprene unit. Moreover, when polyisoprene was hydrogenated, the free volume 

and mobility are decreased by the replacement of the ethylene and propylene units 

resulting in a stronger effective interaction of the molecular chains and high 

stiffness of the ethylene-propylene rubber.  
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Figure 7.1 Temperature dependence of (a) storage modulus (E') and (b) loss 

tangent    (tan ) for PIP and HPIP. 

 

The tan determined from the ratio of dynamic loss modulus (E'') to 

storage modulus (E'). From Figure 7.1(b), HPIP at 94% hydrogenation showed a 

lower tan  than pure polyisoprene which indicated that HPIP had low dynamic 

loss or low viscous modulus due to a high interaction of the ethylene-propylene 

segments in the polymer chain.  

The glass transition temperature (Tg) could be determined from the center 

of the peak of the tan  curves and is summarized in Table 7.1. PIP and HPIP had 
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a single glass transition temperature. The Tg value of HPIP increased over the 

range of 13-20°C compared with PIP. On hydrogenation, Tg of HPIP gradually 

increased from -59.9°C to –42.4°C with an increase in hydrogenation level from 

0% to 94%. This result was due to the gradual replacement of amorphous 

segments of polyisoprene by crystalline ethylene segments in the structure of 

HPIP. A similar shift in Tg from -31°C to -11°C was observed for carboxylated 

styrene-butadiene rubber at 0% and 80% hydrogenation, respectively [140]. In 

comparison with ethylene-propylene diene rubber (EPDM), the Tg of 94% EPM 

nanoparticle is close to EPDM rubber (Tg= 44.6°C).  

 

 

Table 7.1    Glass transition temperature and decomposition temperature of rubber 

samples  

Rubber Hydrogenation (%) Tg (°C) Tid (°C) Tmax (°C) 
PIP - -59.9 359.7 425.4 
HPIP 57 -47.9 373.5 450.1 
 78 -46.1 422.6 480.9 
 94 -42.4 447.3 510.1 
EPDMa - -44.6 452.7 470.7 

 

aEPDM has an ethylene/propylene ratio of 50/50 and diene content of 9.5%. 

 

 

 

7.2.2 Dynamic Mechanical Properties of NR/PIP-SiO2 Nanocomposite  

 

Dynamic mechanical analysis is a powerful technique for the determination of 

a rubber modulus as a function of temperature and frequency. For an optimum 

condition, PIP-VTS-SiO2 and PIP-MPS-SiO2 at 10 %wt of SiO2 loading were selected 

to blend with NRL due to high monomer conversion and grafting efficiency. Modulus 

data in the form of the storage modulus (E') of NR, NR filled with 20 %wt of PIP-

VTS-SiO2 and 20 %wt of PIP-MPS-SiO2 are shown in Figure 7.2a. The E' values of 

NR and composites exhibited a plateau curve below the glass transition temperature 
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(Tg) and decreased around the Tg.  It is noted that the storage modulus of the unfilled 

NR (620 MPa) is much lower than that of the PIP-SiO2 nanocomposite (915 MPa). In 

comparison with the NR composite, the E' values of NR filled with PIP-VTS-SiO2 

(871MPa) and NR filled with PIP-MPS-SiO2 (860 MPa) were significantly higher 

than that of NR filled with 10 %wt untreated SiO2 (direct mixing) (710 MPa) due to a 

superior compatibility and a good dispersion of the nanofiller (PIP-SiO2) within the 

NR matrix. Therefore, the improvement of the storage modulus could be achieved by 

the addition of monodispersed PIP-SiO2 nanocomposite into the NR latex, resulting in 

the enhancement of strength and stiffness of NR. 

The mechanical damping behavior on the temperature dependence for NR 

filled with 20 %wt of PIP-VTS-SiO2 and 20 %wt of PIP/MPS-SiO2 are given in 

Figure 7.2b. It is clearly seen that the tan  is considerably decreased and the Tg is 

shifted to a higher temperature with the addition of PIP-SiO2 into the NR matrix.  NR 

and its composite had a single glass transition temperature and the Tg was -53ºC 

and -48ºC for unfilled NR and NR filled with PIP-VTS-SiO2, respectively. The 

reduction of tan  which is determined from the ratio of the loss modulus (E'') to 

storage modulus (E') implies the high storage modulus due to an increase in the 

homogeneity structure of the composite materials. Nevertheless, the addition of 

PIP-SiO2 significantly affected the Tg value due to a lower mobility and flexibility 

of the polymer chains by the addition of rigid particles. 
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Figure 7.2 Temperature dependence of (a) storage modulus (E') and (b) loss 

tangent (tan) for NR and its composites. 

 

 

7.3 Mechanical Properties of Vulcanized Rubber  

 

 7.3.1 Mechanical Properties of PIP-SiO2 Filled NR  

 

For the synthesis of PIP-SiO2 nanoparticles (Chapter 5), high conversion 

(87%), high %GE (78%) and narrow size distribution of PIP-SiO2 were achieved at 10 

%wt of VTS-SiO2 and 10 %wt of MPS-SiO2 amount. Therefore, PIP-SiO2 at 10 %wt 

of SiO2 loading was selected to blend with NRL for mechanical testing. Mechanical 
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properties of PIP-SiO2 filled NR were investigated in terms of tensile strength, 

modulus, and elongation at break. The influence of the amount of PIP-VTS-SiO2 and 

PIP/MPS-SiO2 on the stress-strain behavior of NR nanocomposites was studied. 

Figure 7.3a shows the stress-strain curves before aging of unfilled NR and PIP-VTS-

SiO2 filled NR at ratio of NR to PIP-SiO2 of 95/5, 90/10, 80/20, 70/30 (equivalent to 

0.5, 1, 2, and 3% SiO2 content in all rubbers, respectively). It can be seen that the 

tensile stress of all PIP-VTS-SiO2 filled NR were higher than that of unfilled NR, 

indicating that PIP-VTS-Si filled NR exhibited a reinforcement effect. The tensile 

stress of NR nanocomposites gradually increased with an increase in PIP-VTS-Si 

amount from 5 to 20 %wt and then decreased at an amount of 30 %wt. For NR filled 

with PIP-MPS-SiO2 nanoparticles as shown in Figure 7.4a, the stress was increased 

with increasing the PIP-MPS-SiO2 amount and the lowest tensile stress was observed 

for unfilled NR. The tensile stress of PIP-MPS-SiO2 filled NR was slightly lower than 

that of PIP-VTS-SiO2 filled NR. However the type of silane coupling agents for silica 

surface treatment did not show any significant effect on the physical properties of the 

NR/PIP-SiO2 nanocomposite.  

Another remarkable improvement observed was for the modulus; the modulus 

at 300% strain was examined. From Table 7.2, a significant increase in the modulus 

of PIP-VTS-SiO2 filled NR and PIP-MPS-SiO2 filled NR was observed. The modulus 

at 300% strain was found to increase from 3.9 MPa (NR) to 5.7 MPa on increasing the 

PIP-VTS-SiO2 amount from 0 to 20 %wt. Moreover, the addition of PIP/MPS-SiO2 

over the range of 5-20% wt also resulted in an increase in modulus at 300% strain. 

The highest modulus at 300% strain was achieved at a ratio of NR to PIP-MPS-SiO2 

of 80:20. This implied that the improvement in the modulus of NR composites was 

due to the high interaction between the nanosized filler and the NR matrix [184]. For 

the elongation at break for unfilled NR and filled NR, it can be seen that unfilled NR 

exhibited the highest elongation at break (861%). NR rich compounds possessed the 

highest elongation at break due to NR crystallization which resulted upon stretching 

[185]. The %elongation at break linearly decreased with an increase in the nanofiller 

of PIP-VTS-SiO2 and PIP-MPS-SiO2 due to the hard and stiff nature of the silica 

particles. This phenomenon caused strain-reduced crystallization of NR dominating 

the elongation [186-187]. 
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Figure 7.3 Stress-strain curves of (i) PIP-VTS-SiO2 filled NR before ageing; (a) 

NR, (b) 95:5 of NR:PIP-SiO2, (c) 90:10 of NR:PIP-SiO2, (d) 80:20 of 

NR:PIP-SiO2, (e) 70:30 of NR:PIP-SiO2 and (ii) PIP-VTS-SiO2 filled 

NR after ageing. 
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Tensile strength is an important property of rubber materials since it 

determines the limit of final stress in rubber applications. The tensile strength of the 

NR nanocomposite was significantly affected by the addition of PIP-VTS-SiO2 and 

PIP-MPS-SiO2. From Table 7.2, tensile strength is increased from 21.8 MPa (unfilled 

NR) to 34.6 MPa and modulus at 300% strains is increased from 3.9 MPa (unfilled 

NR) to 5.7 MPa with an increase in the amount of PIP-VTS-SiO2 from 0 to 20 %wt. 

For NR filled with 10 %wt untreated SiO2 (direct mixing), the tensile strength (28.8 

MPa) and modulus at 300% strain (4.6 MPa) were lower than those of NR filled with 

PIP-VTS-SiO2 and PIP-MPS-SiO2. The result indicated that nanosized PIP-SiO2 

could increase the external force resistance resulting in a remarkable enhancement of 

tensile strength and the incorporation of well-dispersed PIP-SiO2 nanoparticles into 

the NR matrix and also led to the reduction of silica agglomeration. Furthermore, it 

can be explained in that the polyisoprene bonded on the silica surface tended to 

increase the compatibility within NR due to a major component of cis-1,4 

polyisoprene in the NR structure. The tensile strength of PIP-MPS-SiO2 filled NR had 

the same trend as PIP-VTS-SiO2 filled NR. The mechanical properties of NR filled 

with 30% filler loading (PIP-VTS-SiO2, PIP-MPS-SiO2) were decreased due to the 

incompatibility between filler and rubber matrix and SiO2 aggregation at high filler 

loading. A similar result was earlier reported for self-assembled natural rubber/silica 

nanocomposites [186]. The highest tensile strength of 32.1 MPa was achieved by 

adding PIP-MPS-SiO2 in the amount of 20 %wt.  

In comparison with unfilled NR, the tensile strength of PIP-VTS-SiO2 filled 

NR and PIP-MPS-SiO2 filled NR were at 1.6 and 1.5 fold of the unfilled NR, 

respectively. The PIP-VTS-SiO2 and the PIP-MPS-SiO2 amount of 20 %wt is 

equivalent to 2% silica content in all rubbers. The tensile strength (34 MPa) and 

modulus at 300% strain (5.7 MPa) of NR nanocomposites were dramatically 

improved with an extremely low content of nano-SiO2 (2 %wt). From the previous 

work, a maximum tensile strength of 26.1 MPa and a modulus of 3.5 MPa of the NR 

filled with precipitated silica was obtained at a high silica loading of 30 %wt. [187]. 
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Figure 7.4 Stress-strain curves of (i) PIP-MPS-SiO2 filled NR before ageing; (a) 

NR, (b) 95:5 of NR:PIP-SiO2, (c) 90:10 of NR:PIP-SiO2, (d) 80:20 of 

NR:PIP-SiO2, (e) 70:30 of NR:PIP-SiO2 and (ii) PIP-MPS-SiO2 filled 

NR after ageing. 
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7.3.2 Mechanical Properties of HPIP-SiO2 Filled NR 

 

From diimide hydrogenation, HPIP-SiO2 nanoparticles (47 nm) with high 

hydrogenation level (98%) were obtained. Therefore, HPIP-SiO2 latex (HD = 98%) 

containing 10 %wt of VTS-SiO2 loading was selected to blend with NRL for 

mechanical testing. The mechanical properties in tensile strength, modulus and 

elongation at break, before and after 24 h of thermal ageing have been investigated 

and the results are summarized in Table 7.3. The stress-strain curves of NR 

nanocomposites are shown in Figure 7.5. From the stress-strain behavior before 

thermal aging of unfilled NR, PIP-SiO2 filled NR (NR/PIP-SiO2 ratio of 80/20), 

HPIP-SiO2 (64%HD) filled NR (NR/HPIP-SiO2 ratio of 80/20) and HPIP-SiO2 

(98%HD) filled NR (NR/HPIP-SiO2 ratio of 90/10, 80/20, 70/30, 60/40), the 

incorporation of nano-SiO2 in the NR caused an increase in the tensile strength and 

modulus compared to unfilled NR due to a reinforcement effect of the inorganic filler. 

However, the improvement in tensile strength by untreated SiO2 addition required a 

high silica loading (10 %wt) due to silica agglomeration while the significant increase 

in mechanical properties was achieved by addition of nanosized PIP-SiO2 of a very 

low silica content (2 %wt).  

For the HPIP-SiO2/NR nanocomposite with various amounts of HPIP-SiO2, 

the tensile strength of the HPIP-SiO2/NR blend was higher than that of the PIP-

SiO2/NR blend due to the thermoplastic properties of the ethylene-propylene 

segments. The stress-strain behavior of the HPIP-SiO2 filled NR (64% HD) had a 

similar trend to the PIP-SiO2 blend. In addition, the HPIP-SiO2 nanoparticles have a 

significant influence on the mechanical properties of the NR vulcanizates which could 

be improved by increasing the HPIP-SiO2 loading. When a good interfacial adhesion 

of the PIP-SiO2nanocomposite within NR matrix occurs, the nanofiller can act as 

restriction site for rubber chain mobility, which typically enhances the deformation 

resistance of material.  
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Fig. 7.5 Stress-strain curves of (i) vulcanized NR nanocomposite before ageing; 

(a) NR, (b) 80:20 of NR:PIP-SiO2, (c) 80:20 of NR:HPIP-SiO2 

(64%HD) (d) 90:10 of NR:HPIP-SiO2, (e) 80:20 of NR:HPIP-SiO2, (f) 

70:30 of NR:PIP-SiO2 , (g) 60:40 of NR:HPIP-SiO2 and (ii) vulcanized 

NR nanocomposite after ageing. 
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The tensile strength of the NR nanocomposite was slightly increased by 

adding untreated SiO2 while it was dramatically improved by the addition of PIP-SiO2 

and HPIP-SiO2. From Table 7.3, tensile strength increased from 21.8 MPa (unfilled 

NR) to 28.9 MPa (PIP-SiO2). Interestingly, tensile strength of the HPIP-SiO2/NR 

blend was higher than that of the PIP-SiO2/NR blend and increased with HPIP-SiO2 

loading.  It can be seen that the highest tensile strength of 36.6 MPa was achieved by 

adding HPIP-SiO2 at 30 %wt as equivalent to 3 %wt of SiO2 content. Thus, the tensile 

strength of an incorporation of HPIP-SiO2 to NR ratio at 30/70 increased by 67.4% 

and 26.7% over that of unfilled NR and a PIP-SiO2/NR blend, respectively. From 

previous work, the addition of core-shell structure of PMMA/SiO2 in NR resulted in a 

28% increase in tensile strength as compared to pure NR [188]. It is known that the 

interface between filler and rubber matrix can transfer stress, which is beneficial for 

the improvement of the tensile strength of composite materials. However, at high 

nanofiller loading (40 %wt), the tensile strength and modulus of a HPIP-SiO2/NR 

blend decreased due to a decrease in the contact area between the nanoparticles and 

the rubber matrix resulting in a lack of miscibility in the NR nanocomposites. Hence, 

the enhanced mechanical properties also depend on not only the HPIP-SiO2 amount 

but also the homogeneous dispersion in each loading.  

From Table 7.3, the addition of HPIP-SiO2 over the range of 10-30 %wt also 

increased the modulus at 300% strain. The highest modulus at 300% strain was 

achieved at a ratio of NR to HPIP-SiO2 of 70:30. Therefore, the ethylene-propylene 

segments that are introduced on the silica surface resulted in adhesion improvement 

and thermoplastic elasticity of the NR nanocomposite. 

Unfilled NR exhibited the highest elongation at break (861%) which indicated 

that NR rich compounds possessed the highest strain due to NR crystallization which 

resulted upon stretching [187]. The elongation at break linearly decreased with an 

increase in PIP-SiO2 and HPIP-SiO2 loading due to the rigid and stiff nature of the 

silica particles. This phenomenon caused strain-reduced crystallization of NR 

dominating the elongation [184]. The mechanical properties of NR were improved by 

the addition of nano-SiO2 into NR due to reinforcing the interaction between nano-

SiO2 and NR matrix and hindering the movement of NR macromolecule chains [188].  
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7.4 Thermal Resistance of NR Nanocomposites 

 

 7.4.1 Thermal Stability of PIP-SiO2 Filled NR 

 

To investigate the thermal resistance of PIP-SiO2 filled NR composites, the 

influence of heat ageing on the mechanical properties of NR filled with PIP-VTS-

SiO2 and PIP-MPS-SiO2 was studied as shown in Figure 7.3b and Figure 7.4b, 

respectively. The tensile stress of unfilled NR after heat ageing was greatly decreased 

over the range of strain studied. This indicated that the NR containing mainly the 

unsaturated carbon double bonds had poorer properties due to accelerated thermal 

ageing. On the other hand, the properties of NR filled with PIP-VTS-SiO2 and PIP-

MPS-SiO2 did not change and retained high stress values after ageing. The percentage 

retention in tensile strength of unfilled NR (52.8%) was much lower than that of PIP-

VTS-SiO2 filled NR (89.9%) and PIP-MPS-SiO2 filled NR (90.7%), respectively. 

This indicated that aged NR exhibited a reduction in NR crystallization and 

degradation of the polymer chains by high temperature treatment. For NR filled with 

10 %wt untreated SiO2 (direct mixing), the % retention in tensile strength (71.1%) 

and modulus (50.0%) was lower than those of NR filled with PIP-VTS-SiO2 and PIP-

MPS-SiO2, indicating a deterioration of properties with accelerated ageing. The low 

mechanical properties of NR filled with 10 %wt untreated SiO2 (direct mixing) are 

due to a poor interaction between SiO2 and rubber matrix and silica agglomeration. 

For PIP-modified SiO2 filled NR, PIP coveraged onto SiO2 enhanced the 

improvement of the interaction between SiO2 and NR.  Similar results were 

previously observed for PMMA-SiO2 filled PVC [189]. 

The modulus at 300% strain after ageing of PIP-VTS-SiO2 filled NR and PIP-

MPS-SiO2 filled NR remained constant (80-90%) as shown in Table 7.2.  The 

percentage retention in modulus at 300% strain increased from 45 (NR) to 89% when 

the PIP-SiO2 amount was increased from 0 to 20 %wt. The lowest modulus retention 

of unfilled NR also showed poor heat resistance. This can be seen in that the 

enhancement in ageing resistance was dominated by the addition of well-dispersed 

PIP-SiO2 nanoparticles into the rubber matrix. Similarly, the elongation at break of 

PIP-VTS-SiO2 filled NR and PIP-MPS-SiO2 filled NR after ageing linearly decreased 
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with an increase in nanosized filler amount. The SiO2 nanoparticles cause a reduction 

in the flexibility of the NR chain by restriction of the molecular chain slipping along 

the filler surface. These results clearly demonstrated that the addition of PIP-VTS-

SiO2 and PIP-MPS-SiO2 could increase the anti-ageing properties of NR products.  

 

Table 7.2 Mechanical properties of NR filled with PIP-SiO2 nanocomposites  

before and after ageing 

 
Rubber 

composite 
NR/PIP-

SiO2
a 

SiO2 
contentb  

Tensile strength 
(MPa) 

Modulus at 300% 
strain (MPa) 

Elongation at break 
(%) 

    (%wt) Before 
ageing 

%Retentionc Before 
ageing 

%Retention Before 
ageing 

%Retention 

NR - - 21.8 
(0.72) 

52.8 3.9 
(0.21) 

45 861    
(4.7) 

91.6 

NR/untreated 
SiO2

d 
90/10 10 28.8 

(2.90) 
71.1 4.6    

(1.1) 
50 799 

(21.2) 
81.3 

NR/PIP-
VTS-SiO2 

95/5 0.5 25.8 
(0.66) 

87.5 4.6 
(0.02) 

78.9 845 
(12.8) 

97.2 

 90/10 1 29.7 
(0.04) 

90.5 4.9 
(0.37) 

84 839    
(5.9) 

93.3 

 80/20 2 34.6 
(0.74) 

89.9 5.7 
(0.70) 

89.1 805 
(15.3) 

94.3 

 70/30 3 29.6 
(0.90) 

80 4.8 
(0.81) 

87.9 794 
(20.5) 

93.4 

NR/PIP-
MPS-SiO2 

95/5 0.5 25.7 
(0.47) 

91.5 4.0 
(0.36) 

93.1 829     
(1.4) 

100.9 

 90/10 1 29.9 
(0.55) 

93.4 5.2 
(0.09) 

75.2 803 
(10.6) 

98.1 

 80/20 2 32.1 
(0.81) 

90.7 5.7 
(0.85) 

81.7 801 
(19.9) 

94.6 

  70/30 3 25.0 
(0.51) 

93.2 4.7 
(0.77) 

88 780 
(22.6) 

94.7 

 

Ageing conditions: 100 ºC under air atmosphere for 24 h. 
a NR/PIP-SiO2, ratio of NR to PIP-SiO2.      
b Silica content based on total rubber. 
c %Retention= (Properties after ageing/Properties before ageing) x 100.   

d direct mixing of untreated SiO2 with NRL. 
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7.4.2 Thermal Stability of HPIP-SiO2 Filled NR  

 

To investigate the thermal degradation resistance of HPIP-SiO2 filled NR 

composites, the influence of heat ageing on the mechanical properties of unfilled NR, 

PIP-SiO2/NR and HPIP-SiO2/NR blends were studied. The stress-strain behavior is 

also illustrated in Figure 7.5b. The tensile stress of unfilled NR after heat ageing was 

greatly decreased over the range of strain studied due to poor resistance to high 

temperature of the unsaturated carbon double bonds in the NR chains under 

accelerated thermal ageing (Table 7.3). Nevertheless, the tensile strength of PIP-

SiO2/NR and HPIP-SiO2/NR blends did not decrease markedly and showed high 

retention in mechanical properties as compared to unfilled NR. As expected, the 

retention in tensile strength of HPIP-SiO2/NR (85-99%) at all blend ratios was much 

higher than that of unfilled NR (53%). Thus it can be noted that unfilled NR mainly 

containing cis-1,4 polyisoprene shows polymer chain degradation by high temperature 

ageing causing poor mechanical properties.  

After diimide reduction, the carbon-carbon double bonds were hydrogenated 

to produce ethylene-propylene domains and no chain scission occurred. Furthermore, 

good dispersion of nanosized HPIP-SiO2 within NR is useful for increasing tensile 

strength retention due to good heat resistance of nano-SiO2. However, the addition of 

HPIP-SiO2 decreased the elongation at break of the NR blend while the unfilled NR 

had the highest elongation. The decrease in elasticity means that brittleness of 

samples increase, which implies that the SiO2 nanoparticles cause a reduction in the 

flexibility of the NR chain by restriction of the molecular chain slipping along the 

filler surface [190]. These results clearly demonstrated that nanosized HPIP-SiO2 

could behave as novel nanofillers with high thermal resistance for NR applications.    
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Table 7.3 Mechanical properties of NR filled with HPIP-SiO2 nanocomposites 

before and after ageing 

 

 
Rubber 

composite 
NR/HPIP-

SiO2
a 

SiO2 
contentb  

Tensile strength 
(MPa) 

Modulus at 300% 
strain (MPa) 

Elongation at break 
(%) 

    (%wt) Before 
ageing 

%Retentionc Before 
ageing 

%Retention Before 
ageing 

%Retention 

NR - - 21.8        
(0.7) 

52.8 3.9 
(0.1) 

46.4   861  
(7.8) 

91.7 

NR/PIP-
VTS-SiO2 

80/20 2 28.9 
(1.9) 

85.2 5.3 
(0.3) 

76.3 805 
(14.4) 

94.3 

NR/HPIP-
VTS-
SiO2

d 

80/20 2 29.6 
(0.6) 

86.2 5.6 
(0.2) 

73.9 805 
(17.3) 

97.7 

NR/HPIP-
VTS-
SiO2

e 

90/10 1 27.0 
(0.9) 

86.7 4.6 
(0.3) 

78.5   791 
(5.2) 

96.9 

 80/20 2 31.4 
(1.2) 

92.5 7.2 
(0.2) 

94.8   718  
(9.6) 

99 

 70/30 3 36.6 
(0.6) 

93.2 8.1 
(0.8) 

96.1 656 
(11.3) 

98.6 

  60/40 4 25.4 
(1.3) 

98.3 5.0 
(1.1) 

85.4 727 
(21.8) 

96.8 

 

Ageing conditions: 100 ºC under air atmosphere for 24 h. 
a NR/HPIP-SiO2, ratio of NR to HPIP-SiO2.      
b Silica content based on total rubber. 
c %Retention= (Properties after ageing/Properties before ageing) x 100.   

d HPIP-SiO2 at degree of hydrogenation 64 %. 

e HPIP-SiO2 at degree of hydrogenation 98 %. 
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7.5 Surface Morphology of Rubber-Silica Nanocomposites  

 

 The surface morphology of unfilled NR, NR filled with PIP-VTS-SiO2 at 20 

%wt (Si = 2%) and NR filled with PIP-MPS-SiO2 at 20 %wt (Si = 2%) before and 

after ageing was characterized by SEM as shown in Figure 7.6. From Figure 7.6a and 

Figure 7.6b, it is seen that the surface of the unfilled NR after ageing was smooth and 

exhibited a brittle appearance indicating the deformation failure in the aged NR after 

high thermal ageing. Hence, the unfilled NR had a lower heat resistance and inferior 

anti-ageing property. For the addition of nano-SiO2 into the NR matrix, NR filled with 

unmodified SiO2 had SiO2 aggregates within the NR matrix, and thus phase separation 

and poor interaction were generated due to an incompatibility between the high 

polarity of the silanol groups on the silica surface and the nonpolar NR chain (Figure 

7.6c). For the addition of PIP-SiO2 to NR, the surface of the NR nanocomposite 

exhibited the good compatibility between the nanofiller of PIP-VTS-SiO2 and the NR 

matrix (Figure 7.6e). This indicated that the high polarity of the silica surface was 

completely covered with nonpolar polyisoprene, and therefore the polyisoprene shell 

could improve the interfacial adhesion with cis-1,4 polyisoprene as a major 

component of NR. Similar results were also observed for PIP-MPS-SiO2 filled NR 

(Figure 7.6g). This implied that both PIP-VTS-SiO2 and PIP-MPS-SiO2 could increase 

the interaction and the dispersion of the NR nanocomposite.  

For surface morphology of NR composites after heat ageing, the adhesion 

between the unmodified SiO2 and NR matrix was lower than that of modified SiO2 

due to aggregation of silica particles (Figure 7.6d). For PIP-VTS-SiO2 filled NR 

(Figure 7.6f) and PIP-MPS-SiO2 filled NR (Figure 7.6h), the nanosilica particles were 

completely covered within the rubber matrix. This can be explained that silica 

consists of hydrophilic groups of silanol on its surface while NR is composed of 

hydrophobic groups of cis-1,4 polyisoprene and thus, poor interaction and phase 

separation occurred. Nevertheless, the modified SiO2 was strongly embedded with 

polyisoprene resulting in high interfacial adhesion and good compatibility with the 

NR matrix. After high thermal ageing, the SiO2 aggregation and a phase separation 

was not clearly observed, implying that good miscibility of the filler in the rubber 
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compound could be achieved through the encapsulation process and that the heat 

resistance of NR nanocomosites could be dramatically improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 SEM micrographs of samples before and after ageing (x 1000). (a) NR, 

(b) aged NR, (c) NR filled with untreated SiO2, (d) aged NR filled with 

untreated SiO2, (e) NR filled with PIP-VTS-SiO2, (f) aged NR filled 

with PIP-VTS-SiO2, (g) NR filled with PIP-MPS-SiO2, (h) aged NR 

filled with PIP-MPS-SiO2. 

 Before Ageing After Ageing  
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7.6  Ozone Resistance of HPIP-SiO2 Nanocomposites 

 

The degradation of rubbers by ozone is a problem for engineering and outdoor 

applications. The main chain scission or crosslink scission of rubbers can occur 

during the ozone ageing. Polyisoprene rubber is highly susceptible to elastomer 

degradation accelerated by ozone, due to the presence of carbon-carbon double bonds 

in the main chain. To improve the ozone degradation of the natural rubber, HPIP-SiO2 

could be an effective nano-filler in NR. The effect of HPIP-SiO2 loading on the ozone 

resistance of HPIP-SiO2/NR vulcanizates at various blend ratios is presented in Table 

7.4. For the ozone resistance test, samples with 20% strain were exposed to ozonized 

air of 50 pphm ozone concentration at 40°C. Characteristic cracking in rubber could 

be clearly observed when a tensile strain was exceeded during exposure.  

From Table 7.4, the unfilled NR showed B-5 type cracking after 12 h exposure 

while the cracks of HPIP-SiO2/NR at all blend ratios were not observed. After 24h 

exposure, ozone ageing strongly affected on the surface of unfilled NR (C-3 type) and 

slightly affected on a HPIP-SiO2/NR blend at 20/80 ratio (A-3 type). Nevertheless, the 

surface cracking of HPIP-SiO2/NR at a ratio of 30/70 and 40/60 was not observed. 

However, a small degree of cracking (A-2 type) developed on the surface of a HPIP-

SiO2/NR blend after 36 h exposure. This indicated that the interaction of ozone with 

the unsaturated carbons is the main cause of ozone-induced degradation. Hence, an 

increase in HPIP-SiO2 loading could retard the ozonolysis resulting in a reduction of 

surface cracking by ozone.  

Over a prolonged time (48 h), the number of cracks of unfilled NR 

significantly increased (C-5 type). However, for HPIP-SiO2/NR blends at ratios of 

20/80, 30/70, 40/60 exhibited less cracking of B-5, A-3, A-4, respectively. As a result, 

the ozone resistance depended on an incorporation of HPIP-SiO2 loading. It is noted 

that the cracking trace on the surface of HPIP-SiO2/NR blend (30/70, 40/60) for 12-24 

h was not observed and a low cracking level (B-4, B-5 type) occurred after 72 h 

exposure. Interestingly, the unfilled NR after 72 h exposure was completely degraded 

while the HPIP-SiO2/NR blend at ratio of 40/60 clearly exhibited better ozone 

resistance. This observation is due to the fact that NR contains almost entirely cis-1,4 

polyisoprene which is susceptible to degradation by ozone attack because of the 
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presence of the carbon–carbon double bonds in the backbone structure, which causes 

macroscopic cracks and numerous cracking on the surface of the rubber specimens. 

On the other hand, all HPIP-SiO2/NR blends also showed better resistance towards 

ozone exposure compared with unfilled NR for 72 h exposure. The presence of HPIP-

SiO2 nanoparticles containing saturated carbon could prevent the growth of cracks in 

the rubber. 

The interaction between rubber and ozone could be identified when stress or 

elongation was applied to the rubber. Optical photographs of the surfaces of the 

vulcanized rubbers after ozone exposure for 72 h are shown in Figure 7.7. The 

photograph of unfilled NR showed macroscopic cracks and numerous horizontal 

cracking lines on the surface (Figure 7.7a). The appearance of ozone cracking was 

evident for the degradation of unfilled NR. It is possible that the growth of surface 

cracks was initiated from the rubber matrix and grew over the critical length resulting 

in failure.  

From Figure 7.7b, the crack density of a HPIP-SiO2/NR blend (20/80) was 

lower than that of unfilled NR. The HPIP-SiO2/NR showed shorter cracks represented 

by the horizontal lines, indicating that the crack growth through ozonolysis was 

retarded. It is worthy noting that the ozone resistance of NR at high HPIP-SiO2 

loading (Figure 7.7 c) was much higher than that of the unfilled NR due to the 

suppression of crack growth. For a HPIP-SiO2/NR blend (40/60), the cracks generated 

by ozone exposure were small and discontinuous (Figure 7.7d). It can be concluded 

that the incorporation of HPIP-SiO2 in the NR latex provides better ozone resistance. 
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Table 7.4 Cracking of HPIP-SiO2 filled NR nanocomposites. 
 

NR/HPIP-
SiO2 

Type of cracking 
12 h 24 h 36 h 48 h 60 h 72 h 

100/0 B-5b C-3 C-4 C-5 C-5 C-5 
80/20 nca A-3 B-3 B-5 B-5 B-5 
70/30 nc nc A-2 A-3 A-5 B-5 
60/40 nc nc A-2 A-4 A-4 B-4 

a The cracking was not appeared on the surface of rubber specimen. 
b Classification of cracking on the surface of rubber specimen. 
A: A small number of cracking. 
B: A large of number cracking. 
C: Numberous 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. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 Surface of NR filled with HPIP-SiO2 at various blend ratios after 
ozone exposure for 72 h: (a) 100/0, (b) 80/20, (c) 70/30, (d) 60/40. 

a) b) 

c) d) 
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CHAPTER VIII 

 

CONCLUSIONS AND RECOMMENDATIONS 

 
8.1 Conclusions 

 

i) Synthesis of Nanosized Ethylene-Propylene Rubber Latex via 

Polyisoprene Hydrogenation  

 

 Ethylene-propylene rubber nanoparticles with a particle size of 47 nm were 

successfully synthesized from nanosized polyisoprene via diimide hydrogenation in 

the presence of hydrazine and hydrogen peroxide using boric acid as promotor. The 

concentration of boric acid exhibited a beneficial effect on the EPM yield whereas, 

water addition showed an inverse behavior on the hydrogenation level. The highest 

hydrogenation degree of 94% was achieved at a hydrogen peroxide to hydrazine ratio 

of 1.5:1, boric acid concentration of 0.15 mol/L and reaction temperature of 70°C. 

Due to the nanosized PIP, the hydrogenation became more effective for EPM 

synthesis. This was also confirmed from the hydrogenation rate constant of 30 nm PIP 

in that it was 1.62 times higher than that of a 65 nm PIP as a result of a mass transfer 

limitation effect. The 94% EPM product had high thermal stability and provided a 

maximum decomposition temperature of 510ºC. Therefore, the proposed alternative 

diimide route could prepare EPM nanoparticles in the absence of solvent and metal 

catalyst and is of importance for production of the improved rubber products. 

 

ii) Synthesis of Poly(styrene-co-methyl methacrylate)-SiO2  

Nanocomposites via Differential Microemulsion Polymerization 

 

 Poly(ST-co-MMA)-SiO2 nanoparticles could be successfully produced via a 

differential microemulsion polymerization by using APS as a hydrophilic initiator and 

SDS as anionic surfactant. Smaller particle size was achieved by increasing the SDS 
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amount, MMA feed and water content in the system. Additionally, the polymer 

grafting efficiency and size distribution were affected by changing the silica loading 

and ST/MMA ratio. These results showed that the pretreatment of the nano-SiO2 

surface became necessary for producing a good dispersion and interactive bonding of 

silica with the polymer matrix, as confirmed by the size distribution index and FTIR, 

respectively. Furthermore, a model for the formation mechanism with core/shell 

morphology was proposed. The average diameter of the composite particles was 43 

nm at a ST/MMA ratio of 1.5/1, and the silica encapsulation efficiency was up to 

94%. The monomer conversion was 60% and polymer grafting efficiency was 37% at 

an extremely low surfactant amount (surfactant/monomer weight ratio of 1/57). 

Consequently, nanosized particles of poly(ST-co-MMA)/SiO2 with small size, with 

narrow distributed particle size of uniform size and good stability could be 

synthesized using a small amount of surfactant.  

 

iii) Synthesis of Polyisoprene-Silica Nanocomposites via Differential 

Microemulsion Polymerization  

 

Well-dispersed polyisoprene-SiO2 with a particle size of 35 nm and with a 

narrow size distribution was synthesized by a differential microemulsion 

polymerization technique in an aqueous system. The nano-SiO2 was initially treated 

with organo-silane coupling agents of VTS or MPS. Isoprene was then polymerized, 

and therefore a nano-core (SiO2) with a nano-shell thin layer (PIP) was completely 

achieved as confirmed by TEM. From the study of process parameter effects, a high 

monomer conversion (87%), grafting efficiency (78%), and silica encapsulation 

(80%) was obtained at optimum reaction conditions at a monomer to water ratio of 

0.3, a low surfactant concentration of 3 %wt, an initiator concentration of 1 %wt and a 

SiO2 loading of 10 %wt.  
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iV) Synthesis of Hydrogenated Polyisoprene-Silica Nanocomposites via 

Diimide Reduction  

 

Novel nanocomposites of nanosized HPIP-SiO2 (42-48 nm) were successfully 

synthesized via a new synthetic route of differential microemulsion polymerization 

followed by diimide hydrogenation. The proposed method is the preparation of 

HPIP-SiO2 nanoparticles in the absence of solvent, metal catalyst and hydrogen gas. 

Diimide species as the active species are generated from the reaction between 

hydrazine and hydrogen peroxide through a redox system using boric acid as 

promoter which could hydrogenate effectively the double bonds of the 

polyisoprene segment. An increase in the concentration of hydrazine, hydrogen 

peroxide and boric acid had a beneficial effect on the PIP-SiO2 hydrogenation and 

the highest HD (98%) was achieved under optimal conditions. Thermal stability of 

HPIP-SiO2 nanoparticles was dramatically improved as shown by a maximum 

degradation temperature of 521ºC resulting in excellent thermal stability, 

demonstrated by a decomposition temperature shift to higher temperature to 134°C 

compared with unfilled PIP (387ºC). Therefore, HPIP-SiO2 nanoparticles could be 

used to provide a new novel nanocomposite of PIP for rubber applications. 

 

V) Mechanical Properties of Rubber/SiO2 Nanocomposites 

 

For EPM synthesis, the EPM product had the highest storage modulus (493 

MPa) due to the replacement of the ethylene and propylene units. The improvement 

of storage modulus was due to the domains of poly(ethylene-co-propylene) 

segments produced from hydrogenation of the isoprene unit. Furthermore, the    

tan of EPM had a lower value than that of PIP which indicated that EPM had a 

low dynamic loss modulus and high storage modulus. 

For PIP-SiO2 nanocomposite filled NRL, mechanical properties of tensile 

strength and modulus of PIP-SiO2/NR blend were higher than those of unfilled NR 

and NR/untreated SiO2, indicating that PIP-SiO2 filled NR exhibited a reinforcing 

effect and also led to the reduction of silica agglomeration. Furthermore, the 
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incorporation of nanosized PIP-SiO2 in NR clearly showed a positive effect on 

thermal stability of NR vulcanizates.  

For HPIP-SiO2 filled NR nanocomposite, the mechanical properties in 

tensile strength and modulus of HPIP-SiO2/NR blend were dramatically improved 

as compared to a PIP-SiO2/NR blend and unfilled NR. The stability of the HPIP-

SiO2/NR nanocomposite after thermal ageing increased, maintaining 93% of its 

tensile strength and 96% of its modulus. Moreover, an incorporation of HPIP-SiO2 

in NR could retard the ozone-induced degradation resulting in an improvement of 

ozone resistance at the surface. Therefore, a new nanocomposite of HPIP-SiO2 could 

also be potentially used as a novel nanofiller in rubber applications. 

 
 

8.2 Recommendations 

 

Further research on encapsulation for providing new polymer-silica 

nanocomposites should be studied as follows: 

1. The synthesis of silica nanoparticles encapsulated with ethylene and 

propylene gas for producing new nanocomposites of EPM-SiO2 and 

EPDM-SiO2 with core/shell morphology should be studied. 

2. It is desirable to achieve high thermal stability and good mechanical 

properties of polybutadiene rubber (PB), thus, the incorporation of 

nanosilica via differential microemulsion polymerization could be 

potentially applied to synthesize PB-SiO2 nanocomposites using modified 

silica and butadiene as starting materials. 

3. Application in natural rubber of PIP-SiO2 and HPIP-SiO2 nanocomposites 

clearly exhibited a dramatic improvement in mechanical properties, 

thermal stability and ozone resistance. Hence, it is suggested that the use 

of PIP-SiO2 and HPIP-SiO2 filled in PB, SBR, NBR should be further 

studied to increase their performance under aggressive environments. 
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APPENDIX A 

 

Raw Data of Mechanical Properties of NR/PIP-SiO2 

 
 
Table A-1 Mechanical properties of NR filled with PIP-SiO2 nanocomposites 

before and after ageing 

 
 

Rubber 
sample 

NR/PIP-
SiO2

a 
SiO2 
conb 

Tensile strength 
(MPa) 

Modulus at 300% 
strain (MPa) 

Elongation at break 
(%) 

Bec 
ageing 

Afd 

ageing %Ree Bec 
ageing 

Afd 

ageing %Ree Bec 
ageing 

Afd 

ageing %Ree 

NR - - 21.8 11.5 52.8 3.9 1.8 45.0 861 788.7 91.6 

NR/          
SiO2

f 
90/ 10 10 28.8 20.5 71.1 4.6 2.3 50.0 799 649.6 81.3 

NR/PIP-
VTS-
SiO2 

95/5 0.5 25.8 22.6 87.5 4.6 3.6 78.9 845 821.3 97.2 

 90/10 1 29.7 26.9 90.5 4.9 4.1 84.0 839 782.8 93.3 

 80/20 2 34.6 31.1 89.9 5.7 5.1 89.1 805 759.1 94.3 

  70/30 3 29.6 23.7 80 4.8 4.2 87.9 794 741.6 93.4 

NR/PIP-
MPS-
SiO2 

95/5 0.5 25.7 23.5 91.5 4.0 3.7 93.1 829 836.5 100.9 

 90/10 1 29.9 27.9 93.4 5.2 3.9 75.2 803 787.7 98.1 

 80/20 2 32.1 29.1 90.7 5.7 4.7 81.7 801 757.7 94.6 

  70/30 3 25.0 23.3 93.2 4.7 4.1 88.0 780 738.7 94.7 

 
a NR/PIP-SiO2, ratio of NR to PIP-SiO2

       

b Silica content based on total rubber 
c Properties before thermal ageing 
d Properties after thermal ageing 
 e %Retention= (Properties after ageing/Properties before ageing) x 100  

 f direct mixing of untreated SiO2 with NRL 
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Table A-2   Tensile strength of NR filled with PIP-SiO2 nanocomposite 

 
Rubber 

sample 

NR/ 

PIP-

SiO2 

Tensile strength (MPa) before 

ageing 

Tensile strength (MPa) after 

ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 22.1 21 22.3 21.8 0.7 11.2 10.9 12.4 11.5 0.8 

NR/    

PIP-VTS-

SiO2 

95/5 25.9 26.4 25.1 25.8 0.7 22.8 23.1 21.8 22.6 0.7 

90/10 29.7 29.7 29.8 29.7 0.1 27.4 26.1 27.1 26.9 0.7 

80/20 35.5 34.1 34.2 34.6 0.8 32.1 31.6 29.6 31.1 1.3 

70/30 28.6 30.1 30.1 29.6 0.9 24.7 23.8 22.5 23.7 1.1 

NR/     

PIP-MPS-

SiO2 

95/5 25.2 25.8 26.1 25.7 0.5 24.8 23.5 22.2 23.5 1.3 

90/10 29.9 29.3 30.5 29.9 0.6 26.9 27.2 29.7 27.9 1.5 

80/20 31.5 33.1 31.7 32.1 0.9 28.7 30.1 28.5 29.1 0.9 

70/30 25.6 24.8 24.6 25.0 0.5 27.7 22.3 19.9 23.3 4.0 

 
 
 
Table A-3  Modulus at 300% elongation of NR filled with PIP-SiO2 
nanocomposite 
 
 

Rubber 

sample 

NR/ 

PIP-

SiO2 

Modulus (MPa) before ageing Modulus (MPa) after ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 3.6 4.0 4.1 3.9 0.3 1.8 1.9 1.5 1.8 0.2 

NR/PIP-

VTS-SiO2 

95/5 4.6 4.6 4.6 4.6 0 3.8 3.3 3.8 3.6 0.3 

90/10 5.1 4.4 5.2 4.9 0.4 4.2 4.8 3.3 4.1 0.7 

80/20 5.2 5.3 6.6 5.7 0.8 5.4 6.1 3.7 5.1 1.2 

70/30 4.1 5.7 4.6 4.8 0.8 4.4 4.3 4 4.2 0.2 

NR/PIP-

MPS-SiO2 

95/5 4.3 4.1 3.6 4 0.4 3.3 3.2 4.7 3.7 0.8 

90/10 5.1 5.2 5.3 5.2 0.1 4.1 3.6 4 3.9 0.3 

80/20 5.2 5.5 6.4 5.7 0.6 4.6 4.8 4.6 4.7 0.1 

70/30 4.3 4.2 5.6 4.7 0.8 3.6 4.3 4.5 4.1 0.5 
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Table A-4   Elongation at break of NR filled with PIP-SiO2 nanocomposite 
 
 

Rubber 

sample 

NR/ 

PIP-

SiO2 

Elongation at break (%) before 

ageing 

Elongation at break (%) after 

ageing 

1 2 3 Mean SD 1 2 3 Mean SD 

NR - 864 863 856 861 4.4 799 790 777 789 11.0 

NR/    

PIP-VTS-

SiO2 

95/5 852 862 821 845 21.4 831 829 804 821 15.0 

90/10 845 833 839 839 6.0 785 789 774 783 7.6 

80/20 814 814 787 805 15.6 755 761 761 759 3.6 

70/30 799 811 772 794 20.0 730 739 756 742 13.1 

NR/     

PIP-

MPS-

SiO2 

95/5 830 830 827 829 1.7 833 851 825 836 13.2 

90/10 814 801 794 803 10.1 772 779 812 788 21.5 

80/20 812 778 813 801 19.9 755 756 762 758 3.9 

70/30 762 771 807 780 23.8 749 737 730 739 9.6 
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APPENDIX B 

 

Raw Data of Mechanical Properties of NR/HPIP-SiO2 

 

Table B-1 Mechanical properties of NR filled with HPIP-SiO2 nanocomposites 

before and after ageing 

 
Rubber 
sample 

NR/  
PIP-
SiO2

a 

SiO2 

conb 
Tensile strength (MPa) Modulus at 300% 

strain (MPa) 
Elongation at break (%) 

Bec 
age 

Afd 

age 
%Ree Bec 

age 
Afd 

age 
%Ree Bec 

age 
Afd 

age 
%Ree 

NR - 0 21.8 11.5 52.8 3.9 1.8 46.4 861 789.4 91.7 

NR/PIP-
VTS-SiO2 

80/20 2 28.9 24.6 85.2 5.3 4.0 76.3 805 759 94.3 

NR/HPIP-
VTS-SiO2

f 
80/20 2 29.6 25.6 86.2 5.6 4.1 73.9 805 786.5 97.7 

NR/HPIP-
VTS-SiO2

g 
90/10 1 27.0 23.4 86.7 4.6 3.6 78.5 791 766.5 96.9 

80/20 2 31.4 29.1 92.5 7.2 6.8 94.8 718 711.1 99.0 

70/30 3 36.6 34.1 93.2 8.1 7.8 96.1 656 646.9 98.6 

60/40 4 25.4 25.0 98.3 5.0 4.3 85.4 727.4 704.2 96.8 

 
 
a NR/PIP-SiO2, ratio of NR to PIP-SiO2

       

b Silica content based on total rubber 
c Properties before thermal ageing 
d Properties after thermal ageing 
 e %Retention= (Properties after ageing/Properties before ageing) x 100  

f HPIP-SiO2 at degree of hydrogenation 64 %   
g HPIP-SiO2 at degree of hydrogenation 98 % 
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Table B-2   Tensile strength of NR filled with HPIP-SiO2 nanocomposite 

 
 

Rubber 
sample 

NR/ 
HPIP-
SiO2 

Tensile strength (MPa) before 
ageing 

Tensile strength (MPa) after 
ageing 

1 2 3 Mean SD 1 2 3 Mean SD 
NR - 22.1 21.0 22.3 21.8 0.7 11.2 10.9 12.4 11.5 0.8 

NR/PIP-VTS-
SiO2 

80/20 27.1 30.9 28.7 28.9 1.9 24.9 26.5 22.4 24.6 2.1 

NR/HPIP-
VTS-SiO2

f 
80/20 28.9 30.1 29.8 29.6 0.6 25.5 25.9 25.4 25.6 0.3 

NR/HPIP-
VTS-SiO2

g 
90/10 27.0 27.9 26.1 27.0 0.9 23.9 23.1 23.2 23.4 0.4 
80/20 30.9 30.5 32.8 31.4 1.2 29.9 29.0 28.4 29.1 0.8 
70/30 36.8 37.1 35.9 36.6 0.6 33.9 34.5 33.9 34.1 0.3 
60/40 24.3 26.8 25.1 25.4 1.3 25.0 24.5 25.5 25.0 0.5 

 
 
 

Table B-3   Modulus at 300% elongation of NR filled with HPIP-SiO2 

 nanocomposite 

 
 

Rubber sample NR/ 
HPIP-
SiO2 

Modulus (MPa) before 
ageing 

Modulus (MPa) after 
ageing 

1 2 3 Mean SD 1 2 3 Mean SD 
NR - 3.8 3.9 4.0 3.9 0.1 1.7 1.9 1.8 1.8 0.1 

NR/PIP-VTS-
SiO2 

80/20 5.1 5.6 5.2 5.3 0.3 4.5 5.0 2.5 4.0 1.3 

NR/HPIP-VTS-
SiO2

f 
80/20 5.4 5.8 5.6 5.6 0.2 4.9 4.1 3.3 4.1 0.8 

NR/HPIP-VTS-
SiO2

g 
90/10 4.3 4.7 4.8 4.6 0.3 3.5 3.7 3.6 3.6 0.1 
80/20 7.0 7.3 7.3 7.2 0.2 6.9 6.1 7.4 6.8 0.7 
70/30 8.3 8.8 7.2 8.1 0.8 7.1 8.1 8.2 7.8 0.6 
60/40 5.1 6.0 3.9 5.0 1.1 4.1 3.7 5.1 4.3 0.7 
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Table B-4   Elongation at break of NR filled with HPIP-SiO2 nanocomposite 

 

Rubber sample NR/ 
HPIP-
SiO2 

Elongation at break (%)before 
ageing 

Elongation at break (%)after 
ageing 

1 2 3 Mean SD 1 2 3 Mean SD 
NR - 870 857 856 861 7.8 783 790 795 789.4 6.2 

NR/PIP-VTS-
SiO2 

80/20 817 809 789 805 14.4 749 761 767 759 9.2 

NR/HPIP-VTS-
SiO2

f 
80/20 814 816 785 805 17.3 791 782 787 786.5 4.5 

NR/HPIP-VTS-
SiO2

g 
90/10 785 794 794 791 5.2 762 773 765 766.5 5.8 
80/20 711 729 714 718 9.6 709 715 709 711 3.5 
70/30 669 650 649 656 11.3 645 653 643 646.9 5.4 
60/40 737 742 702 727 21.8 691 715 707 704.2 12.2 
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APPENDIX C 

 

Raw Data of PIP-SiO2 Synthesis 
 

 
Table C-1 Raw data of influence of monomer/water on PIP-SiO2 synthesis 
 

M/H2O Exp
Run 

particle 
size (nm) 

average 
particle 

size (nm) 

conversion 
(%) 

average 
conversion 

(%) 

% GE average 
%GE 

0.1 1 21.8 
20.7 

48.1 
51.4 28.3 29.2 

0.1 2 19.6 54.7 30.1 
0.2 3 30.8 

28.5 
70.3 

69.2 62.9 62.3 
0.2 4 26.2 68.1 61.7 
0.3 5 34.7 

35.5 
89.1 

87.0 
76.7 

78.0 0.3 6 35.3 85.4 80.4 
0.3 7 36.5 86.5 77.0 
0.4 8 41.6 

42.6 
71.9 

76.2 
74.0 

73.6 0.4 9 42.4 78.3 75.8 
0.4 10 43.8 78.4 71.0 
0.5 11 55.7 55.7 69.1 69.1 69.5 69.5 

 
Condition: SPS = 1 %wt, SDS = 3 %wt, VTS-SiO2 = 10 %wt based on monomer. 
 
 
Table C-2 Raw data of influence of initiator concentration on PIP-SiO2 
 

% 
Initiator 

Exp. 
Run 

particle 
size 
(nm) 

average 
particle 

size (nm) 

conversion 
(%) 

average 
conversion 

(%) 

% GE average 
% GE 

0.5 1 20.6 22.2 54.9 56.7 80.2 81.4 
0.5 2 23.8   58.5   82.6   
1.0 3 35.5 35.5 87 87.0 78 78.0 
2.0 4 31.2 32.6 90.3 89.0 67.9 69.0 
2.0 5 33.7 88.1 69.5 
2.0 6 32.9 88.6 69.6 
3.0 7 36.8 35.5 88.4 87 71.1 70.4 
3.0 8 34.2 85.6 69.7 
4.0 9 31.2 31.2 85 85 56.2 56.2 
5.0 10 28.9 28.9 86 86 50.9 50.9 

 
Condition: M/H2O = 0.3, SDS = 3 %wt, VTS-SiO2 = 10 %wt based on monomer. 
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Table C-3 Raw data of influence of SDS concentration on PIP-SiO2 

 

% 
SDS 

Exp. 
Run 

particle 
size (nm) 

average 
particle size 

(nm) 

conversion 
(%) 

average 
conversion 

(%) 

% GE average 
% GE 

0.5 1 49.3 49 60.2 59.5 51.4 50.4 
0.5 2 48.7   58.8   49.4   
1.0 3 39.9 40.3 67.9 68.1 55.7 54.3 
1.0 4 40.7   68.3   52.9   
3.0 5 35.7 33.6 87.0 85.0 78.1 80.4 
3.0 6 34.9  83.0  84.1  
3.0 7 30.2   85.0   79   
5.0 8 29.1 28.5 88.6 87 76.9 78.5 
5.0 9 27.9   85.4   80.1   
7.0 10 22.5 21.5 89.7 89 71.4 72.7 
7.0 11 20.5   88.3   74.0   
9.0 12 21.0 21.0 90.0 90 60.0 60.0 

10.0 13 20.0 20.0 90.0 90 45.4 45.4 

 
Condition: M/H2O = 0.3, SPS = 1 %wt, VTS-SiO2 = 10 %wt based on monomer. 

 

Table C-4 Raw data of influence of silica loading on PIP-SiO2 

 

%SiO2 
Exp. 
Run 

particle 
size 
(nm) 

average 
particle 

size (nm) 

conversion 
(%) 

average 
conversion 

(%) 
% GE average 

% GE 

2.5 1 27.1 
28.4 

90.2 
92 

93.1 
92 

2.5 2 29.7 93.8 90.9 
5.0 3 30.2 

34.6 
89.7 

90 
85.2 

86 5.0 4 39.1 86.9 86.8 
5.0 5 34.5 93.4 86 
7.5 5 41.1 

38.5 
86.5 

87 
87.4 

87 
7.5 6 35.9 87.5 86.6 

10.0 7 41.9 
39.5 

88.9 
87 

84.8 
85 

10.0 8 37.1 85.1 85.2 
15.0 9 44.5 

43 
74.7 

75.7 
73.9 

74 
15.0 10 41.5 76.7 74.1 
20.0 11 57 57 68.2 68.2 63 63 

 

Condition: M/H2O = 0.3, SPS = 1 %wt, SDS = 3 %wt based on monomer. 
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APPENDIX D 

 

Calculation of Polyisoprene Composition 
 

 

%1,4 polyisoprene              The integrated peak area at 5.15 ppm 

          Peak area at 5.15 ppm + peak area at 5.7 ppm + peak area at 4.6-4.8 ppm 

  

    13.00 

        13.00+0.83+0.52 

    
 

 

%1,2 polyisoprene         The integrated peak area at 5.7 ppm 

          Peak area at 5.15 ppm + Peak area at 5.7 ppm + peak area at 4.6-4.8 ppm 

  

    0.52 

        13.00+0.83+0.52 

    
 

 

%3,4 polyisoprene         The integrated peak area at 4.8 ppm 

          Peak area at 5.15 ppm + Peak area at 5.7 ppm + Peak area at 4.6-4.8 ppm 

  

    0.83 

        13.00+0.83+0.52 

 
 
 
 
 
 
 
 
 
 

= 

=      5.53% 

= 

= X 100 

=      90.6% 

= 

= 

= X 100 

=      3.6% 

= 

=      5.7% 

X 100 
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APPENDIX E 

 

Calculation of % Hydrogenation 

 

 

 
 
 
 
 
 
 

cis-1,4- polyisoprene  (Species 1)  Hydrogenated polyisoprene (Species 2) 
 
 
 

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

Proton of repeating unit in Species 2 = 10 protons 

 

 

Hydrogenation 
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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 

 

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 

      

        = (A-7B)/10 

        (A+3B)/10 

 

     = [(A-7B)/(A+3B)] X100 

 

For example: A = 24.84 and B = 1.00 

 

  % Hydrogenation =  [56.287-7(0.353)]/[56.287+3(0.353)] X100 

            =  93.84% 

 

 
 
 
 
 
 
 
 
 
 
 

X 100 
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APPENDIX F 

 

Raw Data of Diimide Hydrogenation of Nanosized Polyisoprene 

and Polyisoprene-SiO2 

 

 

Table F-1 Raw data of diimide hydrogenation of nanosized PIP 

 

Exp. 
Run 

Time (s) %HD at 
50oC 

%HD at 
60oC 

%HD at 
70oC 

1 0 0 0 0 
2 600 5 10 16 
3 1200 12 20 23 
4 1800 20 29 34 
5 2460 28 41 47 
6 3000 35 48 51 
7 3600 41 50 57 
8 4800 49 61 65 
9 6000 51 69 75 
10 7680 56 72 79 
11 9600 59 73 81 
12 11820 62 74 82 
13 13200 62 74 85 
14 15420 63 74 88 
15 18000 61 76 90 
16 19560 63 76 93 
17 21300 62 76 94 

 

Condition:  [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L,   [H3BO3] = 0.15 mol/L,  

       [H2O] = 10 mol/L. 
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Table F-2 Raw data of diimide hydrogenation of nanosized PIP-SiO2 

 

Exp. Run Time (s)  %HD at      
 50oC 

%HD at 
60oC 

%HD at 
70oC 

1 0 0 0 0 
2 600 13 19 24 
3 1200 20 25 35 
4 1800 27 30 41 
5 2460 32 35 50 
6 3000 40 45 59 
7 3600 49 53 69 
8 4800 57 62 75 
9 6000 64 71 82 
10 7680 71 78 89 
11 9600 74 80 91 
12 11820 76 85 91 
13 13200 75 89 94 
14 15420 76 91 97 
15 18000 77 91 98 
16 19560 77 91 98 
17 21300 77 92 98 

 
Condition: [N2H4] = 5 mol/L, [H2O2] = 7.5 mol/L, [C=C] = 1 mol/L, [H3BO3] = 0.15 mol/L,  

    [H2O] = 10 mol/L. 
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Table F-3 Raw data for kinetic study of nanosized HPIP 

 

Time 
(s) 

%HD 
at 

50oC 
x 1-

x ln 1-x 
%HD 

at 
60oC 

x 1-
x 

ln 1-
x 

%HD 
at 

70oC 
x 1-

x ln 1-x 

0 0 0.0 1.0 0.00 0 0.0 1.0 0.00 0 0.0 1.0 0.00 
600 5 0.1 1.0 -0.05 10 0.1 0.9 -0.11 20 0.2 0.8 -0.22 

1200 12 0.1 0.9 -0.13 20 0.2 0.8 -0.22 28 0.3 0.7 -0.33 
1800 20 0.2 0.8 -0.22 29 0.3 0.7 -0.34 39 0.4 0.6 -0.49 
2460 28 0.3 0.7 -0.33 41 0.4 0.6 -0.53 53 0.5 0.5 -0.76 
3000 35 0.4 0.7 -0.43 48 0.5 0.5 -0.65 56 0.6 0.4 -0.82 
3600 41 0.4 0.6 -0.53 50 0.5 0.5 -0.69 66 0.7 0.3 -1.08 
4800 49 0.5 0.5 -0.67 61 0.6 0.4 -0.94 72 0.7 0.3 -1.27 
6000 51 0.5 0.5 -0.71 69 0.7 0.3 -1.17 79 0.8 0.2 -1.56 
7680 56 0.6 0.4 -0.82 72 0.7 0.3 -1.27 83 0.8 0.2 -1.77 
9600 59 0.6 0.4 -0.89 73 0.7 0.3 -1.31 87 0.9 0.1 -2.04 
11820 62 0.6 0.4 -0.97 74 0.7 0.3 -1.35 90 0.9 0.1 -2.30 
13200 62 0.6 0.4 -0.97 74 0.7 0.3 -1.36 91 0.9 0.1 -2.41 

 
 

Table F-4 Raw data for kinetic study of nanosized HPIP-SiO2 

 

Time 
(s) 

%HD 
at 

50oC 
x 1-x ln 1-

x 

%HD 
at 

60oC 
x 1-x ln 1-

x 

%HD 
at 

70oC 
x 1-x ln 1-

x 

0 0 0.00 1.00 0 0 0.00 1.00 0.00 0 0.00 1.00 0.00 
600 5 0.05 0.95 -0.05 10 0.10 0.90 -0.11 20 0.20 0.80 -0.22 

1200 12 0.12 0.88 -0.13 20 0.20 0.80 -0.22 28 0.28 0.72 -0.33 
1800 20 0.20 0.80 -0.22 29 0.29 0.71 -0.34 39 0.39 0.61 -0.49 
2460 28 0.28 0.72 -0.33 41 0.41 0.59 -0.53 53 0.53 0.47 -0.76 
3000 35 0.35 0.65 -0.43 48 0.48 0.52 -0.65 56 0.56 0.44 -0.82 
3600 41 0.41 0.59 -0.53 50 0.50 0.50 -0.69 66 0.66 0.34 -1.08 
4800 49 0.49 0.51 -0.67 61 0.61 0.39 -0.94 72 0.72 0.28 -1.27 
6000 51 0.51 0.49 -0.71 69 0.69 0.31 -1.17 79 0.79 0.21 -1.56 
7680 56 0.56 0.44 -0.82 72 0.72 0.28 -1.27 83 0.83 0.17 -1.77 
9600 59 0.59 0.41 -0.89 73 0.73 0.27 -1.31 87 0.87 0.13 -2.04 
11820 62 0.62 0.38 -0.97 74 0.74 0.26 -1.35 90 0.90 0.10 -2.30 
13200 62 0.62 0.38 -0.97 74.3 0.74 0.26 -1.36 91 0.91 0.09 -2.41 

 

X : fractional hydrogenation conversion 
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