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DEVELOPMENT OF 

NATURAL RUBBER/GRAPHENE DERIVATIVES-BENTONITE 

NANOCOMPOSITES 

 

 

Abstract 

 

 

In recent years, graphene-based nanofillers have gathered attention worldwide 

academically and industrially. It has been proposed as a promising new material due to its 

outstanding physical properties such as high electron mobility, thermal conductivity, 

mechanical stiffness, strength and elasticity. This study was conducted to use graphene-

based derivatives, graphite oxide (GO) and reduced graphite oxide (rGO) as nanofiller in 

natural rubber (NR) and at the same time using Bentonite (BT) clay as the dispersing 

agent to produce Natural Rubber/Graphene-based derivatives-Bentonite nanocomposites. 

This research is to look into the development of right formulation for graphene-based 

nanocomposites and to study which is giving optimum properties. Morphology study of 

the nanocomposites shows that only NR/rGO nanocomposite is having good dispersion in 

rubber matrix. Agglomeration occurs when BT is incorporated as shown by field 

emission scanning electron images for NR/GO-BT and NR/rGO-BT nanocomposites. 

Mechanical properties study shows that only NR/rGO nanocomposite is having improved 

properties with tensile strength of 18.46 MPa, modulus at 100% elongation of 6.63 MPa, 

modulus at 300% elongation of 7.73MPa. However, NR/rGO composite shows the lowest 

elongation at break of 501.60%. The highest hardness value for NR/rGO is 46.7 HRA. 

Oil resistance study reveals that NR/rGO nanocomposite is having the highest oil 

resistance with Mol% uptake of 1.24 and 1.03 for toluene and n-hexane respectively. The 

Swelling Index are 1.15 and 0.88 for toluene and n-hexane respectively. 
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

1.1 Background 

 

 Rubbers with fillers have been widely applied in various industrial fields due to 

their outstanding mechanical properties, thermal stability and oil resistance. One of the 

industries that requires huge amount of filled rubber is the tire industry. Tires are the 

essential part of automobile, whenever a new automobile is fabricated or old tires wear 

off after a distance of mileage was travelled and new tires are needed for replacement, 

there is a demand for it. Due to the high demand of tires, tire industry has become the 

major consumer of natural rubber. 

 

 The most widely used filler for rubber in tire industry is carbon black. A huge 

number of previous research studies have demonstrated whereby incorporating small 

amounts of particulate fillers such as carbon-black can introduce remarkable changes in 

the mechanical and physical properties of rubber (Li et al., 2012). Reinforcing with 

different types of fillers is essential for rubbers, as unfilled rubbers have very restricted 

applications due to their poor mechanical and physical properties. The incorporation of 

filler able to alter the mechanical properties of the rubber such as modulus, stiffness, 

stress softening effect, wearing and tearing resistance, hardness, tensile strength etc. 

 

 For the last two decades, polymer nanocomposites have got much attention 

worldwide academically and industrially. The incorporation of nanofillers such as 
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graphene, graphite oxide and reduced graphite oxide into polymer matrix creates 

materials that show improved physical, mechanical, dynamic mechanical, thermal, etc. 

properties. 

 

 Graphene, a monolayer of sp
2
-hybridized carbon atoms arranged in a two-

dimensional lattice, has been proposed as a promising new material for recent years due 

to its outstanding physical properties such as high electron mobility, thermal conductivity, 

mechanical stiffness, strength and elasticity. Although graphene had been studied 

theoretically for decades, its actual existence was not proven until 2004, when Kostya 

Novoselov and Andrei Geim from the Manchester University managed to isolate a 

monolayer of graphene from graphite for the first time. In 2010 they were awarded the 

Nobel Prize (Choi and Lee, 2012). Figure 1.1 shows the structure of carbon atom 

arrangement in graphene. 

 

 

Figure 1.1: Structure of Carbon Atom Arrangement in Graphene (University of 

Turku, n. d.) 

  

 Graphite oxide can be produced through either Hummers or Brodie to introduce 

carboxyl, hydroxyl and epoxide functional groups presence at the basal planes and edges 

of graphite. Graphene oxide, which is a single sheet of graphite oxide atomic layer that 

can be produced by exfoliation of GO. The GO can be also reduced to reduced GO by 

chemical reduction method (Zhang et al., 2014). 

 

 In this research, we intend to use graphene-based derivatives as nanofiller in 

natural rubber to produce graphene-based derivatives/natural rubber nanocomposite. This 

research is to look into the development of right formulation for graphene-based natural 
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rubber nanocomposites and to study which is giving optimum properties. It is expected 

that this new natural rubber nanocomposite will exhibit superior strength, physical 

properties, and resistance to oil.  

 

 

1.2 Problem Statement 

 

 Graphene is chemically inert, this prevents it from having interaction with rubber 

when they were mixed together. Other than that, graphene applications also being limited 

due to its low solubility. Moreover, since graphene is nanofiller, the amount added into 

the rubber will be very little. In order to achieve the enhancement of the properties of 

rubber, the nanofiller need to be well dispersed and homogenized with the rubber.  

 

 Therefore, in order to increase the interfacial interactions, derivatives of graphene, 

graphite oxide (GO) and reduced graphite oxide (rGO) were used. As both of the GO and 

rGO bears oxygen-containing functional groups, which enable them to disperse well in 

water and also in rubber. Hence, the properties of graphene are being retained. However, 

the reduction process can be time consuming and costly. 

 

 Moreover, we also intent to use bentonite as the dispersing agent for both the GO 

and rGO nanocomposites. Bentonite has a high adsorption capacity for polymers and is 

capable of exchanging ions on the silicate layers with reactive hydroxyl (–OH) groups on 

the surface (Ismail and Mathialagan, 2012). Thus, we propose to study the possibility of 

using bentonite as dispersing agent to assist dispersion of GO and rGO into the natural 

rubber matrix. 

 

 In this study, GO, rGO and bentonite were incorporated in natural rubber. The 

performance of the pure natural rubber and nanocomposites were tested and compared in 

terms of hardness, tensile strength, curing properties, and oil resistance. The morphology 

of the nanocomposites was also examined. 
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1.3 Research Objectives 

 

The aims and objectives of the thesis are shown as below: 

i) To produce and characterize GO and rGO.  

ii) To produce NR/GO, NR/rGO, NR/GO-BT and NR/rGO-BT nanocomposites with 

two roll mill. 

iii) To study the curing characteristic, morphology, mechanical and physical 

properties of the nanocomposites. 
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CHAPTER 2 

 

 

 

LITERATURE REVIEW 

 

 

2.1 Graphite and Its Derivatives 

 

 

2.1.1 Graphene 

 

 Graphene, a one-atom-thick nanosheet comprised of sp
2
 hybridized carbon atoms, 

has exceptional mechanical properties, thermal conductivity, mobility of charge carriers 

and gas impermeability. (Xing et al., 2014) It has been proposed as a promising new 

material. A model of graphene carbon atom arrangement is illustrated in Figure 2.1 

 

 

Figure 2.1: Model of Graphene Carbon Atom Arrangement (Chiappetta, M. 2015) 
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 For the past forty years, graphene has a rich history of experimental work due to 

its outstanding properties that draw tremendous interest of scientists. A single, purely sp
2
-

hybridized carbon layer free of heteroatomic defects, ‘Pristine’ graphene (Li et al., 2015) 

can be produced through several methods, including growth by chemical vapor 

deposition, micro-mechanical exfoliation of graphite, and growth on crystalline silicon 

carbide (Zhang et al., 2013). Through these methods, a largely defect-free graphene with 

exceptional physical properties can be produced. However, current techniques for 

preparing powder samples of graphene do not yield large enough quantities for use as 

composite filler. 

 

 Graphite oxide has been primarily utilized as the precursor material for producing 

graphene-based compounds. In 1960s, Boehm and coworkers reported the reduction of 

GO dispersion using a variety of chemical reductants such as hydrazine hydrate (Dreyer 

et al., 2010). Thermal expansion and thermal reduction also can produce thin, lamellar 

carbon containing only structure with small amounts of hydrogen and oxygen. By using 

transmission electron microscopy (TEM), the carbon material produced by chemical 

reduction was found to consist of “single carbon layers”. Liquid-phase exfoliation of 

graphite and chemical synthesis of graphene from polycyclic aromatic hydrocarbon 

precursors may also eventually provide scalable alternative routes for production of 

graphene, as could the further development of gas phase CVD methods (Potts et al., 

2011).  

 

   

2.1.2 Graphite Oxide (GO) 

 

GO is most commonly produced by the treatment of graphite using strong mineral acids 

and oxidizing agents, typically via treatment with KMnO4 and H2SO4, as in the Hummers 

method or modified Hummers method, or KClO3 (or NaClO3) and HNO3 as in the 

Staudenmaier or Brodie methods (Olanipekun et al., 2014). GO can be exfoliated using a 

variety of methods, most commonly by thermal shocking or chemical reduction in 
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appropriate media, yielding a material reported to be structurally similar to that of pristine 

graphene on a local scale. The chemical structure of GO is shown in Figure 2.2. 

 

 

Figure 2.2: Structure of Graphite Oxide (Nationalnanomaterials, n. d.) 

 

 In terms of structure, GO contains a range of oxygen-containing functional groups 

such as carboxyl, hydroxyl and epoxide groups at the basal planes and edges (Lobato et 

al., 2014). As the oxygen-containing functional groups have high affinity to water 

molecules, this enables GO to disperse and form suspension in water and organic solvent. 

Dispersion of GO in solvent can be enhanced by inducing stirring and sonication effect 

(Durge, Kshirsagar and Tambe, 2014). 

 

 

2.1.3 Reduced Graphite Oxide (rGO) 

 

 Reduced graphite oxide (rGO) is a material reported to be structurally similar to 

that of pristine graphene on a local scale. The precursor material for the production of 

rGO is primarily GO. rGO can be produced through several methods including thermal 

exfoliation, chemical vapor deposition and chemical reduction of dispersed GO. (Sun, Yu 

and Fugetsu, 2012) However, since reduced graphite oxide is prepared from reduction of 

graphite oxide, there are always some defects and some oxygen functional groups were 

remained in or on the reduced graphene oxide surface. Different reducing agents and 

methods will lead to various carbons to oxygen ratio and chemical compositions in 

reduced graphene oxide. 
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 Thermal exfoliation is by applying rapid heating to GO and causes the thermal 

decomposition of oxygen containing functional groups in GO (Dao and Jeong, 2015). 

This method is fast and eco-friendly as it does not requires use of any solvent or reducing 

agent. Moreover, due to the polar oxygen containing functional groups and the wrinkled 

nature, the thermally exfoliated rGO can be readily dispersed in polar organic solvent 

such as acetone. However, the mechanism of the interaction between thermal exfoliation 

and GO has not yet been carefully investigated (Wen et al., 2014). 

 

 Chemical vapor deposition (CVD) is the most appropriate growth method for 

producing large area and high quality single or multi layer rGO using catalytic substrates 

and hydrocarbons (Karamat et al., 2015). This method is most commonly applied in 

producing nanocomposites coated with graphitic structure such as graphitic carbon 

nanotubes. The formed products have high purity, allows the growth at large amount with 

reasonable cost and reaction occurs at moderate temperature (Atchudan et al., 2015). 

 

 Chemical reduction of GO is the most widely applied technique for preparing 

rGO by applying reducing agent such as hydrazine hydrate, hydroquinone, sodium 

borohydride and thiourea dioxide (Chua, Ambrosi and Pumera, 2012). This method 

allows the production of rGO at a larger quantity with low cost. However, the 

disadvantage of chemical reduction is that reducing agents are mostly harmful to the 

environment and highly toxic (Zhang et al., 2014). 
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2.2 Oxidation and Reduction Process of Graphite 

 

 

2.2.1 Oxidation of Graphite 

 

 In year 1859, graphite oxide was first prepared by Oxford chemist, Benjamin C. 

Brodie. This method is by treating graphite with a mixture of potassium chlorate 

(KClO3) and fuming nitric acid (HNO3). The oxidation process was repeated for three 

times to ensure the oxygen composition reached the maximum (Hummers and Offeman, 

1958). 

 

 After nearly 40 years later, Brodie’s method has been slightly improved by L. 

Staudenmaier (1898) who divided the chlorate into multiple portions and added 

consecutively. The overall extent of oxidation achieved was similar with Brodie’s 

approach which gives a C:O ratio of 2:1 (Gao, 2015). 

 

 In 1958, Hummers and Offeman have found out another method to synthesize GO, 

namely Hummers method. This method employing potassium permanganate (KMnO4) 

and concentrated sulfuric acid (H2SO4) as oxidizing agents with the incorporation of 

sodium nitrate (NaNO3). After the oxidation process, hydrogen peroxide (H2O2) was 

added into the diluted mixture in order to eliminate KMnO4. This method also yields the 

similar level of oxidation as Brodie’s method. However, Hummers method requires 

shorter time to synthesize GO from graphite. Until today, the three methods above are 

still the primary routes to produce GO (Warner et al., 2013).  

 

 

2.2.2 Reduction of Graphite Oxide 

 

 Reduced graphite oxide can be prepared by various methods such as chemical 

vapor deposition (CVD), mechanical exfoliation of graphite and reduction of graphene 

oxide (GO). Among these methods, the reduction of GO in organic solvents is considered 



10 

 

as the one of the most suitable approach due to its simplicity, reliability, suitability for 

large-scale production, low material cost, and versatility in chemical functionalization. 

(Tien et al., 2012) 

 

 The production of well-dispersed nanocomposites with GO-derived fillers is very 

depends on the exfoliation of GO prior to incorporation into a polymer matrix. To carry 

out exfoliation of GO, two techniques which are solvent-based exfoliation and thermal 

exfoliation techniques have emerged as two preferred routes for this step. In the former 

route, the hydrophilic nature and increased interlayer spacing of GO (relative to graphite) 

facilitates direct exfoliation into water assisted by mechanical exfoliation, such as 

sonication (Wallace and Moulton, 2012).  

 

 GO can also be exfoliated and reduced by rapid heating, yielding thermally 

expanded graphite oxide, or TEGO. In this exfoliation method, the dry powder is 

typically charged into a quartz tube (or other similar vessel) and subjected to thermal 

shock (i.e., exposure to a sudden jump in temperature), by heating to temperatures such 

as 400˚C or higher at high rates. The rapid heating is believed to cause various small 

molecule species (e.g., CO, CO2, water) to evolve and internal pressure to increase, 

forcing the sheets apart and yielding a dry, high-surface area material with a low bulk 

density (Zhao, Liu and Li, 2014). 

 

 Chemical reduction of GO manipulate the hydrophilic nature of GO. GO was 

directly exfoliated into water by mechanical exfoliation using ultra-sonication or stirring. 

Colloidal suspensions of GO platelets would be formed. Reducing agents such as 

hydrazine monohydrate or sodium borohydride is used to chemically reduce GO. rGO 

produced through this method exhibit C:O ratios of over 10:1. This reduction process can 

cause agglomeration of the platelets (reducing accessible surface area) unless prior steps 

are taken to stabilize the suspension by adjusting the pH of the suspension. (Potts et al., 

2011) 
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2.3 Natural Rubber 

 

 Natural rubber is produced by coagulating latex by the addition of acetic or 

formic acid. It is a linear polymer of an unsaturated hydrocarbon called isoprene (2-

methyl butadiene). Figure 2.3 shows the chemical structure of natural rubber. 

 

 

Figure 2.3: Structure of Natural Rubber (Tutorvista.com, 2015) 

 

 Crude rubber is a tough and an elastic solid. It becomes soft and sticky as the 

temperature rises. The most important property of natural rubber is its elasticity and 

flexibility. However, raw NR has low tensile strength and abrasion resistant and only has 

elasticity over a narrow range of temperature from 10 to 60˚C. Charles Goodyear 

discovered the process of vulcanization in 1893 to modify the properties of natural rubber 

(Kohjiya and Ikeda, 2014). The sulfur cross-linking of natural rubber is shown in Figure 

2.4. 
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Figure 2.4: Sulfur Cross-Linking of Natural Rubber (Tutorvista.com, 2015) 

  

 

 Vulcanization of NR by adding a certain amount (5-8%) of sulfur forms cross-

links between the molecular chains. The double bonds in natural rubber permit formation 

of sulfur bridges between different chains. These cross-links are responsible for removing 

the tackiness of untreated rubber. Vulcanized NR will have properties such as higher 

elasticity, tensile strength and resistance to abrasion. The improved properties of 

vulcanized NR allow it to has a wider application. The largest single market for 

vulcanized NR is automotive tires. Other products include shoe soles, bushings, seals and 

shock-absorbing components. Additives such as carbon black, clay, talc and calcium 

carbonate can be added into the NR while compounding to improve its properties as well 

as promote the vulcanization process (Groover, 2010). 
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2.4 Natural Rubber Composites 

 

 There are a number of previous studies on natural rubber composites, Xu et al., 

(2015) had used epoxidized natural rubber (ENR) as an interfacial modifier to improve 

the mechanical and dynamical mechanical properties of NR/silica composites. The 

NR/Silica model compound was prepared using an open mill and the interfacial 

interaction of ENR with silica was investigated by FTIR, TEM, X-ray diffraction (XRD) 

and stress–strain testing. The mechanical and dynamical mechanical properties of 

NR/silica composites were improved after the modification with ENR. The improvement 

of the properties can be attributed to the ring-opening reaction between the epoxy groups 

of ENR chains and Si-OH groups on the silica surface. 

 

 Other than that, Ooi, Ismail and Abu Bakar, (2014) had produced Oil Palm Ash 

(OPA), coated with a Liquid Epoxidized Natural Rubber (LENR) and use it as filler to be 

compounded with NR and other curing ingredients, using a laboratory two-roll mill. After 

being subjected to thermal ageing at 100˚C for two days, the tensile strength and 

elongation at break of the LENR-coated OPA filled NR composite showed higher 

retention than non-coated OPA filled NR composites. Thermogravimetric Analysis (TGA) 

indicated that the thermal stability of LENR-coated OPA filled NR composites was 

higher than that of non-coated OPA filled NR composites. 

 

 Moreover, Pramila Devi et al., (2013) prepared Polypyrrole (PPy) and PPy coated 

short Nylon-6 fiber (F-PPy) based on NR by in situ polymerization method using 

anhydrous ferric chloride as oxidizing agent, p-toluene sulphonic acid as dopant and 

vulcastab VL as stabilizer. The absolute value of the dielectric permittivity, AC 

conductivity and absorption coefficient of the prepared conducting composites were 

found to be much greater than the gum vulcanizate. 
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2.5 Natural Rubber Nanocomposites 

 

 Nanocomposites have received considerable attention in recent years because of 

their diverse nanometer-sized filler particles and a series of special performance. Ortiz-

Serna et al., (2014) had conducted a study on natural rubber/cellulose nanocomposites 

where samples with filler content from 10phr to 30phr with thickness around 0.25mm 

were studied under Dielectric Spectrometer. The interactions between the filler particles 

and the NR matrix slightly influence the electrical conductivity of the NR–cell 

nanocomposites. Cellulose nanoparticles maintain the inherent good dynamic properties 

of NR without sacrificing the insulating properties in applications where the lowest 

possible level of conductivity is desired. 

 

 On the other hand, Rooj et al., (2012) had prepared and studied a nanocomposite 

of montmorillonite clay/natural rubber with intercalation of fatty acids. Intercalation of 

fatty acids was done in an internal mixture, yielded expanded organo-montmorillonite 

(EOMt). Mixing of NR with different amounts of EOMt clay was done in an open two-

roll mixing mill at 90 °C. The larger interlayer space in the presence of fatty acid 

promoted the exfoliation of clay minerals in NR matrix. 

 

 Another example of natural rubber nanocomposites is the palygorskite-cerium 

oxide filled rubber nanocomposites prepared by Zhao et al., (2012). Palygorskite (PA)-

cerium oxide (CeO2) was modified with cetyl-trimethylammonium bromide (CTAB) to 

be used as filler for high-performance natural rubber (NR)/styrene butadiene rubber (SBR) 

nanocomposites. The organic-modification of PA-CeO2 led to good compatibility with 

the NR/SBR rubber matrix. The mechanical properties of the nanocomposites were 

significantly improved.  
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2.6 Bentonite Clay 

 

 Bentonite clay is one type of various inorganic filler. It is fine grained material 

composed of clay mineral, montmorillonite (MMT). Bentonite can be classified 

according to their dominant exchangeable cation. Some of the major cations are sodium, 

potassium, calcium, and aluminium. Bentonite has outstand others because of its unique 

properties which allowed it to absorb water several times of their own weight. MMT 

absorb water, with the basal surfaces of the clay consists of a regular arrangement of 

water molecules. Absorbing water will cause bentonite to form a stiff jelly and viscous 

substance. Figure 2.5 shows the structure of bentonite clay. 

 

 

Figure 2.5: Structure of Bentonite Clay (Pixshark.com, 2015) 
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2.7 Bentonite Clay Nanocomposites 

 

 Clays are one of the most common fillers for polymers this is because clays are 

plentiful in nature and their chemical intercalation has been studied for a long time 

(Sanchez et al., 2009). Liborio, Oliveira and Marques, (2015) had conducted a study for 

the comparison of chemically modified bentonite/polypropylene nanocomposites with 

commercial organoclay/polypropylene nanocomposites. The results showed that 

nanocomposites with chemically treated bentonite clay exhibits improved degradation 

temperature and mechanical parameters, compared with raw polypropylene and untreated 

organoclay.nanocomposites. 

 

 Other than that, a study of styrene butadiene rubber (SBR)/natural rubber 

(NR)/bentonite (BT) nanocomposites was reported by Gu et al., (2009). The structure, 

mechanical properties, thermal stability and swelling behavior were examined. When the 

bentonite content was lower than 12 mass percent, the nanocomposites showed excellent 

mechanical properties. The addition of a small amount of bentonite greatly improved the 

thermal stability and swelling behavior, which was attributed to the good barrier 

properties of the dispersed and partially exfoliated organo-montmorillonite particles. 

 

 Another research study was reported by Ollier, Rodriguez and Alvarez, (2013). 

Unsaturated polyester/bentonite nanocomposites were prepared and characterized. The 

results showed that the chemical modifications of the clay caused a desired effect on its 

final properties improving the performance of the nanocomposites. The enhancements 

could be directly related to the dispersion of the clay inside the matrix. 
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CHAPTER 3 

 

 

 

METHODOLOGY 

 

3.1 Materials 

 

 In view of the conventional Hummers methods, graphene oxide (GO) was 

prepared from the graphite nanofiber (GNF) and other chemicals. Ultrapure deionized 

water (DI) was used throughout the process and can be obtained in UTAR PE lab. 

 

 The materials and reagents used were as following: Graphite nanofiber (GNF) 

was supplied by Platinum Senawang Sdn Bhd. Sulphuric acid (H2SO4, 95%), 

Hydrochloric acid (HCl, 37%) and Hydrogen peroxide (H2O2, 30%) were obtained from 

R & M Chemicals. Bentonite (BT) was supplied by Ipoh Ceramics (M) Sdn. Bhd. 

Sodium nitrate (NaNO3) and Potassium permanganate (KMnO4) were purchased from 

Bendosen Laboratory Chemicals. Standard Malaysian Rubber grade 10 (SMR10), zinc 

oxide (ZnO), stearic acid, BKF (antixodant, 2,2'-Methylene-bis-[4-methyl-6-tert-

butylphenol]), rubber vulcanization accelerator (CBS), sulphur were provided by 

Universiti Sains Malaysia. All chemicals were analytically pure and were used as 

received. 
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3.2  Preparation of Graphite Oxide 

 

 The conventional Hummers method was used for the synthesis of graphene oxide 

(GO) in this experiment (Olanipekun et al., 2014). The experimental set up for the 

preparation of graphene oxide was shown in Figure 3.1.  

 

 Initially, graphite nanofiber (GNF) in amount of 5.0 g was added into a 500 ml 

beaker loaded with 115 ml of sulphuric acid (H2SO4). Then, the beaker was placed under 

an overhead stirrer to provide homogeneous stirring at 400 rpm. An ice bath was 

prepared and used to maintain the temperature of beaker and reaction at 0 ˚C. Next, 2.5 g 

of sodium nitrate (NaNO3) was added into the beaker. 

 

 After the NaNO3 dissolved, 15.0 g of potassium permanganate (KMnO4) was 

added gradually over 30 minutes to counteract overheating of the reaction mixture 

(<30˚C). Then, a visible green suspension formed almost instantaneously. 

 

 

 

Figure 3.1: Experimental Set Up for Preparation of GO 
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 After 10 minutes of stirring, the ice bath was removed and the temperature of the 

mixture was brought up to approximately 35˚C. Subsequently, a purplish vapour was 

observed and formed as the mixture was heated up. Then, the solution was stirred 

vigorously at 500 rpm for duration of 3 hours at room temperature (See Figure 3.2).  

 

 

 

 

Figure 3.2: Solution Stirred at 500 Rpm for 3 Hours at Room Temperature 

 

 After 3 hours, the speed of stirrer was reduced to 400 rpm and a dark brown 

solution was formed. Meantime, 230 ml of ultrapure deionized water (DI) was prepared 

and added slowly into the solution. There was a large exothermic reaction occurred when 

the water was added. The temperature of the mixture increased significantly to 70˚C and 

was maintained until the water was completely added into the solution. 

 

 The mixture was then stirred for another 10 minutes and added into 700 ml of 

ultrapure deionized water. Next, 12 ml of hydrogen peroxide (H2O2) was added in order 

to reduce the residual KMnO4, resulting a light yellow suspension of graphene oxide 

formed. After that, the mixture was left overnight in the fume hood as shown in Figure 

3.3. On the next day, the mixture showed a better colour figure where the top part showed 
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lighter colour and bottom part is dark.  The mixture was filtered using the Whatman 

Anodisc membrane.  

 

 

Figure 3.3: GO Solution Left Overnight. 

 

 Then, the filtered cake obtained was washed with 5 % HCl aliquots solution, 

followed by deionized water for several times. The washing was carried out using 

decantation of supernatant with centrifugation with 10,000 rpm for 20 minutes at room 

temperature. Finally, the pH of the supernatant was tested with pH paper and when it 

reached approximately in between the range of 5 to 7, the product was dispersed in 

deionized water and dried overnight in an oven at around 60-80˚C. 
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3.3 Preparation of reduced graphene oxide (rGO)  

 

 The reduced graphene oxide (rGO) was prepared by chemical reduction of 

graphene oxide (GO) (Mitra et al., 2013). Initially, 0.08 g of GO was added into a 500 ml 

beaker loaded with 30 ml of ethanol. The GO suspension was then diluted with ultrapure 

deionized water to 250 ml. Next, the solution was sonicated for 1 hour at room 

temperature for well dispersed GO suspension.  

 

 After that, 100 ml of formic acid was added into the sonicated solution and the 

final solution was kept in a three necked round bottom flask. The solution was then 

stirred for 30 hours for reflux at 100°C by using a heating mantle with magnetic stirrer. 

The experimental set up for the preparation of reduced graphene oxide (rGO) was shown 

in Figure 3.4. 

 

 

 

 

Figure 3.4: Experimental set up for preparation of reduced graphene oxide (rGO) 
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 After 30 hours, the heating mantle was off. Then, the solution was washed and 

filtered with methanol, followed by ultrapure deionized water several times until a clear 

solution was formed (see Figure 3.5). Finally, the product was dispersed in deionized 

water and dried overnight in a vacuum oven at around 40-60˚C to obtain reduced 

graphene oxide. 

 

 

Figure 3.5: Clear solution formed after washed and filtered. 
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3.4 Nanocomposites Preparation 

  

 

3.4.1 Compounding 

 

 Natural rubber (NR) was first masticated on the laboratory open two roll mill 

(XK160) for ten minutes. Zinc oxide, stearic acid and other rubber additives were added 

sequentially into the masticating NR. The compounds were prepared as one part of 

nanofiller per hundred parts of natural rubber, formulation is provided in Table 3.1 

according to ASTM D3182. 

 

 

Table 3.1: Compound Formulation 

 

Ingredient 

Compound (g) 

NR NR/GO NR/GO-BT NR/rGO NR/rGO-BT 

Natural Rubber 132 130.7 118.8 130.7 118.8 

ZnO 6.6 6.6 6.6 6.6 6.6 

Stearic Acid 4.0 4.0 4.0 4.0 4.0 

BKF 1.3 1.3 1.3 1.3 1.3 

CBS 2.7 2.7 2.7 2.7 2.7 

Sulphur 3.4 3.4 3.4 3.4 3.4 

GO - 1.3 1.2 - - 

rGO - - - 1.3 1.2 

Bt - - 12.0 - 12.0 
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3.4.2 Curing, Vulcanization and Rheometer Test 

 

The curing of samples were carried out and the curing characteristics, cure time (t90), 

scorch time (tS2), minimum torque (ML), maximum torque (MH) and cure rate index 

(CRI) were determined using a Monsanto Moving Die Rheometer (MDR 2000) 

according to ASTM D2084. Samples of respective compounds were tested at a 

vulcanization temperature of 150°C. Sheets of 2 mm thickness were compressed and 

molded at 150°C ± 2°C with 10 MPa force using a hot laboratory press at the respective 

cure time (t90) determined with the MDR 2000. 

 

Formula for the calculation of CRI: 

𝐶𝑅𝐼 =
100

𝑐𝑢𝑟𝑒 𝑡𝑖𝑚𝑒−𝑠𝑐𝑜𝑟𝑐ℎ 𝑡𝑖𝑚𝑒
    (3.1) 

 

 

 

3.5 Characterization of GNF, GO, rGO and Nanocomposites 

 

 

3.5.1 Fourier Transform Infrared Spectrophotometer (FTIR) 

 

 FTIR (Nicolet photospectrometer 8700) was used to provide the information 

regarding on the chemical bonds and molecular structure of the graphite nanofiber (GNF), 

graphene oxide (GO), reduced graphene oxide (rGO). Potassium bromide (KBr) pressed 

pellet method was applied. Analysis was conducted to determine the absorption band 

with a wavelength range of 4000 cm
-1

 to 400 cm
-1

 with 4 scans at a resolution of 4cm
-1

.  
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3.5.2 X-ray Diffraction (XRD) 

 

 XRD (Siemens XRD Diffractometer 5000) was used to conduct XRD analysis 

with specular reflection mode at room temperature. Analysis of samples were performed 

in the scanning range of 2θ between 0˚ to 80˚ using nickel filtered copper Kα radiation 

(λ=0.154nm) at a scan rate of 1˚/min. Interlayer spacing and crystalline structure of GNF 

and GO were recorded. 

 

Bragg’s Equation was used for the calculation of interlayer spacing : 

 

d= 
𝑛𝜆

2𝑠𝑖𝑛𝜃
                        (3.2) 

 

where: 

d = Interlayer Spacing (Armstrong) 

λ = Wavelength 

 

 

3.5.3 Raman Spectroscopy 

 

 The structural information of GNF and GO, were recorded using Raman 

Spectroscopy on NT-MDT NTEGRA with 473nm laser excitation of power 1.7mW 

focused through 100X objective lens to obtain the structural information of the samples. 

All powder samples were directly deposited on the glass slide in the absence of solvents. 

 

 

3.5.4 Field Emission Scanning Electron Microscope (FESEM)  

 

 FESEM (JOEL JSM 6701F) was used to conduct analysis to determine the 

morphology of GNF, GO, rGO and nanocomposites. The powders were coated with thin 

layer of platinum before the analysis. 
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3.6  Performance Test 

  

 

3.6.1  Tensile Test 

 

 Tensile test was carried out to determine the ultimate tensile strength, elastic 

modulus and percentage elongation at break of the nanocomposites. The tensile test was 

conducted using Tinius Olsen light weight tensile tester machine according to ASTM 

D412 test method using dumb-bell shaped test specimens at a uniform speed of 

50mm/min.  

 

 

3.6.2 Hardness Test 

 

 The hardness of the nanocomposites was measured according to ASTM D2240 

test method. The average value of readings taken at five different locations on each 

samples at room temperature was calculated. 

 

 

3.6.3 Swelling Test 

 

 Swelling behavior of the nanocomposites was measured by the change in mass of 

samples under the exposure of toluene and n-hexane over a period of time. Samples were 

immersed in toluene and n-hexane under ambient temperature for 5 days. Next, samples 

were removed from the liquid and quickly wiped and weighted. The samples were further 

dried in an oven for 24 hours at temperature of 60°C. The dried samples were then cooled 

in a desiccator and weighted. The swelling parameter of respective nanocomposites were 

calculated and recorded. 
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Formulas for the calculation of swelling parameters (Ahmed et al., 2012): 

a) Mol % uptake (Qt) 

𝑄𝑡% =
(𝑊1−𝑊2)/𝑊2

𝑊𝑚
× 100    (3.3) 

 

b) Swelling index (SI) 

𝑆𝐼% = (𝑊2 − 𝑊1)/𝑊1 × 100    (3.4) 

 

 

where: 

W1 = Initial Weight 

W2 = Swollen Wight 

W3 = Dried Weight 

Wm = Molar Mass of Solvent  
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CHAPTER 4 

 

 

 

RESULTS AND DISCUSSIONS 

 

 

4.1 Characterization of GNF, GO and rGO 

 

4.1.1 Fourier Transform Infrared Spectroscopy (FTIR) 

 

 IR spectrum of GNF, GO and rGO are shown in Figure 4.1. The absorption 

frequency regions for the relevant functional groups are summarized in Table 4.1. 

 

 

 

(a) 
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(b) 

 

(c) 

Figure 4.1: FTIR Spectra of (a) GNF, (b) GO, (c) rGO 
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Table 4.1: Absorption Frequency Regions and Respective Functional Groups 

Absorption 

Frequency (cm
-

1
) 

GNF GO rGO Bond Functional Group 

3550-3200  3369 3423 O-H Alcohol/Phenol 

1780-1710  1710  C=O Carboxylic 

1750-1680    C=O Carbonyl 

1700-1500 1570 1588 1637 C=C Aromatic 

1320-1210  1221  C-O Carboxylic 

1260-1000    C-O Alcohol 

1240-1040    C-O-C Epoxide 

 

  

 Peak at 1570cm
-1

 in Figure 4.1(a) indicates the presence of C=C bonds for GNF. 

In Figure 4.1(b), a peak at 1221cm
-1

 indicates the vibration of C-O-C epoxide functional 

groups or C-O stretching of alcohol or carboxylic acid. Another peak at 1588cm
-1

 shows 

the presence of unoxidized C=C bonds in graphite oxide. The next peak at 1710cm
-1

 

represents the stretching vibration of C=O bonds. At 3369cm
-1

, the peak signifies the 

stretching vibration of OH groups. In Figure 4.1(c), a peak at 1570cm
-1

 was observed and 

this indicates the presence of C=C aromatic bond. Next, the peak at 3423cm
-1

 represents 

the unreduced OH bond.  

 

 The presence of oxygen-containing groups in Figure 4.1(b) has proven the 

oxidation of GNF to GO is successful. The removal of C=O and C-O groups at 1710cm
-1

 

and 1221cm
-1

 respectively has proven the successful reduction of GO to rGO. Similar 

absorption peaks were reported by Olanipekun et al, (2015). Other than that, another 

study conducted by Tran et al, (2014) also shown similar absorption peaks for both GO 

and rGO. 
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4.1.2 X-ray Diffraction (XRD) 

 

 XRD data is shown in Figure 4.2. Diffraction peak of GNF at 2θ = 26.3281
o
 

associates to the spacing between the graphitic layers of 0.34nm. Whereas graphite oxide 

shows a relatively very low peak, indicating the preservation of unoxidized graphitic 

surfaces. At 12
o
, a peak was shown by graphite oxide with an interlayer spacing of 

0.74nm. The increment of interlayer spacing is due to the presence of oxygen 

functionalities as it embedded into the layers. Similar peak was reported by Pendolino et 

al. (2015). 

 

 

Figure 4.2: XRD Diffraction Data of GNF and GO 
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o
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4.1.3 Raman Spectroscopy 

 

The Raman spectra of GNF and GO are presented in Figure 4.3. The spectrum of GNF 

shows two peaks at 1587cm
-1

(G-band) and 1349cm
-1

(D-band). The G-band is associated 

to the vibration of sp
2
 carbon atoms whereas D-band is attributed to the defects at the 

edges of the graphitic layers. On the other hand, the spectrum of graphite oxide shows a 

blueshift of 13cm
-1

 in the G-band, this indicates the oxidation of GNF. The intensity 

ratios of the D/G bands (ID/IG) for GNF and GO are 1.0004 and 0.9998 respectively. This 

proves the conversion of sp
2
 carbon atoms to sp

3
 carbon atoms (Hu, Song and Lopez-

Valdivieso, 2015). 

 

 

Figure 4.3: Raman Spectra of GNF and GO 
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4.1.4 FESEM Analysis of GNF, GO and rGO 

 

 Figure 4.4 show the micrographs of GNF, GO and rGO powders under FESEM 

with magnification of 20,000X. From Figure 4.4(a), GNF shows coral tree-like structure. 

Figure 4.4(b) shows the structure of GO with a rougher surface. This is due to the 

presence of oxygen containing groups on the surface of graphitic layers. Similar results 

were reported by Zhao et al., (2014). Figure 4.4(c) shows a wrinkled paper-like structure 

of rGO. A study done by Silwana et al., (2015) had shown similar results. 

 

 

(a) 

 

(b)       (c) 

Figure 4.4: FESEM Micrographs at 20,000X magnification of (a) GNF, (b) GO,  

and (c) rGO 
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4.2 Curing Properties  

 

 Table 4.2 shows the curing properties of the nanocomposites. The cure time (t90) 

and scorch time (tS2) for both rubber compound incorporated with bentonite (BT) are 

longer than the others. The longer cure and scorch time may due to the decreased thermal 

transition of natural rubber in presence of BT which could demote the attainment of 

vulcanization reaction. The cure time and scorch time of NR/rGO nanocomposites are 

slightly longer than control NR, yet it is still within acceptable range. The cure rate index 

(CRI) indicates the curing rate of samples. CRI of NR/rGO nanocomposite is very similar 

to that of control NR and this enables NR/rGO nanocomposite to be applied without 

making changes to the process parameters. Torque difference can be used as a measure of 

the extent of cross linking, maximum torque value and the torque difference for NR/GO 

and NR/rGO rubber compound are higher than those with BT, which indicates the better 

interaction behavior and higher interfacial adhesion between GO, rGO matrix with the 

NR matrix. Hence, the NR chains can be easily intercalated into the space of GO and 

rGO respectively as compared with the BT filled nanocomposites. Malas et al, (2012) 

conducted a study on expanded graphite filled natural rubber nanocomposites had 

proposed a similar explanation. 

 

Table 4.2: Curing Properties  

Curing Properties Compound (g) 

NR NR/GO NR/GO-BT NR/rGO NR/rGO-BT 

ML (dNm) 0.03 0.01 0.01 0.00 0.01 

MH (dNm) 7.80 7.59 6.07 6.63 5.57 

Torque 

Difference 

7.77 7.58 6.06 6.63 5.56 

t90 (min) 7.50 5.99 10.04 7.83 10.16 

tS2 (min) 2.74 2.77 4.58 3.21 4.84 

CRI 21.01 31.06 18.32 21.65 18.80 
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4.3 Performance Test 

  

 

4.3.1 Tensile Properties 

 

Ultimate tensile strength, modulus and elongation at break of nanocomposites are 

recorded and shown in Figure 4.5-4.8. 

 

 

 

 

Figure 4.5: Ultimate Tensile Strength of Nanocomposites 
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Figure 4.6: Modulus at 100% Elongation Comparison of Nanocomposites 

 

 

Figure 4.7: Modulus at 300% Elongation Comparison of Nanocomposites 

 

0.97 0.85 0.71 

6.63 

0.68 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

NR NR/GO NR/GO/BT NR/rGO NR/rGO/BT

M
o
d
u
lu

s 
1
0
0
%

 

2.69 2.50 
1.94 

7.73 

1.86 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

NR NR/GO NR/GO/BT NR/rGO NR/rGO/BT

M
o
d
u
lu

s 
3
0
0
%

  



37 

 

 

Figure 4.8: Percentage of Elongation at Break of Nanocomposites  

 

 Figure 4.5 shows that there is increase in tensile strength only in NR/rGO 

nanocomposites while others are lowered. Nanocomposites incorporated with BT, 

NR/GO-BT and NR/rGO-BT show lower tensile strength as compared to the other two 

NR/GO and NR/rGO nanocomposites. Figure 4.6 and Figure 4.7 show the modulus at 

elongation of 100% and 300% respectively. NR/rGO nanocomposites show significant 

increase in modulus whereas the others getting lower than the control NR. Figure 4.8 

shows the percentage of elongation at break, NR/rGO nanocomposites have the lowest 

EB while the EB of the other three nanocomposites slightly drop. 

 

 Improvement of tensile strength in NR/rGO nanocomposite is because there is 

better stress transfer. rGO is able to disperse well and form better interaction with rubber 

matrix. On the other hand, the modulus increase and the EB of NR/rGO nanocomposite 

decreases. This is due to the delocalization of natural rubber chain on the surface of rGO 

which reduce the elasticity and increase modulus. 

 

 NR/GO-BT and NR/rGO-BT nanocomposites show a significant drop in tensile 

strength in Figure 4.5. As from previous study by Gu et al. (2009), BT is able to improve 

the mechanical properties of NR nanocomposites. However, in this research both 
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nanocomposites with BT show reducing mechanical properties. Hence, we propose that 

when GO or rGO when mix with BT, they tend to stick with each other and form 

agglomerates which will turn out to become stress concentration points as we observed 

from the micrographs through FESEM analysis in Figure 4.4(c) and Figure 4.4(e). 

 

 

4.3.2 Hardness Results 

 

Figure 4.9 show the hardness of nanocomposites. There are only slight changes in the 

hardness value for the nanocomposites. The hardness of NR/rGO nanocomposites is 

slightly increase is due to the increase of stiffness by the rGO within the NR matrix. 

 

/ 

 

 

Figure 4.9: Hardness of Nanocomposites 
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4.3.3 Chemical Resistance 

 

Table 4.3 illustrates the swelling parameter of nanocomposites, swelling parameters 

indicates the chemical resistance of the nanocomposites. It was observed that only the 

NR/rGO nanocomposite shows significant reduction in Mol % uptake (Qt) and swelling 

index (SI). As Qt and SI reduces, this indicates less solvent is able to penetrate into the 

nanocomposites. This is due to good dispersion of rGO which create tortuous path for 

solvent penetration. This also proves that the dispersion of rGO in the NR matrix is better. 

Hence, barrier layer is formed and resulting in more difficult for solvent to penetrate. 

 

Table 4.3: Swelling Parameters  

Solvent Nanocomposites Mol % Uptake (Qt) Swelling Index (SI) 

Toluene NR 1.42 1.33 

NR/GO 1.40 1.31 

NR/GO-BT 1.49 1.39 

NR/rGO 1.24 1.15 

NR/rGO-BT 1.38 1.29 

n-Hexane NR 1.13 0.99 

NR/GO 1.11 0.98 

NR/GO-BT 1.21 1.05 

NR/rGO 1.03 0.88 

NR/rGO-BT 1.09 0.95 
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4.4 FESEM Analysis of Nanocomposites 

 

 Figure 4.10 shows the micrographs of tensile fracture of pure NR, NR/GO, 

NR/GO-BT, NR/rGO and NR/rGO-BT nanocomposites under FESEM with 

magnification of 300X. From Figure 4.10(a), it was observed that the pure NR has a 

smooth fracture surface with no matrix tearing. The fracture is observed to propagate in 

major plane.  

 

 For NR/GO nanocomposite, the fracture surface is clean with no matrix tearing. 

Therefore still propagate in major plane as observed in Figure 4.10(b). When BT was 

incorporated formation of agglomerates was observed in Figure 4.10(c). The 

agglomeration occurred will cause the reduction of tensile strength and modulus. 

 

 Figure 4.10(d) shows the fracture surface of NR/rGO nanocomposites with a step 

surface. Moreover, it was observed that there is no agglomeration at all. This indicates 

good dispersion of rGO in the rubber matrix and will gives better tensile properties. 

Figure 4.10(e) shows the fracture surface of NR/rGO-BT nanocomposites where 

agglomeration was observed. On the fracture surface of both NR/GO-BT and NR/rGO-

BT nanocomposites, where BT is incorporated, agglomeration was observed and these 

agglomerates will be the stress concentration points when force is applied and lead to the 

reduction of tensile strength and modulus. 
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(a) 

 

(b)      (c) 

 

(d)      (e) 

Figure 4.10: FESEM Micrographs at 300X magnification of (a) NR, (b) NR/GO,       

(c) NR/GO-BT, (d) NR/rGO and (e) NR/rGO-BT Nanocomposites 
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 CHAPTER 5 

 

 

 

CONCLUSION AND RECOMMENDATIONS 

 

 

 

5.1 Conclusion 

 

To conclude, GO was produced through conventional Hummers method and rGO was 

produced through chemically reducing GO. Characterization of GO and rGO was done 

via FTIR, Raman Spectroscopy and XRD. Other than that, NR/GO, NR/GO-BT, NR/rGO 

and NR/rGO-BT nanocomposites were successfully produced through two roll mill. The 

cure time and scorch time of NR/GO-BT and NR/rGO-BT nanocomposites increase 

significantly up to 10.04mins and 10.16mins respectively, torque difference of NR/GO-

BT and NR/rGO-BT nanocomposites reduce significantly to 6.06dNm and 5.56dNm 

respectively while the others still within acceptable range. Morphology study of the 

nanocomposites shows that only NR/rGO nanocomposite is having good dispersion in 

rubber matrix. Agglomeration occurs when BT is incorporated as shown by NR/GO-BT 

and NR/rGO-BT nanocomposites. Mechanical properties study shows that only NR/rGO 

nanocomposite is having improved properties with tensile strength of 18.46MPa, 

modulus at 100% elongation of 6.63MPa, modulus at 300% elongation of 7.73MPa. 

However, NR/rGO composite shows the lowest elongation at break of 501.60%. The 

highest hardness value is NR/rGO of 46.7HRA. Oil resistance study reveals that NR/rGO 

nanocomposite is having the highest oil resistance with mol% uptake of 1.24 and 1.03 for 

toluene and n-hexane respectively. The Swelling Index are 1.15 and 0.88 for toluene and 

n-hexane respectively. Based on research, it is optimum to use rGO without using 
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dispersing agent. The mechanical and physical properties of the nanocomposite were 

enhanced. 

 

 

5.2 Recommendation 

 

This study has demonstrated the enhanced mechanical and physical properties of 

NR/rGO nanocomposites. The potential of rGO as a promising nanofiller in natural 

rubber has been proven. Some steps can be done in order to optimise the process and 

properties of the nanocomposites. 

 

 Increase the percentage weight of rGO in natural rubber to investigate the 

optimum loadings of rGO while at the same time the mechanical and physical 

properties were not reduced. 

 Determine type of dispersing agent that can be incorporated to enhance the 

dispersion of rGO in natural rubber matrix. 

 Determine the possibilities of incorporating surface-treated rGO in natural rubber 

matrix. 
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