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ABSTRACT: A larger scale production of Graphene Oxide (GO), reduced graphene oxide (rGO), and 

reduced GO decorated with SiO2 (rGO@SiO2) as graphite-derivatives are reported. The pristine graphite (Gt), 

synthesized rGO, and rGO@SiO2 were dispersed in dioctyl phthalate (DOP) assisted using the sonication 

technique. Styrene Butadiene Rubber (SBR)-based elastomer was first formulated and the homogenized 

samples are loaded into the SBR polymer matrix using a Bunbury-type kneader. Common industrial-grade 

materials were used to synthesize additives and compound formulations, and loading the additives  

into the polymer was mechanically performed. From an economic point of view, it means this product 

could be easily commercialized. Fourier-Transform InfraRed (FT-IR) spectroscopy spectrum index bands 

of prepared GO and rGO@SiO2 appeared at about 1725 and 1064 cm-1, respectively. X-Ray Diffraction (XRD) 

was used to study the crystal structure of the synthesized materials. The surface morphology of the 

synthesized materials and separation of pristine graphite compressed layers were verified with 

Transmission Electron Microscopy (TEM) images. Mechanical tests of the compounded products showed 

good tensile stress, and virtually two folds greater than blank rubber. Thermogravimetric analyses 

investigation showed that a clear improvement of thermal stability of composites increased with adding 

 the synthesized carbon-based additives. The prepared rGO/SBR and rGO@SiO2/SBR composites exhibited 

higher oxidative-induction times (13.84 and 9.39 min, respectively) compared with the blank SBR compound. 
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INTRODUCTION

During the last few decades, many novel polymer 

nanocomposites with enhanced thermal, electrical and  

 

 

 

 

 

mechanical properties have been investigated and applied 

to meet the demand [1-5]. The most commonly used  
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approach to making polymers with mentioned properties is 

the incorporation of nano-additives in the polymer matrix. 

This method is generally preferred over the others because 

it is easily compatible with industrial processes and 

it offers a good compromise between economic considerations, 

mechanical, thermal, and other special properties [6-10]. 

Carbon-based nano-additives, such as Carbon Nano Tube (CNT) 

and graphite derivatives, owing to their intrinsic specific 

properties, were considered an ideal material, which  

can simultaneously improve both the thermal stability and 

mechanical strength of polymers [11-13].  

Among polymeric materials, elastomer-type polymers 

are famous for their easy processing, crack resistance, and 

high flexibility [14, 15]. Styrene-butadiene rubber is one 

of the nonpolar and cheap synthetic elastomers with  

a general purpose that is widely used as one of the components 

of the elastomeric matrix for automotive tires [16, 17],  

as well as for wire and cable applications [18] which can 

be used as a commercial matrix for rubber nanocomposite 

fabrication [19-21]. 

Introducing of ceramic fillers, such as Boron Nitride 

(BN) [22-24], Aluminum Nitride (AlN) [25], aluminum 

oxide (Al2O3) [26, 27], zinc oxide (ZnO) [28, 29], silicon 

carbide (SiC) [30, 31] and carbon-based materials [32-34], 

into a polymer matrix have attracted more attention  

in order to improve their thermal conductivity and 

electrical insulating properties. In general, nitrides may 

provide many better-desired attributes in comparison with 

oxides, they are, however, also more expensive than oxides [35]. 

Graphene nanosheets and their derivatives exhibit superior 

mechanical, thermal, and electrical properties to 

elastomeric polymers [36-38]. The unique properties of 

graphene arise from 2-dimensional (2D) sheet-like 

chemical structure. Due to the covalently strong bonded  

of each carbon to three other carbon atoms, graphene  

nano-layers show great stability and very high tensile 

strength. The dense packing of atoms and the strong chemical 

bonds between them causes the rapid transmission of 

vibrations between the neighboring atoms in a layer [39-41]. 

Coating of electrically insulating layers onto carbon-based 

materials has been widely developed, for example, 

Al2O3@rGO [42], rGO@SiO2 [43, 44], and SiC@GO [45]. 

Although these kinds of surface modifications of graphene 

increase the thickness of layers due to the association of 

organic molecules, they would prevent agglomeration of 

the layers [46]. 

In this study, few-layer GO was synthesized from 

commercially grade graphite flakes using a modified 

Hummers method. The prepared GO layers were 

chemically surface-modified to synthesize rGO@SiO2.  

A simple one-step process was applied to prepare reduced 

graphene oxide (Fig. 1). The synthesized graphite-based 

derivatives were used separately as an additive to improve 

the thermal and mechanical properties of SBR elastomer. 

 

EXPERIMENTAL SECTION 

Materials 

Hydrochloric acid (37%) and KMnO4 came from  

Dr. Mojallali Co. Ltd (Iran). Sulfuric acid (98.5 %) and 

phosphoric acid (48-54 %) were received from Razi 

Petrochemical Company (RPC, Iran). Ethanol (96%), 

tetraethyl orthosilicate (TEOS), and hydrogen peroxide (30%) 

were provided from Merck Co. Ltd. Styrene-butadiene rubber 

(SBR-1502, with styrene content 22.5-24.5 wt%) received 

from Bandar Imam Petrochemical Company (BIPC, Iran). 

Other reagents were all analytical-grade and commercially 

available. Deionized water was used throughout the whole 

work. 

 

Preparation of GO 

GO was prepared from commercially grade graphite 

flake via a modified Hummer’s method. Gt (30 g) was dispersed 

in a mixture of phosphoric acid (50 mL) and sulfuric acid 

(450 mL) using continuous stirring at room temperature for 

3 h. The mixture was cooled down (to 5 ℃) in an ice bath, 

and potassium permanganate (90 g) was very slowly added 

so that the temperature does not increase from 10 ℃. The 

mixture was stirred for 2 h (at lower than 20 ℃). The 

reaction mixture was stirred for a further 2 h (at 50 ℃) and 

then cooled using an ice bath to 5 ℃. Ice water (450 mL) 

was slowly added to the reaction mixture maintaining 

the temperature at 50 ℃ or less. H2O2 (30 wt.%) was  

then slowly mixed into the reaction until the bubbling  

has stopped completely. The brown colored product  

was filtrated, washed with HCl (10%, 3 times) followed 

with water (5 times), and was then freeze-dried (at -50 ℃ 

for 24 h) [47, 48]. 

 

Synthesis of reduced graphene oxide (rGO) 

The reduced graphene oxide was prepared using  

a modified approach [49]. In a typical procedure, graphite 
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Fig. 1: Schematic presentation of synthesis of GO, rGO@SiO2, and rGO. 

 

flakes (20 g) were dispersed in a mix of phosphoric acid 

(39 mL) and sulfuric acid (300 mL) in an ice-water bath 

(at 0-5 °C, for 50 min). Potassium permanganate (60 g) 

was slowly added by maintaining the temperature under  

12 °C. The reaction was carried out at 50 °C under 

a mechanical-mixing process (until the reaction color 

changes from dark green to brown, 1.5 h). Water (100 mL) 

and sodium hydroxide solution (100 mL, 1 M) were 

added to the reaction, stirring was carried out for  

a further 40 min. Ascorbic Acid (AA) powder (100 g) 

which was dissolved in water (500 mL) was added to 

the viscose graphite oxide suspension (at room 

temperature). A dark brown slurry solution was quickly 

obtained. After maintaining the reaction temperature  

at about 98-103 °C (for 2 h), exfoliation was started and 

carried out for 15 min. The resultant black precipitate 

was washed using HCl and water with vacuum filtration 

and dried under vacuum at 80 °C.  

 

Preparation of rGO@SiO2 

The prepared GO (20 g) was dispersed in a mixture of 

the solvent containing water (90 mL) and ethanol  

(480 mL, 96%) using sonication (30 min) followed by  

the addition of NH4OH (40 mL, 25%) under stirring  

(for 15 min). TEOS (42 mL) was added drop-wise into  

the solution and sonicated further (for 40 min).  

After stirring the mixture at room temperature (2 h), 

hydrazine hydrate (40 mL) was added and refluxed  

(at 80 ℃ for 12 h). The resulting product was filtrated and 

washed with water and ethanol several times; oven dried 

(at 70 ℃ for 24 h) to obtain a chemical called rGO@SiO2 

composite [43]. 

Formulation of rubber compound 

The sequences of rubber compounding were done 

based on ASTM D3184-80 on a Bunbury-type kneader by 

the following two steps: master batch preparation (at ~100 ℃) 

and finally compounding process (at 50-60 ℃). 

The preparation of the blank (without synthesized 

additives) master batch followed by: the raw SBR (with 

styrene content 22.5-24.5 wt%, 500 g) masticated in the 

kneader (for 15 min at 100 °C). Plasticizer (DOP), filler 

(CaCO3), ZnO, and stearic acid (St) were added and mixed 

(frequency of 125 Hz, for 40 min at 100-108 °C). 

The produced master batch was cooled at room 

temperature, and immersed into the kneader again, followed 

by adding DOP, sulfur (S), and MBTS, mixed (frequency 

of 111 Hz, for 20 min at 70 °C) to prepare the final rubber 

dough. The sheets (10×10×0.5 mm) of the rubber dough 

were prepared using a two-roll mill and vulcanized  

in an oven (at 160 °C for 40 min).  

All other sheets were prepared in the same process.  

For better distribution in the SBR chains, the additives 

(graphite, rGO, and rGO@SiO2) were dispersed in DOP 

using the sonication technique (for 30 min) and then added 

to the elasticated SBR (Table 1).  

 

Characterization 

The microstructure and surface morphology of the 

synthesized materials were studied by Transmission 

Electron Microscope (TEM, LEO 912 AB, Germany).  

The chemical structure of the materials at each stage  

was followed by using FT-IR spectroscopy (Thermo-Nicolet 

Avatar 370) using a standard KBr pellet technique. X-Ray 

Diffraction (XRD) analysis was carried out in the room  
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Table 1: Formula of SBR composites reinforced with graphite and modified graphite layers. 

Processing steps Ingredients 
Samples code 

Blank (phr) Gt/SBR (phr) SiO2@rGO/SBR (phr) rGO/SBR (phr) 

Master batch production process 

SBR 100 100 100 100 

DOP 40 40 40 40 

St 2 2 2 2 

Filler (CaCO3) 90 90 90 90 

ZnO 5 5 5 5 

Gt - 4 - - 

SiO2@rGO - - 4 - 

rGO - - - 4 

Finally processing S = 3 phr, MBTS = 3 phr, DOP = 10 phr 

 

temperature from 2𝜃=5° to 40° at a generator voltage  

of 40 kV and a generator current of 30 mA with a step  

size of 0.05° using a GNR EXPLORER (Italy). 

Thermogravimetric analysis (TGA-50, Shimadzu Co., 

Japan) was conducted to mass loss percentage measuring 

of the products, with a heating rate of 10 ℃/min from  

100 ℃ to 800 ℃ under an air atmosphere. The Oxidation 

Induction Time (OIT) of the products was evaluated by  

a 100-L differential scanning calorimeter (Nanjing Dazhan 

Institute of Electromechanical Technology, China) 

according to the standard method (ISO 11357-6, 2008).  

A testing machine Instron (SANTAM STM-5) with 50 N 

load cell was used for the investigation of tensile and 

elongation properties of the final products.  

 

RESULTS AND DISCUSSION 

The topography of the synthesized GO layer is shown 

in Fig. 2. A two-dimensional line profile recorded along 

the dashed line of Fig. 2d is presented. This height profile 

of approximately 0.3 nm layer thickness confirms the detection 

of a single GO sheet as shown in Fig. 2d. This height is 

similar to single-layer GO sheet heights reported in the 

previous study [50]. 

The structure and morphology of the synthesized 

GO and rGO@SiO2 surface were investigated using 

TEM images (Fig. 2). It is clear how the graphite 

sheets are placed on each other and appear as a large 

thick dark flake (Fig. 2a). 

Fig. 2b shows that the graphene oxide sheets are smooth 

and exhibited a transparent few-layered structure [51].  

In the final product, however, the particles are coated 

uniformly on the graphene surface and silica layer  

has been formed (Fig. 2c) [52]. The images prove that after 

graphite oxidation the number of layers is reduced, 

crystallinity decreased and amorphization occurs. 

Fig.3 shows the FT-IR spectra of pristine material and 

the synthesized samples. The index bonds of the 

synthesized GO spectra at 1603, 1225, and 1051 cm-1
  

are assigned to the C=C bending, C-O vibration, and C-O-C 

stretching, respectively. Stretching vibrations of carbonyl 

groups observed at 1725 cm−1 indicate the formation of 

carboxyl, quinone, and six-membered lactone moieties after 

oxidation of graphite.  The broad band at ~3300–3400 cm−1  

attributed to the C–OH stretching vibrations [53]. The 

analysis of rGO presented two bonds at 3431 and 1570 cm−1 

corresponding to the stretching and bending vibration of 

OH groups of water molecules adsorbed on rGO (Fig. 3).  

Although the graphite oxide had been reduced by 

hydrazine, the peak at 1110 cm−1 corresponds to the 

stretching vibration of C−OH of alcohol was observed 

in FT-IR spectrum of rGO. The peaks located at 1064, 

1631, and 3428 cm-1
 

in the final product, correspond to the 

asymmetry stretching mode of Si-O-Si, the bending 

vibration of H-O-H, and the stretching vibration of -OH, 

respectively (Fig. 3). 

The crystalline structure of graphite and its synthesized 

derivatives were studied using XRD analysis, as shown  

in Fig. 4. The X-ray diffractogram for pristine graphite 

powder (Fig. 4) provided a characteristic peak at 2𝜃=26 

(d002=0.34 nm) related to 002 planes [54]. The diffraction  
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Fig. 2: TEM images of (a) graphite, (b) GO, (c) rGO@SiO2, and (d) AFM image of the synthesized GO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: FT-IR spectrum of the synthesized products. 

 

2𝜃 peak of the oxidized graphite is shifted to 2𝜃=10, 

refers to interspace-expanding of the layers due to full 

carboxyl functionalization of nanosheets. The GO 

diffraction peak shifted to a lower diffraction angle than 

that observed for the graphite, confirming successful GO 

preparation achieved using the proposed modified 

Hummers method. However, after the preparation of rGO 

and rGO@SiO2, the XRD pattern showed a typical broad 

peak of about 2𝜃 ≈ 23° corresponding to the reduced GO 

planes [55]. 

The tensile stress-strain response of the elastomeric 

composites fabricated with and without the synthesized 

thin flakes is presented in Fig 5. The tensile stress  

of the blank, SBR is 0.28 MPa. An increase in tensile 

stress was observed for composites formulated by graphene 

(rGO) and rGO@SiO2. For example, the tensile stress of 

polymer reinforced with 4 Phr of rGO and rGO@SiO2 

increased to 0.56 MPa and 0.50 MPa, which 2 and 1.78 

times higher than the blank SBR, respectively. Other 

investigations about tensile elongation showed a 

decrease in elongation to failure with the incorporation 

of the filler, which is common for material composites.  

The behavior could be due to the improved interfacial 

interaction and suitable dispersion of the additives. The 

large surface area layer-like additives can strongly 

reinforce the stiffness and strength of SBR matrix,  

as a result, the tensile strain of the same additive-loaded 

polymers decreases [56]. Therefore, high-strength 

elastomer composites can be obtained with uniformly-

dispersed graphene-based additives.  
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Fig. 4: XRD patterns of pristine graphite, synthesized GO and SiO2@rGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Tensile stress and strain properties of the processed SBR 

and composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: TGA curves of the processed SBR-based compounds. 

 

 

The TGA thermograph of SBR compound and the 

composite samples in an air atmosphere (Fig. 6) displayed 

multistep degradation under the heating rate of 10 ℃.  

The initial degradation of the manufactured SBR is at 175 ℃ 

which ends around 280 ℃. The weight loss at low 

temperatures can be due to some oligomers and 

intermediates involved in the composition [57]. At the 

degradation temperature of about 450-550 and 650-800 ℃, 

the weight loss percentage was decreased from 43.5 to 40 

and 76.8 to 74.2 respectively, with the addition of  

the synthesized additives (4 phr). Increasing the thermal 

stability of the compounded products with the addition  

of large surface area additives could be attributed to the 

improvement in interfacial adhesion between the carbon-

based layers and the elastomeric chain [56].  

OIT is a sensitive method to determine the level of 

antioxidative additives within the polymer (e.g. rubbers), 

especially for those with unsaturated C-C bonds suffering 

from thermo-oxidative aging due to the integrated effects 

of heat and oxygen, which is the underlying process of 

materials degradation and of concern in various 

applications. Based on this, the antioxidative efficiency of 

the synthesized rGO and rGO@SiO2 was evaluated by 

oxidation induction time (OIT) for elastomeric composites 

as shown in Fig. 7. Accordingly, Fig. 7a shows that the degradation 

of the neat SBR is faster than that of rGO/SBR and 

rGO@SiO2/SBR but is slower than that of Gt/SBR 

compound. The OIT values of the neat SBR compound, 

Gt/SBR, rGO/SBR, and rGO@SiO2/SBR were 30.46, 

26.04, 44.33, and 39.85 min, respectively. The highest OIT 

values at 4 phr loading of rGO and rGO@SiO2 were 1.45 

and 1.3 times longer than that of neat SBR, respectively.  

It indicated that the thermal-oxidative stability of SBR 

was saliently improved with 4 phr loading of the thin materials. 
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Fig. 7: DSC curves of the compounds for OIT study: (a) neat SBR (without additive), (b) SBR/graphite, (c) SBR/rGO,  

(d) SBR/rGO@SiO2, (−: DSC as a function of time, −: temperature as a function of time, −: OIT). 

 

High resistance to oxidative degradation of the 

modified SBR compound can be related to the fine 

dispersion of the synthesized additives in the polymer 

matrix [58]. Uneven distribution of block-like compressed 

layers of the graphite in the polymer chains can be one of 

the important reasons for the decrease in their oxidative 

resistance. 

 

CONCLUSIONS 

GO has been synthesized by a modified Hummers 

method from graphite powder. The synthesized GO was 

surface modified by TEOS to prepare SiO2-coated rGO 

sheets. rGO was synthesized following an inexpensive one-

step approach from pristine graphite, separately. Using the 

presented approaches have obtained a high yield and good 

quality of the GO, rGO@SiO2, and rGO powders. Oxidation, 

reduction, and surface coating of the material's chemical 

structures were confirmed by XRD and FT-IR analyses. 

The separation of the compressed layers of the pristine 

graphite is confirmed with TEM image. The synthesized 

layer-like materials were successfully mechanically loaded 

into SBR matrix. The mechanical and thermal behavior of the 

compounded products so much has grown by adding only  

4 phr of the synthesized materials. So, the tensile stress  

of the modified products increased virtually two times greater 

than the neat SBR. Loading of the reduced and modified GO 

showed much better thermal stability than blank SBR with 

excellent long-term thermo-oxidative aging resistance.  

Due to the unique properties of the synthesized and final processed 

products, these methods can provide a new approach of about 

GO preparation, its derivatives, and nanocomposites of 

elastomer/carbon-based materials. The elastomeric composites 

can apply to future various applications like electronic 

packaging and thermal management. 
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