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In this research, two carbon structures silica nanohybrids Pickering emulsions were prepared. 

Graphite and activated carbon were carbon allotropes with different morphologies of laminar and 

spherical, respectively. The effect of carbon morphology investigated on the related silica 
nanohybrids Pickering emulsions for C-EOR. Therefore, nanohybrids were prepared with graphite 

and activated carbon through the sol-gel method based on different weight percents and two 

different methods. X-Ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FE-
SEM), and Thermal Gravimetric Analysis (TGA) used characterize the synthesized samples. 

Pickering emulsions of these nanohybrids were prepared by utilizing octane as oil model, suitable 

anionic surfactants and an alcoholic co-surfactant with pH=7 at room temperature using distilled 
water. The apparent stability of Pickering emulsion studied over a period of one month. The results 

of analyses indicated that graphite/silica nanohybrids Pickering emulsions had superior properties 
for C-EOR in comparison to activated carbon/silica nanohybrids Pickering emulsions. It concluded 

that laminar morphology is more significant than the spherical morphology of carbon structure for 

the mentioned purpose. According to emulsion phase morphology, the optical microscopic images 
showed that the best samples were 70% graphite/silica (method 2) and 50% activated carbon/silica 

(method 2). The results of contact angle measurement represented that the 70% graphite/silica 

nanohybrid (method 2) is more effective on the stone reservoir improvement, which can change the 
wettability from oil-wet to water-wet. Nanofluid of 70% graphite/silica nanohybrid (method 2) 

could reduce interfacial tension. 
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1. INTRODUCTION 
 
S. Pickering discovered Pickering emulsion, which 

referred to as emulsion, stabilized by solid particles in 

1907 [1]. Solid particles adsorbed onto the interface 

between the two phases [2]. The particles tend to 

stabilize O/W or W/O emulsions depending on whether 

they are more hydrophilic or hydrophobic, respectively. 

Effective parameters such as the particle size and the 

surface wettability are key factors in controlling 

emulsion properties [3]. Pristine carbon structures have 

amphiphobic nature. Therefore, they are accumulated at 

the water/oil interface rather than dispersing in any of 

the bulk phases. Silica particles have also extensively 

investigated regarding oil-in-water Pickering emulsions 

as hydrophilic emulsifiers [4].  

The oxidation process causes the dispersion of graphite 

oxide sheets in water and other polar solvents because 

of functional groups such as carboxyl, epoxy and 
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hydroxyl in the edges [5-8]. The activated carbon is a 

form of carbon with low pore volumes, which increases 

the available surface area for adsorption or chemical 

reactions [9-15]. In this research, two carbon structures 

silica nanohybrids are prepared. Graphite silica 

nanohybrid shows better Pickering emulsion properties 

for C-EOR in comparison with similar silica 

nanohybrids prepared with activated carbon. According 

to the results of contact angle and interfacial tension 

measurement, 70% graphite/silica nanohybrid (method 

2) is more effective to improve the stone reservoir 

wettability alteration from oil-wet to water-wet and 

reduce the interfacial tension.  

 
 

2. MATERIALS AND METHODS 
 

Graphite and activated carbon (commercial grade) 

obtained from the Nanotechnology Research Center of 

http://www.acerp.ir/
https://en.wikipedia.org/wiki/Interface_%28chemistry%29
https://en.wikipedia.org/wiki/Phase_%28matter%29
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Surface_area
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/Chemical_reaction


M. Alaei et al. / ACERP:Vol. 6, No. 1, (Winter 2020) 30-35                                                        

Research Institute of Petroleum Industry (RIPI). 

Commercial sodium silicate solution (SiO2/Na2O=3.35) 

was used as the precursor for silica structure. Sodium 

dodecylbenzene sulfonic acid (SDBS), 2-propanol and 

n-octane purchased from Merck Chemical Company, 

which used without further purification. 

Morphology evaluation of the as-prepared nanohybrids 

performed with Field Emission Scanning Electron 

Microscopy (FE-SEM) by a Holland Phillips XL30 

microscope. A Holland Philips X-ray powder diffraction 

(Cu Kα, λ=1.5406Å) was used to record XRD patterns 

of the samples at a scanning speed of 2˚min-1 from 20˚ 

to 80˚. A Philips EM 208 FEG instrument operating at 

90kV used to perform transmission Electron 

Microscopy (TEM). A Quantimet-570 microscope used 

to prepare optical microscopic images. 

 
2.1. Functionalization of carbon structures 
Carbon structures were acid-treated using concentrated 

HNO3. Thus, carbon structures (2g) first added to a 

mixture of distilled water (160ml) and nitric acid 

(140ml) and they allowed refluxing for 10h. The sample 

dried at 60ºC after the filtration and neutralization with 

distilled water. 

 
2.2. Synthesis of carbon structures/silica 
nanohybrid 
 
2.2.1. Method 1: Addition of carbon structure in 
media before starting the synthesis of silica 
nanoparticles  
Suitable amount of the functionalized carbon structure 

for 70wt%, 50wt%, and 10wt% nanohybrids were 

dispersed individually in 2.5% HCl solution (30ml) in 

ambient temperature. After this step, sodium silicate (2-

3ml) added to the mixture. The solution washed with 

distilled water and then, dried at 60ºC after mixing for 

about 5h. 

 
2.2.2. Method 2: Addition of carbon structure 
during silica nanoparticles synthesis steps 
Sodium silicate (2-3ml) first dissolved in 2.5% HCl 

(30ml) at ambient temperature. The suitable amount of 

the functionalized carbon structure for 70wt%, 50wt%, 

and 10wt % nanohybrids was then dispersed in 2.5% 

HCl solution (30ml) in ambient temperature. The 

solution washed with distilled water and then dried at 

60ºC after mixing about 5h. 

 

2.3. Preparation of Pickering emulsions 
Nanohybrid (0.05g) dissolved in distilled water (50ml) 

and then sonicated for 10 minutes in an ultrasonic bath. 

Afterward, SDBS (0.15g), 2-propanol (3ml) and n-

decane (3ml) added to the solution as the model oil and 

the mixture sonicated for 10 minutes again. The stability 

of Pickering emulsions of these nanohybrids studied 

over a period of one month. 

 

 
3. RESULTS AND DISCUSSION 
 
3.1. Modification of carbon structure 
The hydrophilicity of carbon structure was enhanced by 

modification with nitric acid to produce O/W emulsion. 

The amount of oxygenated groups on the surface of the 

carbon structure related to the treatment time with 

HNO3. Oxygen containing groups (e.g., alcohols) are 

located on the surface and edges of graphite sheets as 

well as the surface of activated carbon.  

 

3.2. Synthesis of carbon structures/silica 
nanohybrids  
Nanohybrids determined by XRD, SEM, and TGA 

analyses with the most emulsion stability. Figures 1a, 

1b, and 1c, show XRD patterns of silica nanoparticles, 

70% graphite/silica nanohybrid (method 2) and 50% 

activated carbon/silica nanohybrid (method 2), 

respectively. As shown in Figure 1a, silica nanoparticles 

have amorphous structures with a broad peak at 24° 

[16]. Figure 1b shows that 70% graphite/silica 

nanohybrid (method 2) has a crystalline structure with 

two main peaks at 31° and 64°, indicating that the 

carbon phase dominates the silica phase. In addition, 

50% activated carbon/silica nanohybrid (method 2) has 

an amorphous structure (Figure 1c). 

Figures 2a, 2b, and 2c show the SEM images of silica 

nanoparticles, 70% graphite/silica nanohybrid (method 

2) and 50% activated carbon/silica nanohybrids (method 

2) ,  respectively. As  observed  in  Figure 2a,  

spherical silica nanoparticles have been formed with 

diameters as much as 50 nm. Figure 2b shows that 

spherical silica nanoparticles attached to graphite sheets 

with an average diameter of 40nm (calculated with the 

special software program. According to Figure 2c, silica 

nanoparticles are perched on activated carbon. 

Figures 3a and 3b show thermal Gravimetric Analysis 

(TGA) results of 70% graphite/silica nanohybrid and 

50% activated carbon/silica nanohybrid in a nitrogen 

atmosphere with 0.1oC.min-1 temperature rate increase, 

respectively. The diagram drop at 100°C related to the 

moisture outflow from the sample. Carbon structures 

were degraded at about 260-270ºC. The Silica 

nanoparticles remain stable even at 800oC due to their 

high thermal stability.
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Figure 1. XRD patterns of (a) silica nanoparticles (b) 70% 

graphite/silica (method 2) (c) 50% activated carbon/silica 

(method 2) 

 

This result suggests that the assemblies of silica 

nanoparticles have good stability on MWCNT  which is 

attributed to the unique structure. Two kinds of binding 

forces may exist between the silica and MWCNT. Silica 

precursors would adsorb onto the walls of MWCNT 

during the sol-gel process due to the porous nature of 

MWCNT, and eventually the silica nanoparticles would 

physically anchor onto the MWCNT. On the other hand, 

as there are defects on the walls of MWCNT (e.g., 

hydroxyl group existing on the defects), some silica 

precursors  would  covalently 

Nanohybrids prepared by the addition of a carbon 

compound during the silica nanoparticle preparation 

through the sol-gel method via two different mixing 

methods:  

 

 

 

Figure 2. SEM images of (a) silica nanoparticles (b) 70% 

graphite/silica (method 2) (c) 50% activated carbon/silica 

(method 2) 

 
 

bond to MWCNT. The OH groups act as the centers of 

molecular adsorption during their specific interaction 

with adsorbents capable of forming a hydrogen bonding 

with the OH groups or undergoing donoracceptor 

interaction. On the SiO2 surface, there also exist surface 

siloxane groups or -Si-O-Si- bridges with oxygen atoms 

on the surface [11]. 

Method 1: Addition of carbon compound before the 

beginning of silica nanoparticle synthesis. 

Method 2: Addition of carbon compound during the step 

of synthesizing silica nanoparticle.
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Figure 3. Thermal Gravimeteric analysis (TGA) of (a) 

70% graphite/silica (method 2) (b) 50% activated 

carbon/silica (method 2) 

 

 

Figure 4 shows the schematic formation of Pickering 

emulsions of the as-prepared nanohybrids. Nanohybrids 

act as surfactants in oil recovery processes and they can 

reduce the interfacial tension (IFT) between oil and 

water. The emulsion stability of nanohybrids Pickering 

emulsions for one month, and the corresponding images 

have shown in Figure 5. The stability of graphite/silica 

and activated carbon/silica nanohybrids Pickering 

emulsions prepared after a month by two different 

methods are shown in Figures 5a and 5b, respectively. 

 

 

 

 

Figure 4. Schematic formation of the Pickering emulsion 

 

 

Therefore, 70% graphite/silica Pickering emulsion were 

prepared by method 2 possesses the least precipitation 

and the best stability (Figure 4a). Figure 4b shows the 

comparison between the emulsion stability of activated 

carbon/silica nanohybrids. As represented in the Figure, 

70% and 50% activated carbon nanohybrid emulsions 

prepared by method 2 showed good stability. However, 

50% activated carbon/silica had the lowest precipitation. 

Thus, the best stability achieved by Pickering emulsions 

including 70% graphite/silica nanohybrid and 50% 

activated carbon/silica nanohybrid prepared through 

method 2. 

 
 

 

 

Figure 5. Nanohybrids Pickering emulsions of (a) 

graphite/silica (b) activated carbon/silica 

 
 

Optical microscopic images of the nanohybrid Pickering 

emulsions have shown in Figure 6. As observed in 

Figure 6, 70% graphite/silica nanohybrid and 50% 

activated carbon/silica nanohybrid prepared by method 

2 have small droplet size with spherical shape and solid 

particles have surrounded the droplets very well [17-19].  

This can explain Pickering emulsion stability results 

derived for 70% graphite/silica nanohybrid. Moreover, 

50% activated carbon/silica nanohybrid prepared by 

method 2 shows homogenously dispersed emulsion 

droplets with the smallest precipitation. 

Figure 7 indicates that the contact angles for (a) water 

droplet and stone reservoir, (b) water droplet and stone 

reservoir with a layer of 50% activated carbon/silica 

nanohybrid (method 2) and (c) water droplet and stone 

reservoir with a layer of 70% graphite/silica nanohybrid 

(method 2) are 143.47, 75.03, and 65.67, respectively. 

As observed, the 70% graphite/silica nanohybrid 

(method 2) with the smallest contact angle is more 

hydrophilic and can better alter the carbonate reservoir 

rock wettability from oil-wet to water-wet.
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Figure 6. Emulsion phase optical microscopic images of 

(a) graphite/silica (b) activated carbon/silica 

 

 

 

Figure 7. Contact angle between the water droplet and (a) 

carbonate rock reservoir (b) stone reservoir with a layer of 

50% activated carbon/Silica Nanohybrid (c) stone reservoir 

with a layer of 70% graphite/silica Nanohybrid 

 
The graphite layer structure can presumably be better 

spread on a stone reservoir compared with spherical 

activated carbon. Consequently, 70% graphite/silica 

nanohybrid (method 2) is more effective in changing the 

stone reservoir wettability from oil-wet to water-wet. 

As indicted by the interfacial tension results (Figure 8), 

the corresponding amount for injection droplet of (a) 

water, (b) 50% activated carbon/silica nanohybrid 

(method 2) and (c) 70% graphite/silica nanohybrid 

(method 2) are 53.90, 31.21, and 29.95 mN.m-1, 

respectively.  

The maximum amount corresponds to the injection of 

water, and the minimum amount is associated with the 

injection of nanofluid of 70% graphite/silica nanohybrid 

(method 2). Thus, 70% graphite/silica nanohybrid 

(method 2) Pickering emulsion shows the best 

properties in comparison with other nanohybrids 

investigated in this work, and therefore, it can used in C-

EOR.  

 

 

 

Figure 8. Interfacial Tension of (a) water, (b) 50% 

activated carbon/silica nanohybrid, (c) 70% graphite/silica 

nanohybrid 

 

 
 

4. CONCLUSION 
 

In this work, graphite and activated carbon nanohybrids 

with silica nanoparticles synthesized with different 

weight percentages via the sol-gel method. The 

corresponding nanohybrid Pickering emulsions were 

prepared using n-octane as the model oil, a suitable 

anionic surfactant (such as SDBS) and 2-propanol as an 

alcoholic co-surfactant at pH=7, and room temperature 

using distilled water. Further, the nanohybrids were 

prepared via two different approaches including the 

addition of carbon compound before the beginning of 

silica nanoparticle synthesis (Method 1) and addition of 

carbon compound during the step of synthesizing silica 

nanoparticle (Method 2). Optical microscopic images 

have used to investigate emulsion phase morphology. 

The best samples were 70% graphite/silica and 50% 

activated/silica nanohybrids prepared by method 2, as 

indicated by comparison of the results. According to 

contact angle and interfacial tension measurement 

results, the 70% graphite/silica nanohybrid (method 2) 

was more effective on the improvement of the stone 

reservoir wettability alteration from oil-wet to water-
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wet. The results show that 70% graphite/silica 

nanohybrid (method 2) Pickering emulsion was better 

than activated carbon/silica nanohybrids which can be 

applied in C-EOR.  
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