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a b s t r a c t
In this research, we have proposed a very simple and economical preparation method for nanoporous
graphene/silica nanohybrid (sol–gel method) that the related Pickering emulsion will be suitable for
Chemical Enhanced Oil Recovery (C-EOR). This preparation method is preferred to the similar previous
researches. For evaluation of the mentioned Pickering emulsion properties, we have prepared other carbon structures (MWCNT and graphite)/SiO2 nanohybrids with different weight percent. The as-prepared
nanomaterials were characterized with X-ray diffraction (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM) and Thermal Gravimetric Analysis (TGA).
The nanohybrids Pickering emulsions were prepared with n-Octane as oil model, suitable anionic surfactant (such as SDBS) and 2-Propanol as alcoholic co-surfactant at pH = 7 in ambient temperature and
with distilled water. The mentioned Pickering emulsions stability was controlled for one month.
Emulsion phase morphology was investigated with optical microscopic image. Evaluation results demonstrated that the best samples are MWCNT/SiO2 and nanoporous graphene/SiO2 nanohybrids. Stability of
the selected nanohybrids was investigated by alteration of salinity, pH and temperature and results
showed that the related Pickering emulsions of the selected nanohybrids have very good stability at
1% salinity, ambient and several oil reservoir temperatures (25 °C, 90 °C, 105 °C and 120 °C) and neutral
and alkaline (7,10) pH that is suitable for the oil reservoirs conditions but contact angle measurement
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results showed that the nanoporous graphene/SiO2 nanohybrid is more effective for improvement of the
stone reservoir wettability alteration from oil-wet to water-wet in comparison to the other samples.
Interfacial tension evaluations indicate that the maximum amount is related to the injection of water
and the minimum amount is related to the injection of nanoporous graphene/SiO2 nanohybrid nanofluid.
This result indicates the nano porous graphene/SiO2 nanohybrid can better reduce the interfacial tension
in comparison to the other samples. Our results demonstrated that the nanoporous graphene/SiO2
nanohybrids Pickering emulsion has superior properties to the MWCNT/SiO2 nanohybrids Pickering
emulsion (that we presented in our previous research) for Chemical Enhanced Oil Recovery (C-EOR)
and the nanoporous graphene/SiO2 nanohybrid can improve the rheological behaviour of polymer suspensions that are suitable for polymer flooding technique.
Ó 2017 Published by Elsevier Ltd.

1. Introduction
Because of increasing demand for oil particularly in the developed and developing countries, well productivity improvement is
very important. Also the discovery of new oil fields is very limited
[1]. Two thirds of the original oil in place (OOIP) in a reservoir is
not produced and needs for recovery by suitable EOR methods is
obvious. The entrapped oil can be recovered if the capillary forces,
whose strength is set by the oil/water interfacial tension (IFT) are
reduced by three to four orders of magnitude and viscosity of the
displacing fluids increases [2].
Most of the oil reservoirs are hardly having uniform porosities,
thus when water or other fluids are injected at high pressure condition, they generally follow the path of the least resistance formation section and cause early breakthrough of injected fluids. This
causes the trapped oil by-passed in the lower permeability zones.
Chemical flooding is one of the best EOR processes that can be used
to recover up to an additional 35% of OOIP and is one of the major
EOR techniques especially for reservoirs where thermal methods
are not feasible. Recently chemical flooding in different modes like
injection of polymer, polymer/alkaline, surfactant/polymer, alkaline/surfactant/polymer (ASP) and microemulsion are getting more
importance because of significant potentiality [1,3–7]. EOR by
microemulsion flooding has become more attractive in recent
years in order to its high level of extraction efficiency [8–11].
Microemulsion flooding is preferred over alkali, surfactant or polymer flooding due to unique physicochemical properties like production of ultra-low IFT, moderate viscosity, good water
solubilisation capacity and nano sized droplets. Another important
property of microemulsion is its droplet size. In particular, the size
distribution of microemulsion gives essential information for reasonable understanding of the governing mechanism of the both
stability and porous media diffusion. Several mechanisms such
reduction of IFT, emulsification of oil and water, solubilisation of
interfacial films, wettability reversal, viscosity improvement, etc.,
are responsible for the improved oil recovery [1]. It has been
known that emulsions could remain stable by adding suitable surfactants for a long time. A new method that is called Pickering
emulsion that stabilized by solid particles instead of organic surfactants is used in recent years [12]. Comparison between Pickering emulsions which are stabilized by particles and classical
emulsions which are stabilized by surfactants, show that Pickering
emulsions have increased stabilities [13,14]. In general, hydrophobic and hydrophilic properties of particles will determine the type
of emulsions, so hydrophilic particles tend to stabilize the oil- inwater (o/w) emulsions, while the water- in- oil (w/o) are better
stabilized by the hydrophobic particles [15–19]. Pickering emulsion system was recently studied by many researchers for many
different targets especially in enhanced oil recovery. Alaei and
co-workers, prepared multi walled carbon nanotube/silica nanohybrids to investigate the effects of nanofluid on the wettability of

carbonate and sandstone rocks [19]. Ajay Mandal and coworkers, reported the suspension of silica nanoparticle behaviour
in aqueous polyacrylamide solution for application in enhanced
oil recovery [20]. Resasco and Shen reported the preparation of carbon nanotube - silica nanohybrids to form oil- in -water and waterin-oil emulsions with different volume fraction of emulsion [21].
Ames et al. prepared organic- inorganic hybrid microspheres by
nanoparticles of silica as Pickering emulsifier [22–23]. To prevent
the aggregation of nanoparticles, they are often used with different
supports such as carbon nanotube [19,23] and graphene oxide (GO)
are often used [18]. It has been found that GO could be a fine support [25–29] for metal nanoparticles such as silver [30], gold [31],
platinum [32], palladium [33]. Graphene is a monolayer of carbon
atoms that arrange in hexagonal lattice [25–26]. It has excellent
optical, mechanical and electronic properties [27–28]. If natural
graphite oxidized, graphene oxide is formed [34–35]. The oxidation
process causes GO sheets disperse in water and other polar solvents because of the several oxidation groups formation such as
carboxyl, epoxy and hydroxyl at the edges [36]. Therefore, GO
has an amphiphile surface with hydrophilic edges and hydrophobic
plane [37]. In addition, GO has many applications such as catalytic
supports for chemical reactions [38–39], adsorption [40–41] and
separation of pollutants [42].
There are several methods for the preparation of carbon structures nanohybrids with Silica nanoparticle such as Chemical
Vapour Deposition (CVD), solvothermal, hydrothermal, Ball
Milling, electro deposition method, sol–gel, sonochemical and coprecipitation method. Among of these mentioned preparation procedures, sol–gel is the best method because the required chemical
compounds are economical and simple, reaction take places at low
temperature so process steps are very safe, process produce high
purity products, simplicity of the required equipments and feasibility for up-scaling of the method.
As reported in the previous research graphene/silica nanohybrid was synthesized through a chemical vapour deposition
method on silica aerogel in the presence of hydrogen and acetylene
at atmospheric pressure and 600 °C [43]. This synthesis method
take place at high temperature, dangerous gas like hydrogen and
acetylene are necessary for the reaction and it needs silica aerogel
which its synthesis method is time-consuming and also requires
expensive materials [43]. In this research, facile and economical
preparation method of nanoporous graphene/silica nanohybrid
was proposed.
In fact, this is a low temperature sol–gel method with very simple and facile steps without using any dangerous and harmful
materials. Besides this synthesis method dose not produce environment pollutant and it is the economical method because of simplicity of process steps, conventional and cheep equipments and
possibility for using of the all required chemical materials in commercial grades (such as commercial sodium silicate solution as silica source).
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For evaluation of the mentioned Pickering emulsion in comparison to the similar nanohybrids, we have prepared different carbon
structures nanohybrids with SiO2 nanoparticles with different
weight percent. The as-prepared nanomaterials were characterized
with X-ray diffraction (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM) and Thermal Gravimetric
Analysis (TGA).
The nanohybrids Pickering emulsions were prepared with nOctane as oil model, suitable anionic surfactant (such as SDBS)
and 2-Propanol as alcoholic co-surfactant at pH = 7 in ambient
temperature with distilled water. The mentioned Pickering emulsions stability was controlled for one month. Optical microscopic
image was used for emulsion phase morphology investigation.
Results demonstrated that the best samples are MWCNT/SiO2
and nanoporous graphene/SiO2 nanohybrids. The selected nanohybrids stability was investigated by alteration of salinity, pH and
temperature and results showed that the related Pickering emulsions of the selected nanohybrids have very good stability at 1%
of salinity and ambient temperature of 25 °C and also several oil
reservoir temperatures (90 °C, 105 °C and 120 °C) with neutral
and alkaline pH (7,10) that is suitable for the oil reservoirs conditions. But contact angle measurement results showed that the
nanoporous graphene/SiO2 nanohybrid is more effective for
improvement of the reservoir outcrop wettability alteration from
oil-wet to water-wet in comparison to the other samples. Interfacial tension evaluations indicate that the maximum amount is
related to the injection of water and the minimum amount is
related to the injection of nanoporous graphene/SiO2 nanohybrid
nanofluid. This result indicates the nanoporous graphene/SiO2
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nanohybrid can better reduce the interfacial tension in comparison
to the other samples. Our results demonstrated that the nanoporous graphene/SiO2 nanohybrids Pickering emulsion has superior
properties to the MWCNT/SiO2 nanohybrids Pickering emulsion
(that we presented in our previous research [48]) for C-EOR and
the nano porous graphene/SiO2 nanohybrid can improve the rheological behaviour of polymer suspensions that are suitable for
polymer flooding technique.
2. Materials and methods
Nanoporous graphene and MWCNT were supplied by nanotechnology research center of Research Institute of Petroleum Industry
(RIPI) that were prepared with Chemical Vapour Deposition (CVD)
method by different conditions. Graphite, sodium silicate (SiO2/
Na2O = 3.35), sodium dodecyl benzene sulfonic acid (SDBS), 2Propanol and n-Octane were used as received from Merck chemical
company without any further purification.
The prepared nanomaterials were characterized by Scanning
Electron Microscope (SEM) by using a Holland Phillips XL30 microscope. The XRD patterns of the all samples were recorded in ambient air using a Holland Philips X-ray powder diffraction (Cu Ka,
k = 1.5406 Å), at scanning speed of 2°/min from 20° to 80°. Transmission Electron Microscopy (TEM) images were prepared with a
Philips EM 208 FEG instrument operating at 90 kV. Optical microscopic images were prepared with Quantimet-570 microscope.
Rheological studies were performed using a Fann 35 Rheometer.
Nanohybrids were prepared by addition of carbon compound mean
while the preparation of Silica nanoparticles by sol–gel method
with different weight percents.

Fig. 1. XRD patterns of (a) nanoporous graphene (b) 70% graphite/SiO2 nanohybrid (dc) 70% graphene/SiO2 nanohybrid and (d) 70% MWCNT/SiO2 nanohybrid.
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3. Experimental procedures

was dispersed in the solution. After about 5 h of mixing, solution
washed with distilled water and dried in oven at 60 °C.

3.1. Functionalization of carbon compounds
Nanoporous graphene and MWCNT that were received from
Research Institute of Petroleum Industry (RIPI) and graphite
(Merck company product) have been acid treated with concentrated HNO3. 0.66 wt% of Carbon compounds is added to a mixture
of 52.98 wt% distilled water and 46.36 wt% Nitric acid and let it
refluxed for 10 h. After filtration and neutralization with distilled
water, sample dried in oven at 60 °C.

3.3. Preparation of Pickering emulsions
0.09 wt% of nanohybrid was dissolved in 88.97 wt% of distilled
water and then sonicated for 10 min in ultrasonic bath. 0.27 wt% of
SDBS, 5.34 wt% of 2-Propanol and 5.34 wt% of n-decane as Oil
model added to the solution, respectively. Then the procedure
was continued by sonicating of the prepared samples for 10 min
again. The Pickering emulsions stability of these nanohybrids were
investigated for one month at pH = 7 and ambient temperature.

3.2. Synthesis of carbon structures/Silica nanohybrid

3.4. Surface pH

9.09 wt% of commercial sodium silicate solution was dissolved
in 90.90 wt% of HCl 2.5%. Suitable amount of the functionalized
Carbon structure for preparation of 70, 50 and 10 wt% nanohybrids

The surface acidity can be characterized by pH measurement of
an adsorbent sample suspension [44]. Then 1.96 wt% of the sample
was added to 98.04 wt% of distilled water, and the suspension was

Fig. 2. SEM images of (a) nanoporous graphene (b) MWCNT (c) 70% graphite/SiO2 nanohybrid (d) 70% graphene/SiO2 and (e) 70% MWCNT/SiO2 nanohybrid.
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shaken overnight till the sample reach to equilibrium and then the
suspensions pH was measured.

4. Result and discussion
With respect to the emulsion stability, the selection of the asprepared nanohybrids for XRD, SEM and TGA analysis was performed. XRD patterns of nanoporous graphene, 70% graphite/SiO2
nanohybrid, 70% nanoporous graphene/SiO2 nanohybrid and 70%
MWCNT/SiO2 nanohybrid were shown in Fig. 1a–d, respectively.
The characteristic peak of nanoporous graphene is about 29.08°
that is observed in Fig. 1a and indicates the existence of nanoporous graphene with single or a few layers [45,46]. 70% graphite/SiO2
has 2 main peaks in 30° and 64° that belongs to the graphite
(Fig. 1b). Pure graphite indicates a very strong and sharp peak at
25.97° [46] that is shifted to 30° because of the silica nanoparticles
existence with amorphous structure [19]. As can be seen in Fig. 1c–
d, the amorphous silica nanoparticles structure [19] is dominant to
graphene and MWCNT structures, therefore the related nanohybrids have amorphous structures.
The morphologies of the as-prepared nanohybrids were investigated by SEM images. Fig. 2 demonstrates the SEM images of nanoporous graphene, (Multi-Walled Carbon Nanotube) MWCNT, 70%
graphite/SiO2 nanohybrid, 70% graphene/SiO2 nanohybrid and
70% MWCNT/SiO2 nanohybrid. The layer and nanoporous structure
of the graphene sample can be observed in Fig. 2a. Also in Fig. 2b,
the tubular structure of (Multi-Walled Carbon Nanotube) MWCNT
was presented. In Fig. 2c–e, the silica nanoparticles with spherical
morphology that were uniformly attached to the related Carbon
structure could be observed. Fig. 3 shows Transmission Electron
Microscopy (TEM) images of the graphene and (Multi-Walled Carbon Nanotube) MWCNT morphologies in more precision. The layer
and tubular structure of the graphene and (Multi-Walled Carbon
Nanotube) MWCNT can be seen in Fig. 3 respectively that is confirmed the results of the related SEM images.
Thermal Gravimeteric analysis (TGA) results of 70% graphene/
SiO2 nanohybrid, 70% graphite/SiO2 nanohybrid and 70%
MWCNT/SiO2 nanohybrid in nitrogen atmosphere concurrently
warmed by temperature increasing rate of 0.1 °C/min are presented in Fig. 4. As can be seen, H2O molecules were escaped from
the samples at 100 °C. Nanoporous graphene has the high thermal
stability [46] and therefore it has been degraded at about 600 °C,
but graphite and MWCNT were degraded at about 260–270 °C.
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SiO2 nanoparticles remain stable even at 800 °C because of high
thermal stability.
Comparison between emulsion stability of graphite/Silica
nanohybrids was shown in Fig. 5a. As can be seen, 70% graphite/silica nanohybrid emulsion has the lowest precipitation in comparison to the others. Comparison between emulsion stability of
graphene/Silica nanohybrids was shown in Fig. 5b. The Fig. 5b
illustrates, 70% nanoporous graphene/SiO2 emulsion has lower precipitation in comparison to the others. Comparison between emulsion stability of MWCNT/Silica nanohybrids was shown in Fig. 5c.
70% MWCNT/SiO2 nanohybrid emulsion has the lowest precipitation in comparison with the others. Therefore, Pickering emulsions
of 70% graphite/Silica nanohybrid), 70% graphene/SiO2 nanohybrids and 70% MWCNT/SiO2 nanohybrid have the best stability in
comparison to the other samples.
Optical microscopic images of the nanohybrids Pickering emulsions were shown in Fig. 6. According to the suitable optical microscopic images of such Pickering emulsions that can be used for CEOR (reported by Professor Resasco et al. [21,24], the images in
Fig. 6 were investigated. Suitable Pickering emulsion has homogenous dispersion of emulsion droplets with good compact that the
solid particles of nanohybrids were surrounded them. By considering of the evaluation of emulsion stability (presented in Fig. 5), 70%
graphite/SiO2 nanohybrid has the best image in comparison with
the other images that were depicted in Fig. 6a. In Fig. 6b, 70% nanoporous graphene/SiO2 nanohybrid emulsions and in Fig. 6c, 70%
MWCNT/SiO2 nanohybrid emulsion were selected. Considering
the optical microscopic images of the mentioned nanohybrid
emulsions, it can be observed obviously that the 70% nanoporous
graphene/SiO2 nanohybrid emulsion and 70% MWCNT/SiO2
nanohybrid emulsion have very uniform emulsion droplet size
and dispersion and each of droplets were surrounded very well
with solid particles of the related nanohybrid [47]. As can be seen
70% MWCNT/SiO2 nanohybrid emulsion droplets are more compacted in comparison with the others.
Similar to the researches of Daniel Resasco and his co-workers
[21], stability of the selected nanohybrids (70% graphene/SiO2
nanohybrids and 70% MWCNT/SiO2 nanohybrid were investigated
by alteration of salinity, pH and temperature similar to the oil
reservoirs conditions. Fig. 7 shows the stability evaluation of (a)
70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions
(b) 70% MWCNT/SiO2 nanohybrid emulsion at different salinity of
0.1%, 1% and 10% (wt%) respectively. As Fig. 7 illustrates, 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions only stable

Fig. 3. TEM images of (a) nanoporous graphene and (b) MWCNT.
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Fig. 4. Thermal Gravimetery Analysis (TGA) results of 70% graphene/SiO2 nanohybrid, 70% graphite/SiO2 nanohybrid and 70% MWCNT/SiO2 nanohybrid.

at 1% of salinity but 70% MWCNT/SiO2 nanohybrid emulsions are
homogenous without any precipitation at 0.1%, 1% (wt%) of salinity. Therefore, the stability of 70% MWCNT/SiO2 nanohybrid emulsion in various salinities is superior to the other specimens. Fig. 8
demonstrates the stability evaluation of (a) 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions (b) 70% MWCNT/

SiO2 nanohybrid emulsion at different pH (acidic (3) and alkaline
(10)). This figure demonstrates that all of the Pickering emulsions
have very good stability in alkaline environment (pH = 10) in comparison with the acidic media. Fig. 9 depicts the stability evaluation
of (a) 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions (b) 70% MWCNT/SiO2 nanohybrid emulsion at different oil

M. AfzaliTabar et al. / Fuel 206 (2017) 453–466

Fig. 5. Evaluation of the nanohybrids Pickering emulsion stability for one month
(images related to (a) graphite/SiO2 nanohybrid Pickering emulsions (b) nanoporous graphene/SiO2 Pickering emulsions (c) MWCNT /SiO2 nanohybrid Pickering
emulsions.

reservoir temperatures such as 90 °C, 105 °C and 120 °C. It can be
seen that all of the desired emulsions have good stability at ambient temperature (25 °C) and also at several oil reservoir temperatures (90 °C, 105 °C and 120 °C).
Fig. 10 shows the nanofluid contact angle measurement of 70%
nanoporous graphene/SiO2 nanohybrids and 70% MWCNT/SiO2
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nanohybrid. For measuring contact angle, the chamber is full of
kerosene and water droplet or nano fluid droplet is injected by a
syringe. In this condition, a contact angle below and over 90°, represents more hydrophilic and more hydrophobic samples, respectively. In this experiment just transparent oils could be selected
for the contact angle measurements. Crude oil is dark and cannot
be used in this experiment. The kerosene is applied as an oil model
which is transparent and has a suitable hydrocarbon chain length
with similar properties to the crude oil. According to the As
Fig. 10 depicted, the contact angles of (a) water droplet and reservoir outcrop (b) water droplet and reservoir outcropping rock with
a layer of MWCNT/SiO2 nanohybrid (c) water droplet and reservoir
outcrop with a layer of 70% nanoporous graphene/SiO2 nanohybrid
are 143.47, 60.54 and 58.50, respectively. Fig. 10 depicted, the 70%
nanoporous graphene/SiO2 nanohybrid has the least contact angle
value in comparison with the other samples and it represents more
hydrophilicity and so, alter the wettability of carbonate reservoir
rock better from oil-wet to water-wet. Therefore, 70% nanoporous
graphene/SiO2 nanohybrid is more effective for the wettability
alteration of reservoir rock from oil-wet to water wet and the
related Pickering emulsion can be used for Chemical Enhanced
Oil Recovery (C-EOR). According to the interfacial tension results
presented in Fig. 11, the related amount for (a) water droplet as
reference sample and the nanofluid droplets of (b) 70% MWCNT/
SiO2 nano hybrid and (c) 70% nanoporous graphene/SiO2 nanohybrid are 53.90, 30.04 and 29.82 mN/m respectively. The maximum
amount is related to the injection of water droplet and the minimum amount is related to the injection of nanofluid droplet of
70% nanoporous graphene/SiO2 Nano hybrid. This result indicates
better ability of 70% nanoporous graphene/SiO2 nanohybrid for
decreasing the interfacial tension in comparison with the other
samples.
We suppose that the preference of nanoporous graphene to
MWCNT and graphite for preparing silica nanohybrid Pickering
emulsion is related to the multilayer structure of nanoporous graphene. Also in treatment step with Nitric acid, functionalized nanoporous graphene has several kinds of oxidation groups such as
carboxyl, epoxy and hydroxyl at the edges [35]. Therefore, functionalized nanoporous graphene has an amphiphile surface with
hydrophilic edges and hydrophobic plane [36]. Formation of such
functional groups on the layer structure of nanoporous graphene
is exceeded in comparison to MWCNT and graphite. Therefore,
nanoporous graphene can reacts with more amounts of Silica
nanoparticles and the related Pickering emulsion will be more
stable at the oil reservoirs conditions. Also the layer structure of
nanoporous graphene can better spread on the reservoir outcropping rock in comparison to Multi Walled Carbon Nanotubes
(MWCNT) and graphite.
For estimation of functional groups amount that were formed
on the desired carbon structure, the FTIR spectrum and surface
pH analysis can be utilized. Formation of carboxylic acid functional
group causes the surface pH diminishes. Obviously, the more carboxylic acid formation leads to more activity of carbon structure
and formation of Pickering emulsion with better properties for
Chemical Enhanced Recovery (C-EOR).
Surface pH [44] results of the functionalized forms of nanoporous graphene, Multi-Walled Carbon nanotube and graphite are
about 4.52, 5.58 and 5.95, respectively. Also as Fig. 12 shows the
FTIR spectrums of the mentioned functionalized carbon structures,
the intensity of the carboxylic acids peaks (3433 cm 1 and
1623 cm 1) on the functionalized nanoporous graphene is more
than the others. All of these results indicate that the formation of
acidic functional groups on the functionalized nanoporous graphene is more than the functionalized forms of Multi-Walled Carbon nanotubes and graphite.
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Fig. 6. Emulsion phase optical microscopic images of (a) graphite/SiO2 nanohybrid Pickering emulsions (b) nanoporous graphene nanohybrid Pickering emulsions (c)
MWCNTs /SiO2 nanohybrid Pickering emulsions.

Polymers have been widely used in different enhanced oil
recovery (EOR) applications as a mobility improver, the ability of
nanomaterials for improving the rheological behaviour of polymer
suspensions has been reported in literature [20]. Generally, Polyacrylamides (PAM) and its derivatives are used in polymer EOR
processes. In aqueous solutions, the amide groups present in polymer molecule immediately hydrolyzed into carboxylic group,
which reacts with the ions presents in solution and as a result,
the viscosity is decreased, and also in severe condition, it even
leads to the precipitation. The commonly used polysaccharide is
xanthan gum (XG), which is a bacterial polysaccharide .Compared
with the PAM, xanthan gum (XG) has a more rigid structure and
also it has relatively non-ionic behaviours. These properties make
this polysaccharide relatively insensitive to salinity and hardness.
However, it is susceptible to the bacterial degradation after it has
been injected into the field [1].

In this research, we have tried to find out the effect of nanoporous graphene/silica nanohybrid particle on the rheological behaviour of xanthan gum (XG) suspension. Rheological experiments
were performed on nanoporous graphene/SiO2 nano hybrid/xanthan gum (XG) suspension and compared with those of pure xanthan gum (XG) suspension.
In terms of rheology, fluids are classified as Newtonian and
Non-Newtonian fluids. If the plot of shear stress versus shear rate
at a given temperature is a straight line, the fluid has Newtonian
behaviour, and the constant slop of the plot is the fluid apparent
viscosity. The fluid that does not obey the Newtonian relationship
between the shear stress and shear rate is called non-Newtonian.
Liquids such as polymer melts, polymer solutions and liquids in
which fine particles are suspended (slurries and pastes) are usually
non-Newtonian. In this case, the slope of the shear stress versus
shear rate curve will not be constant. If the viscosity decreases
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Fig. 7. Stability evaluation of (a) 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions and (b) 70% MWCNT/SiO2 nanohybrid emulsion at different salinities (0.1%,
1% and 10%).

Fig. 8. Stability evaluation of (a) 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions and (b) 70% MWCNT/SiO2 nanohybrid Pickering emulsion at different pH
(3,10).

with increasing shear rate, the fluid is called shear-thinning. If the
viscosity increases with increasing shear rate, the fluid is called
shear- thickening. Shear-thinning behaviour is more common than
shear-thickening. Shear-thinning fluids also are called pseudo plastic fluids. Drilling fluids must be shear thinning fluids for removing
cuttings from the oil well because of lower viscosity at high-shear
rates and higher viscosity at low-shear rates which are efficient for
hole cleaning. This property is very suitable for drilling when minimum pressure losses are required for the high-shear conditions
inside the narrow bore of the drill string. Higher viscosity is
wanted in the low-shear conditions of the larger bore of the drill
string.
Fig. 13 represents (a) effect of the nanoporous graphene/SiO2
nanohybrid with different concentrations on the rheological behaviour of the nanoporous graphene/SiO2 nanohybrid/xanthan gum
(XG) suspension with 2500 ppm xanthan gum (XG) concentration

and (b) Apparent viscosity changes in different concentrations of
the nanoporous graphene/SiO2 nanohybrid with shear rate addition (c) relative increase in viscosity of nanoporous graphene/
SiO2 nanohybrid/xanthan gum (XG) suspension versus increasing
concentration of nanoporous graphene/SiO2 nanohybrid in
2500 ppm xanthan gum (XG) concentration. With attention to
the Fig. 13, it can be concluded that all of the desired fluids are
thinning fluid and have non-Newtonian behaviour (i.e., the viscosity continuously decreased with increasing shear rate) [20].
It can be seen that the decrease in viscosity in case of nanoporous graphene/SiO2 nanohybrid/xanthan gum (XG) suspension is
less than that in case of xanthan gum (XG). Results demonstrated
that nanoporous graphene/SiO2 nanohybrid can improve the rheological behaviour of xanthan gum (XG) suspension. An interesting
quality of polymers is to encourage bridging induced flocculation
of nanoparticles which are present in water, are finally leads to
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a= 90oC b=105oC c=120oC
Fig. 9. Stability evaluation of 70% nanoporous graphene/SiO2 nanohybrid Pickering emulsions and 70% MWCNT/SiO2 nanohybrid emulsion at several oil reservoir
temperatures such as (a) 90 °C, (b)105 °C and (c)120 °C.

Fig. 10. Contact angle between (a) water droplet and carbonate rock reservoir as reference sample (b) water droplet and stone reservoir with a layer of 70% MWCNT/silica
nanohybrid (c) water droplet and stone reservoir with a layer of 70% nanoporous graphene/Silica nanohybrid.
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Fig. 11. Interfacial tension results related to (a) water droplet as reference sample and the nanofluid droplets of (b) 70% MWCNT/SiO2 Nano hybrid and (c) 70% nanoporous
graphene/SiO2 nanohybrid.

Fig. 12. FTIR spectrum of the functionalized nanoporous graphene, MWCNT and graphite.

the improved rheological property [20]. When a nanoporous graphene/SiO2 nanohybrid particle was added in xanthan gum (XG),
it was found that it alters the properties of xanthan gum (XG) solution and increases the viscosity and elasticity of the mentioned
solution [20]. Rheological measurements were taken under steady
shear to calculate the steady properties. The nanoporous graphene/
SiO2 nanohybrid/xanthan gum (XG) suspensions describe a nonNewtonian, shear thinning behaviour (i.e., the viscosity continuously decreased with increasing shear rate) [20]. The incremental
viscosity and shear thinning behaviour of this suspension can be
attributed to the strong interaction between xanthan gum (XG)
and nanoporous graphene/SiO2 nanohybrid particles in water.
The polymer chain is physically bounded at the surface of nanoporous graphene/SiO2 nanohybrid particles. In fact the nanoporous
graphene/SiO2 nanohybrid particle acts as a physical cross-linker
between different polymeric chains. During adsorption, a polymer
chain may be attached to more than one particle at the same time
and also a number of polymeric chains can be adsorbed on the surface of a particle which is usually irreversible. Upon adsorption,
only a portion of polymeric chain is in direct contact of nanoporous
graphene/SiO2 nanohybrid surface at single or several points, while

the rest (tail) extend away from the surface into the solution. These
tails get adsorbed onto one or different nanoporous graphene/SiO2
nanohybrid particle when it comes into contact surface of nanoporous graphene/SiO2 nanohybrid. These results in flocculation
mechanism of nanoporous graphene/SiO2 nanohybrid particle
and a micelle type formation and analysing of the threedimensional network of flocks are deducted. Because of the irreversible adsorption of polymer, the resultant stable macromolecular structure is not easily broken and it leads to the enhancement
of the increase in suspension viscosity [20].
In our previous study [48], we have improved the preference of
MWCNT/ SiO2 nanohybrid Pickering emulsion to similar emulsions
of SWCNT and activated carbon for chemical enhanced oil recovery. In this research we have completed and improved our research
in this field and demonstrated that the properties of nanoporous
graphene/SiO2 nanohybrid Pickering emulsion is superior to the
MWCNT/ SiO2 nanohybrid Pickering emulsion for applying in
Chemical Enhanced Oil Recovery (C-EOR) and the nano porous graphene/SiO2 nanohybrid can improve the rheological behaviour of a
polymer suspensions that are suitable for polymer flooding
technique.
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Fig. 13. (a) effect of the nanoporous graphene/SiO2 nanohybrid with different concentrations on rheological behaviour of the nanoporous graphene/SiO2 nanohybrid /xanthan
gum (XG) suspension with 2500 ppm xanthan gum (XG) concentration and (b) Apparent viscosity changes in different concentrations of the nanoporous graphene/SiO2
nanohybrid with shear rate addition (c) relative increase in viscosity of nanoporous graphene/SiO2 nanohybrid /xanthan gum (XG) suspension versus increasing
concentration of nanoporous graphene/SiO2 nanohybrid in 2500 ppm xanthan gum (XG) concentration.
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5. Conclusion
In this research, facile and economical preparation method of
nanoporous graphene/silica nanohybrid was proposed and for
evaluation of the mentioned Pickering emulsion in comparison to
the similar nanohybrids, different carbon structures nanohybrids
with SiO2 nanoparticles with different weight percent are prepared. The as-prepared nanomaterials were characterized with Xray diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Thermal Gravimetric Analysis (TGA).
Pickering emulsions of these nanohybrids were prepared with
n-Octane as an oil model, suitable anionic surfactant (such as
SDBS) and 2-Propanol as an alcoholic co-surfactant at the pH = 7
in ambient temperature and with distilled water. Stability of the
mentioned Pickering emulsions was controlled for one month.
Emulsion phase morphology was investigated with optical microscopic images. Evaluation results demonstrated that the best samples are 70% MWCNT/SiO2 and 70% nanoporous graphene/SiO2
nanohybrids. Stability of the selected nanohybrids was investigated by alteration of salinity, pH and temperature. The results displayed that the related Pickering emulsions of the selected
nanohybrids have very good stability at 1% salinity, at the ambient
and oil reservoir temperatures (90 °C, 105 °C and 120 °C) and neutral and alkaline (7,10) pH that is suitable for the oil reservoirs conditions. Contact angle results highlighted that the nanoporous
graphene/SiO2 nanohybrid is more effective for improvement of
the reservoir outcrop wettability alteration from oil-wet to
water-wet in comparison to the other samples. Interfacial tension
evaluations indicate that the maximum amount is related to the
injection of water droplet and the minimum amount is related to
the injection of nanoporous graphene/SiO2 nanohybrid nanofluid
droplet. This result indicates the nanoporous graphene/SiO2
nanohybrid can better reduce the interfacial tension in comparison
with the other samples. Our results demonstrated that the nanoporous graphene/SiO2 nanohybrids Pickering emulsion has superior properties to the MWCNT/SiO2 nanohybrids Pickering
Emulsion for Chemical Enhanced Oil Recovery (C-EOR) and the
nano porous graphene/SiO2 nanohybrid can improve the rheological behaviour of polymer suspensions suitable for polymer flooding
technique.
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