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Abstract 

In this paper, the potentials of using particles, especially nanoparticles, in enhanced oil recovery is 

investigated. The effect of different nanoparticles on wettability alteration, which is an important 

method to increase oil recovery from oil-wet reservoirs, is reviewed. The effect of different kinds of 

particles, namely solid inorganic particles, hydrophilic or hydrophobic nanoparticles, and amphiphilic 

nanohybrids on emulsion formation (which is cited as a contributing factor in crude oil recovery) and 

emulsion stability is described. The potential of nanohybrids for simultaneously acting as emulsion 

stabilizers and transporters for catalytic species of in situ reactions in reservoirs is also reviewed. 

Finally, the application of nanoparticles in core flooding experiments is classified based on the 

dominant mechanism which causes an increase in oil recovery from cores. However, the preparation 

of homogeneous suspensions of nanoparticles is a technical challenge when using nanoparticles in 

enhanced oil recovery (EOR). Future researches need to focus on finding out the proper 

functionalities of nanoparticles to improve their stability under harsh conditions of reservoirs.   

Keywords: Amphiphilic Nanohybrids, Enhance Oil Recovery, Nanoparticle, Pickering Emulsions, 

Porous Media, Wettability Alteration 

1. Introduction 

There is an increasing concern about the dependency of the developed countries on the fossil fuel 

reserves as a primary energy source. Oil reserves are limited, and oil prices have increased in recent 

years. There is a grave need to enhance the recovery of petroleum from oil wells, especially stripper 

and mature oil wells (Amani et al., 2013). 

Oil recovery processes have been defined as primary, secondary, and tertiary processes. The primary 

process produces oil by natural energy when the reservoir is opened to the lower pressure of a 

producing well. Recovery factor during the primary recovery stage is typically 15-20%. The well 

pressure will decrease gradually, and, at some points, there will be inadequate underground pressure 

to force the oil to the surface. Secondary recovery techniques increase the pressure of the reservoirs 

by water injection or natural gas reinjection. Typical recovery factor from water-flood operations is 

about 30-40% and occasionally as high as 50% depending on the properties of oil and the 

characteristics of the reservoir rock.   
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Tertiary, or enhanced, oil recovery methods increase the mobility of the oil in order to increase 

extraction. Tertiary recovery begins when secondary oil recovery is not enough to continue adequate 

extraction, but only when the oil can still be extracted profitably (Simon, 1981). It is well known that 

EOR projects have been strongly influenced by economics and crude oil prices (Alvarado and 

Manrique, 2010). Current enhanced oil recovery strategies are varied and include both thermal and 

nonthermal methods. Thermal approaches involve heating the formation to reduce oil viscosity and 

improve its mobility (Afzal et al., 2014). Nonthermal methods are either chemical or microbial. 

Chemical technologies generally involve synthetic surfactants to aid with oil solubility and mobility 

or use polymers that alter floodwater viscosity and enhance injected water sweep efficiency (Zhu et 

al., 2013). In polymer flooding, the apparent viscosity of water is increased, but its relative 

permeability is decreased (Hematpour et al., 2011). 

The flow of oil through a porous medium is governed by viscous, gravity, and capillary forces (Zhang 

et al., 2007). Poor oil recovery from the existing oil producing wells can be due to several factors. The 

low permeability of some reservoirs or the high viscosity of the oil is the main factor which results in 

poor mobility. High interfacial tensions between the water and oil may also result in high capillary 

forces, retaining the oil in the reservoir rock (Amani et al., 2013) 

Two major variables that may have a direct impact on the EOR process and can be modified by the 

addition of different chemicals and particles are the capillary number (Nc) and the mobility ratio 

(MR). The capillary number (Nc) is defined as Nc=μ.ν/σ; where ν is Darcy velocity (fluid flux per unit 

of area), and μ represents the viscosity of the mobilizing fluid (water); σ is the interfacial tension 

(IFT) between the oil and the water. As mentioned before, decreasing the IFT results in increasing 

capillary number, and subsequently larger amounts of oil displacement from pores will occur. The 

mobility ratio (MR) is a function of the relative permeability (ki) of the porous media toward oil and 

water respectively, and the viscosity (μi) of the oil and the mobilizing fluid (water). To achieve the 

displacement of oil by water, MR must be lower than unity. This condition can be obtained by 

increasing the viscosity of the sweeping fluid, relative to that of the oil (Drexler et al., 2012).  

The increasing energy demands of the growing population cannot be provided by the conventional 

methods of oil exploration and production. Nanotechnology suggests some unique solutions for these 

challenges; nanotechnology, especially using nanoparticles, has the potential to improve EOR 

mechanism and processes (Suleimanov et al., 2011). When nanoparticles are injected into porous 

media, four phenomena will occur: adsorption, desorption, blocking, and migration with flowing 

fluid. When the force between the nanoparticles and pore walls is attractive, it, in turn, leads to the 

adsorption of nanoparticles on the pore wall. Otherwise, the desorption of nanoparticle from the pore 

wall will occur due to repulsion. The dynamic equilibrium of adsorption and desorption is controlled 

by the force type between particles and pore wall. Blocking will take place if the diameter of 

nanoparticles is larger than the size of the pore throat, or when several nanoparticles are smaller than 

the pore size bridge at the pore throat. The migration of nanoparticles in porous media is governed by 

diffusion and convection (Ju et al., 2012). Nanoparticles may affect the adsorption behavior of 

surfactant onto rock surface. In this way, Ahmadi and Shadizadeh (Ahmadi and Shadizadeh, 2013) 

reported that hydrophobic silica nanoparticles are more effective than hydrophilic silica nanoparticles 

to inhibit adsorption losses of a kind of natural derived surfactant (Zyziphus spina-christi) onto shale 

sandstone.  

The aim of this study is to overview the application of nanoparticles in different EOR processes. 

Wettability alteration by different nanoparticles is extensively discussed. The role of emulsions, 

especially emulsions stabilized by nanoparticles and nanohybrids, in EOR applications is also 

reviewed. The potential of using reactions conducted by nanohybrid catalysts at the water-oil interface 

http://en.wikipedia.org/wiki/Enhanced_oil_recovery
http://en.wikipedia.org/wiki/Profit_(economics)
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for enhancing oil recovery is another topic. Finally, a number of the studies about nanofluid flooding 

are reviewed and classified based on the effective mechanism which causes an increase in oil 

recovery. 

2. Nanoparticles for wettability alteration 

It is well known that the oil recovery is affected by wettability of porous medium; wettability is the 

tendency of the reservoir rock surface to preferentially contact a particular fluid in a multiphase or 

two-phase fluid system. Surface wettability is considered by measuring the contact angle of a liquid 

drop with a particular surface. When the contact angle is greater than 90, the liquid does not wet the 

surface, and when the contact angle is less than 90, the liquid wets the surface. Hence, a water-wet 

reservoir rock will be wetted by water, and an oil-wet reservoir rock will be wetted by oil (Maghzi et 

al., 2012b). 

Ju et al. (Ju et al., 2006) has analyzed the mechanism of enhanced oil recovery using lipophobic and 

hydrophilic polysilicon (LHP) nanoparticles ranging in size from 10 to 500 nm for changing the 

wettability of porous media. The results showed that LHP can be adsorbed on pore walls. It can 

increase the blockage of pores, leading to a change in the wettability of rock surfaces. Porosity and 

permeability will decline due to the retention of LHP. The change of the wettability of reservoir rock 

from hydrophobic to hydrophilic is responsible for enhancing oil recovery. It was suggested that an 

LHP concentration ranging from 0.02 to 0.03 should be desirable to enhance oil recovery. 

To visualize the effect of wettability on the behavior of two-phase flow in porous media, Maghzi et al. 

(Maghzi et al., 2012a) constructed a five-spot glass micromodel and used it as a porous medium. To 

examine the effect of nanoparticles on wettability during water flooding, silica nanoparticles were 

used as a dispersed phase in water (DSNW flooding). The significant enhancement of ultimate oil 

recovery was observed by DSNW flooding. The pore-scale visualization of media wettability showed 

that the hydrophilic nature of silica nanoparticles causes a wettability alteration of the micromodel 

from oil-wet to water-wet (Figure 1); contact angle measurements also confirmed this fact. A 

reduction in absolute permeability is observed because of the adsorption of silica nanoparticles on the 

glass surface in pores and throats. The results of this work suggest the silica nanoparticles for an 

additive to water for the improvement of oil recovery during water flooding instead of or before the 

implementation of other suitable EOR schemes. 

In another similar study, Maghzi et al. (Maghzi et al., 2012b) investigated the effect of dispersed silica 

nanoparticles in polyacrylamide (DSNP) solution on the wettability of crude oil on a microscopic 

scale. Two types of flooding tests, namely flooding by a polyacrylamide solution and by a DSNP 

solution, were performed. Because of wettability alteration from oil-wet to water-wet by silica 

nanoparticles, oil recovery after DSNP solution flooding caused more of the pore space to become 

saturated with the DSNP solution, which resulted in 10% higher oil recovery compared to polymer 

flooding alone. They concluded that, in polymer flooding, adding silica nanoparticles to polymer 

solution can be an acceptable method to enhance oil recovery because in addition to increasing sweep 

efficiency by means of polymer, nanoparticles, which are present in polymer solution, can alter the 

surface wettability. 

Hendraningrat et al. reported that the LHP silica nanoparticles suspension seems potentially 

interesting for EOR in water-wet sandstone at certain nanofluid concentrations. Based on this 

particular study, the 0.05 wt.% silica nanofluid is the best in terms of oil recovery among other 

concentrations for both low–medium and high permeability water-wet Berea sandstone 

(Hendraningrat et al., 2013).  
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a) b) 

  

Figure 1  

Pore-scale visualization of media wettability during a) water and b) DSNW flooding (Maghzi et al., 2012a).  

It is obvious that many researchers used SiO2 nanoparticles. The stability of this nanoparticle in 

different conditions is an important factor. In this way, Esmaeeli Azadgoleh et al. (Esmaeeli 

Azadgoleh et al., 2014) studied the effect of some important factors such as electrolyte concentration 

and temperature on the stability of two kinds of hydrophilic silica nanoparticle dispersions. They used 

several methods such as direct observation, optical absorption measurement, and nanoparticle 

effective diameter in different periods of time. Their results showed that the critical salt 

concentration (CSC) of potassium chloride (KCl) is less than that of sodium chloride (NaCl), and it 

decreases as nanoparticle concentration and temperature increase. Moreover, an anionic surfactant 

increases the CSC, while a nonionic surfactant leads to the instability of dispersion even at low 

electrolyte concentrations. 

The effect of ZrO2-based nanofluids on the wettability alteration of a carbonate reservoir rock was 

experimentally investigated by Karimi et al. (Karimi et al., 2012); to this end, several nanofluids were 

made; the nanofluids were composed of ZrO2 nanoparticles and mixtures of nonionic surfactants. It 

was observed that these nanofluids could significantly change the wettability of the rock from a 

strongly oil-wet to a strongly water-wet condition. Scanning electron microscopy (SEM) images 

confirmed the adsorption of ZrO2 nanoparticles on the surface and the consequent formation of 

nanostructured ribbons. This causes changes in the wetting properties of the new developed surface. 

Use of the nanofluids in free imbibition tests showed the strong ability of these new agents for oil 

recovery from hydrocarbon reservoirs. 

Tajmiri et al. (Tajmiri et al., 2015) introduced the new concept of adding ZnO nanoparticles to alter 

the wettability of cores. The experiments were conducted through spontaneous imbibition tests. The 

experimental results showed that when nanoparticles were added, the oil recovery for three sandstone 

cores changed from 20.74, 4.3, and 3.5% of original oil in place (OOIP) to 36.2, 17.57, and 20.68% of 

OOIP respectively; also, for the carbonate core, the recovery changed from zero to 8.89% of OOIP by 
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adding nanoparticles. Relative permeability curves showed that, the crossover-point of the curves 

shifted to the right for both sandstone and carbonate cores in the presence of nanoparticles, which 

meant wettability was altered to water-wet. 

Radnia et al. (Radnia et al., 2017) investigated the interaction of graphene oxide with sandstone. Their 

results showed that the adsorption of graphene oxide onto sandstone was a function of graphene oxide 

concentration, pH, and salinity. The contact angle measurements of the rock surface treated in a 

graphene oxide solution showed that the wettability of the sandstone was altered from strongly oil wet 

to intermediate conditions.  

3. Particles stabilized water and crude oil emulsions 

All enhanced oil recovery processes (EOR) involve the formation and flow of emulsions. In most 

cases, emulsions are formed in porous media as a result of oil-water interactions, possibly assisted by 

heat and clay minerals and influenced by the chemicals present in the connate water and those in the 

injected fluids. Fluid flow, in particular the flow of gas, as well as the tortuosity of the pore channels 

provided any needed agitation. Emulsions may also be formed externally and may be intentionally 

injected (Kumar et al., 2010). If water droplets are of a size similar or larger than typical pore-throats, 

then capillary pressure will trap water droplets and block further displacement, which causes water 

flow to deviate to other unswept areas of the porous media (Alvarado et al., 2011). Oil/water 

emulsions stabilized by surfactants are frequently used in the oil industry (Chen et al., 2013; Iglauer et 

al., 2009; Kang et al., 2011). 

Pickering emulsions are the emulsions of any type, namely oil in water (O/W), water in oil (W/O), or 

even multiple, which are stabilized by solid particles. The solid particles adsorbed at the oil–water 

interface in place of the surfactant molecules and subsequently stabilize the droplets as shown in 

Figure 2. Pickering emulsions are named after S.U. Pickering paper is considered as the first report of 

O/W emulsions stabilized by solid particles adsorbed at the surface of oil droplets (Chevalier and 

Bolzinger, 2013). 

 

Figure 2 

A sketch of a Pickering emulsion and a surfactant-based emulsion (Chevalier and Bolzinger, 2013).  

The properties of the solid particles, such as their concentration, wettability, shape, size, and the 

interactions between the particles, play a main role in the Pickering behavior. The wettability of the 

particle has been established as a key factor in the type and the properties of Pickering emulsions (He 

et al., 2013) 

Pickering emulsions have a number of advantages over conventional surfactant-stabilized emulsions 

in that they can reduce tissue irritation and their viscosity can be easily adjusted by solid content 

and/or solid type (Zoppe et al., 2012). Another benefit of Pickering by solid emulsions is the 
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availability of stable millimeter-sized emulsions with respect to classical emulsions; this possibility is 

due to their high stability against coalescence (Chevalier and Bolzinger, 2013).  

Formation of emulsions can help or hinder oil recovery depending on circumstances. If the emulsion-

dispersed phase drops are formed and displaced in such a manner that they effectively block the flow 

of the injected fluid in the more permeable paths and force it to flow through the upswept regions, the 

overall oil displacement and sweep efficiencies will increases, which in turn leads to an increase in oil 

recovery. 

3.1. Inorganic solid particles 

Small inorganic particles present in crude oil reservoirs strongly enhance water crude oil emulsion 

when interactions with asphaltenes promote particle adsorption at the oil water interface. For 

emulsions encountered in the petroleum industry, some possible important parameters are the size and 

surface energy of the stabilizing particles and the state of asphaltene aggregation. Emulsions 

stabilized with particles and asphaltenes can be much more stable than those stabilized only by 

asphaltenes alone (Langevin et al., 2004).  

Sztukowski and Yarranto (Sztukowski and Yarranton, 2005) reported that fine solids, i.e., platelet-

shaped particles ranging from 50 to 500 nm, compete with asphaltenes to be adsorbed on the 

interface. These solids are adsorbed flat on the interface and expected to form a partial barrier to water 

bridging between droplets. A combination of asphaltenes and fine solids at the water/oil interface at a 

2:1 fractional area ratio creates a maximum in emulsion stability. If there are too few solids, there is 

insufficient surface coverage to provide extra stability, whereas too many solids results in an interface 

that is not rigid enough to maintain stability. 

Sullivan et al. studied (Sullivan and Kilpatrick, 2002) a variety of particle types (montmorillonite, 

kaolin, Fe2O3, and Ca(OH)) to investigate the factors controlling particle-stabilization effectiveness. 

The effect of the size, concentration, and type of inorganic solid particles on crude oil emulsion 

stability was shown. All the particles used were hydrophilic. If these hydrophilic particles were small 

enough, they form oil-in-water emulsions due to their interfacial activity. The particles stabilized 

water-in-oil emulsions when they were dried and exposed to asphaltene-containing oil phases. A 

decrease in the size of oil-wet particles causes an increase in water-in-oil emulsion stability. The 

similarity of the effects of inorganic solid particles in crude and model oil emulsion systems is a good 

sign that resin and asphaltene fractions are responsible for the effectiveness of solid particles in crude 

oil emulsion stabilization. The effectiveness of solid stabilization of water-in-oil emulsions is dictated 

by the extent of asphaltene aggregation. Aggregation can be controlled with the aromatic/aliphatic 

ratio of the solvent or the concentration of resin.  

In another research, Wang and Alvarado (Wang and Alvarado, 2011) showed that particle suspension 

improved emulsion stability. This is cited as a contributing factor in crude oil recovery by low-salinity 

water flooding. For this purpose, kaolinite and silica particle dispersions were characterized at 

different brine salinities. Their results showed that both kaolinite and silica increased emulsion 

stability. At the same weight fraction, kaolinite with a smaller size can better stabilize water-in-oil 

emulsions because smaller kaolinite (roughly 1 µm in size) has a larger specific surface area, and 

larger coverage on the water droplets occurs. In this case, neutral conditions are more promising for 

the formation of stable emulsion than acid conditions. For silica-stabilized emulsions, the opposite 

result is obtained. Larger silica particles (5 µm) are better stabilizing agents than the smaller ones due 

to the stabilizing mechanism via steric repulsion in particle dispersion. Moreover, silica stabilizes 



H. Radnia et al. / Application of Nanoparticles for Chemical Enhanced Oil Recovery 7 

 
emulsions better in an acidic pH conditions than in a neutral pH conditions, which is opposed to 

emulsions stabilized by kaolinite particles.  

An overview of the development and field testing of a nonthermal, viscous oil recovery technology 

which injects an external solid stabilized emulsion (SSE) fluid as a displacement fluid into a reservoir 

oil is given by Kaminsky et al. (Kaminsky et al., 2010). Emulsion is generated on site using crude oil 

and water. Small amounts of mineral fines were added to enhance the performance of naturally 

present surface active components in the oil. Gas was dissolved into oil to alter the viscosity of the 

injected emulsion to be similar to the viscosity of the in situ oil. SSE fluid moves viscous oil 

(viscosities of up to 3000 cP) in a miscible-like manner with satisfactory mobility, which leads to 

improved displacement and recovery.  

A series of laboratory tests were conducted to check the effectiveness of solid stabilized emulsions as 

displacing agents. Also, special core floods were used to perform process understanding and to 

determine displacement efficiencies. Then, a field pilot of SSE process was designed, constructed, and 

operated for the investigation of the ability to generate and sustain the injection of a solid stabilized 

emulsion in the field and to spread stabilized emulsions in a reservoir. The pilot demonstrated that 

SSE fluids could be adequately generated and injected over a long time period. The emulsion was 

reasonably stable as it flowed through the reservoir; it was also observed that much improved oil 

recovery was possible. 

3.2. Nanoparticles 

Nanoparticles-stabilized emulsions have attracted many researchers’ attention in oil industry in recent 

years, particularly in enhanced oil recovery processes. This is due to their specific characteristics and 

advantages over conventional emulsions stabilized by surfactants or by colloidal particles (Yoon et 

al., 2013). For example, solid colloidal particles are micron sized and easily trapped in the rock pores, 

but nanoparticles are two times smaller than colloidal particles. The nanoparticle-stabilized emulsions 

droplets are small enough to pass through pores without much retention. They also remain stable in 

harsh conditions of reservoirs due to the irreversible adsorption of nanoparticles on their droplet 

surface. The large viscosity of nanoparticle-stabilized emulsions can also help to manage the mobility 

ratio during flooding. 

The most commonly used nanoparticles are spherical silica particles. Their wettability is managed by 

the covering extent of silanol groups on their surface. They can be made hydrophilic (90% silanol 

groups) forming oil-in-water emulsions, can be made hydrophobic (10% silanol groups) forming 

water-in-oil emulsions, or have intermediate hydrophobicity (70%). In the latter case, the stable 

emulsion type is dependent on the oil polarity (O/W for nonpolar oils and W/O in polar oils) (Zhang 

et al., 2010) (Figure 3). 

Zhang et al. (Zhang et al., 2010) investigated the emulsion stability stabilized by both hydrophobic 

and hydrophilic silica nanoparticles. They reported that very stable emulsions could be made at a 

silica nanoparticle concentration of 0.5 wt.% or higher. An increase in nanoparticle concentration led 

to more of dispersed phase emulsification, and subsequently the average droplet diameter decreased. 

Increasing viscosity resulted in an increase in apparent viscosity of the oil-in-water emulsions, while 

the opposite trend was observed for water-in-oil emulsions. The emulsion rheology was strongly 

shear-thinning and emulsions had very high apparent viscosities at very low shear rates. The 

rheological characteristics have the potential to facilitate the conformance control during oil recovery. 
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Figure 3 

Contact angle on particle surface and its relation with emulsion structure (Zhang et al., 2010). 

Khosravani et al. prepared γ-Al2O3 nanostructures with different morphologies and surface areas by a 

wet chemical method which is very simple and economic. The as-prepared γ-Al2O3 nanostructures 

were used for emulsion preparation with other agents such as water, suitable surfactant, n-decane, and 

2-propanol. They suggested that the as-prepared O/W emulsion can be applied to chemical enhanced 

oil recovery (C-EOR), especially for the carbonate reservoirs (Khosravani et al., 2013). 

3.3. Amphiphilic nanohybrids 

Shen and Resasco (Shen and Resasco, 2009) anticipated that the SWNT-silica combination offers a 

unique structure. The structure and transmission electron microscopy (TEM) image of single-walled 

carbon nanotubes (SWNT)-silica nanohybrid is represented in Figure 4.  

a) b) 

  

Figure 4 

a) structure (Ruiz et al., 2011) and b) TEM image of (Shen and Resasco, 2009) SWNT-silica nanohybrid. 

This unique structure can offer great flexibility in controlling the surface wettability by adjusting the 

carbon/silica ratio, silica particle size, nanotube length, and surface functionalities, which in turn can 

be varied by varying reaction conditions and surface treatments. Thus, it is possible to modify the 

distributions of partitioning coefficients between oil and water. In this contribution, they reported the 

preparation of water-in-oil and oil-in-water emulsions with variable fractions of emulsion volume 

using the carbon nanotube-silica nanohybrids as stabilizers. 

The resulting emulsions exhibit good resistance to coalescence and sedimentation. This novel way to 

prepare emulsions by supported SWNT shows great advantage in achieving a high emulsion volume 
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compared with using only SWNT, and has opened new opportunities for utilizing these materials as 

supports for heterogeneous catalysis to be used in biphasic systems. Furthermore, these nanohybrids 

are a very promising material that could be used for enhanced oil recovery because of their interfacial 

activity.  

A patent concerning nanohybrid preparation methods and compositions has been deposited, focusing 

on the usage of these structures as emulsion stabilizers for chemical enhanced oil recovery (C-EOR) 

(Khosravani et al., 2015). Two main steps are mentioned in this patent for using these structures in C-

EOR; first, modifying multi-walled carbon nanotubes (MWCNT’s) and second inserting inorganic 

nanoparticles into the modified MWCNT’s with special techniques. These nanohybrids are used for 

preparing nanofluids. These nanofluids can decrease the oil surface tension and may alter the 

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

Bornaee et al. (Bornaee et al., 2013) synthesized functionalized multi-walled carbon nanotube 

(MWCNT)/silica nanohybrid. This nanohybrid was suggested as a stabilizer for oil-in-water Pickering 

emulsion. The emulsion formation time was investigated, and the effect of the type of the cation in 

water on the emulsion properties was studied. The hydrophilic–lipophilic balance changed more 

intensely by bivalent cations such as magnesium and calcium rather than by the sodium univalent 

cation.  

Tajik et al. (Tajik et al., 2016) synthesized a novel silica-graphene nanohybrid through a simple and 

one step chemical vapor deposition of acetylene on silica surface. The characterizations confirm that 

graphene sheets were successfully grown. The stability of silica-graphene nanohybrid was considered 

by zeta potential test. The value of zeta potential was found to be about -21 mV. The nanohybrid was 

used for preparing the decalin/water emulsion. The effects of particle concentration, migration time of 

nanoparticles to the interface, sonication time, type of oil, and type of surfactant on emulsion droplets 

diameter were investigated. A Taguchi L16 array was used for designing the experiments. Among the 

mentioned parameters, types of surfactant, type of oil, and nanohybrid concentration were the most 

effective factors affecting the emulsion droplet size. In another study, they modified the surface of 

silica-graphene nanohybrid through treatment with a mixture of nitric and sulfuric acid vapors. In this 

way, they produced a novel stabilizer which was able to stabilize decalin-water emulsions. They 

reported that the formed emulsion average droplet size decreased by increasing the nanohybrid 

concentration (Tajik et al., 2017). 

AfzaliTabar et al. (AfzaliTabar et al., 2017b) prepared nanohybrids with different carbon structures 

using SiO2 nanoparticles through a sol-gel method. The nanohybrids were utilized to prepare 

Pickering emulsions. A mixture of SDBS, 2-propanol, and n-decane was used as the oil phase. The 

results demonstrated that the best sample was the 70% MWCNT/SiO2 nanohybrid which could well 

stabilize Pickering emulsions for one month. The prepared nanohybrid could also alter the wettability 

of the carbonate rock from oil-wet to water-wet and could decrease the interfacial tension between 

aqueous and organic phases. In another research (AfzaliTabar et al., 2017a), they proposed a very 

simple and economic preparation method for nanoporous graphene/silica nanohybrid using the same 

sol–gel method. They used this nanohybrid for preparing Pickering emulsions. The results showed 

that the nanoporous graphene/SiO2 nanohybrids Pickering emulsion had superior properties to the 

MWCNT/SiO2 nanohybrids Pickering emulsion presented in their previous research. This nanohybrid 

could also improve the rheological properties of polymer suspensions which were used for polymer 

flooding. 

Villamizar et al. (Villamizar et al., 2012) examined the feasibility of producing a stable dispersion of 

the targeted nanoparticles to deliver these particles to the oil and water (O/W) interface in different 



10 Iranian Journal of Oil & Gas Science and Technology, Vol. 7 (2018), No. 1 

 
porous media. Their results showed that the oxidized SWNT-Si nanohybrid particle dispersion in an 

aqueous solution could flow through both glass beads and crushed Berea sand packed columns. The 

dispersed nanohybrid particles did adsorb onto the crushed Berea sand surface as well as at the 

oil/water interface. The adsorption of the nanohybrid particle onto the oil/water interface supports the 

application of this type of particle for enhanced oil recovery by interfacially active catalytic reaction 

in the oil reservoir. It was understood that injecting the emulsion stabilized by oxidized SWNT-Si 

nanohybrid particles requires a tremendous amount of energy to propagate and penetrate through the 

porous media. 

4. Amphiphilic nanohybrid catalysts for reactions at the water/oil interface 

A novel technique is suggested for application in oil reservoirs. The technique uses amphiphilic 

nanoparticles in the water injection. These hybrid nanoparticles can simultaneously act as emulsion 

stabilizers and carriers for catalytic species, e.g. metals. In contrast to homogeneous catalysts 

previously used, the solid particles can be recovered (Faria et al., 2010). The advantage of the novel 

procedure is that the amphiphilic nanohybrids stabilize a high interfacial area, which results in higher 

conversions, and they do not require the use of a liquid surfactant that could not be separated from the 

reaction mixture. In contrast to homogeneous catalysts previously used, the recoverable solid 

stabilizes a water-in-oil emulsion and catalyzes reactions (Crossley et al., 2009; Faria et al., 2010). 

They can be active for in situ partial oxidation or hydrogenation. These reactions may result in 

changes in rheological and interfacial properties of the oil, along with adapting the wettability of the 

walls. These changes might be efficiently used to improve the oil recovery process (Drexler et al., 

2012). 

Ruiz et al. (Ruiz et al., 2011) prepared a series of different amphiphilic nanohybrids based on 

SWCNT’s and MWCNT’s (the hydrophobic side) fused to different metal oxide particles (the 

hydrophilic side) as stabilizers of water/oil emulsions and supports for metal clusters that catalyze 

reactions at the water/oil interface in emulsion systems. The catalytic performances of the different 

nanohybrids (SWCNT–SiO2, “onion-like” carbon–SiO2, and MWCNT–Al2O3) doped with palladium 

were compared in three different reactions: 1) hydrogenation of phenanthrene; 2) hydrogenation of 

glutaraldehyde and benzaldehyde; 3) partial oxidation of tetrahydronaphthalene (Figure 5). These 

materials have been selected as a model compound representing the complex mixtures typically found 

in crude oil to simplify the experimental procedures required to analyze the results of the reactions. 

The following advantages for these novel catalysts are presented: higher interfacial area, enhanced 

mass transfer of compounds between the two phases, effective product separation by differences in 

solubility, and most importantly recoverability and recyclability after reaction. 

 

Figure 5 

Nanostructured carbon metal oxide hybrids as an amphiphilic emulsion stabilizer and catalyst (Ruiz et al., 2011). 
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Drexler et al. (Drexler et al., 2012) investigated the above reactions in another concept. They reported 

changes in interfacial tension after the partial oxidation of tetrahydronaphthalene (tetralin). The 

addition of small amounts of tetralone, which is a product of this reaction, generates a considerable 

decrease in interfacial tension. This decrease is caused by the enrichment of the polar compound at the 

oil/water interface, because of a higher affinity of the polar compound to water compared to the 

nonpolar bulk phase. Although the reduction in IFT does not reach the typical reductions that one 

would expect for EOR techniques, it serves as an initial proof of concept for this application. If the 

oxidation reactions were carried out to convert molecules with polarity lower than that of tetralin, as a 

long-chain olefin, the impact on the IFT reduction would be increased.  

One of the possible effects of hydrogenation on rheological properties could be associated with the 

increased flexibility of the polyaromatic molecules when the aromaticity is broken. This interesting 

effect could explain the change of the state of matter observed when the phenanthrene (which is a 

solid at room temperature) is selectively hydrogenated toward the 9,10- dihydrophenanthrene (which 

is a liquid at room temperature). Hence, based on this observation, Drexler et al (Drexler et al., 2012) 

decided to study the effect of the extent of hydrogenation of the polyaromatic molecules on the 

dynamic viscosity (μ). For this analysis, they employed the known approach of combining 

experimental data with quantitative structure property relationship (QSPR) software. Their results 

showed that the partial oxidation of organic compounds lowered the water-oil interfacial tension. This 

led to an increase in the capillary number (Nc). Alternatively, the partial hydrogenation of polynuclear 

aromatics can enhance the viscosity of the oil phase in the emulsion. In other words, it improves the 

mobility ratio (MR). As a result, partial hydrogenation can be an effective pretreatment of the oil to 

favor the subsequent partial oxidation (Drexler et al., 2012). 

5. Application of nanofluids in core flooding experiments 

Many studies have used nanoparticles in water flooding as a chemical method to increase oil 

recovery. A number of these studies are classified here based on the effective mechanisms which 

cause an increase in oil recovery during core flood experiments. Table 1 shows a number of related 

researches using nanoparticles in core flood experiments. In this table, the proposed mechanism and 

the amount of increase in oil recovery due to nanofluid flooding are tabulated. 

Table 1 

Nanoparticles and different mechanisms for enhanced oil recovery in core flood experiments. 

Reference Nanoparticle Core Mechanism 
Increase in oil 

recovery 

(Roustaei and 

Bagherzadeh, 2015) 
SiO2 Carbonate Wettability alteration 9-12 % 

(Seid Mohammadi et 

al., 2014) 
γ-Al2O3 Carbonate Wettability alteration 11.25% 

(Ahmadi et al., 2016) SiO2 Carbonate IFT reduction 25% 

(Hendraningrat and 

Torsæter, 2015) 
Al2O3, SiO2, TiO2 

Berea 

sandstone 

Wettability 

alteration-IFT 

reduction 

0.4-11% 

(Luo et al., 2016) 

Graphene-based 

amphiphilic Janus 

nanosheets 

Sandstone IFT reduction 15.2% 

(Hendraningrat et al., 

2013) 
SiO2 

Berea 

sandstone 

Wettability 

alteration-IFT 
0-6.14% 
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Reference Nanoparticle Core Mechanism 
Increase in oil 

recovery 

reduction 

(Joonaki and 

Ghanaatian, 2014) 
Al2O3, Fe2O3, SiO2 Sandstone 

Wettability 

alteration-IFT 

reduction 

17.3-22.5% 

(Sharma et al., 2015) SiO2 
Berea 

sandstone 

Pickering emulsion 

formation 
4-21% 

(Yoon et al., 2016) SiO2 
Berea 

sandstone 

Pickering emulsion 

formation 
4% 

(Pei et al., 2015) SiO2 N.A. 
Pickering emulsion 

formation 
~10-30 % 

Some studies have emphasized that wettability alteration is the dominant mechanism which causes an 

increase in oil recovery during water flood experiments. Roustaei and Bagherzadeh (Roustaei and 

Bagherzadeh, 2015) studied the effect of SiO2 nanoparticles on the wettability properties of a 

carbonate rock. Their results showed that the wettability of the treated rock changed from strongly oil-

wet to strongly water-wet condition due to the adsorption of nanoparticles on the rock surface. The 

core flood experiments showed that a considerable amount of oil can be recovered right after the start 

of water injection to the core plug aged with nanofluid. Mortazavi et al. (Mortazavi et al., 2016) made 

a chemical additive by a combination of polymer, alkaline, and silica nanoparticles. This mixture was 

used to control the relative permeability curves and oil recovery. The experimental observations 

emphasized that using the suitable chemical additives changed the relative permeability of the phases 

towards higher oil relative permeability values; this resulted in oil recovery. In another study, Seid 

Mohammadi et al. (Seid Mohammadi et al., 2014) investigated the effect of γ-Al2O3 on the wettability 

alteration of one of Iran carbonate reservoirs. The results showed that the wettability of the calcite 

surface changed from oil-wet to water-wet due to the adsorption of γ-Al2O3 nanoparticles on the 

surface of rock. The optimum concentration of γ-Al2O3 was 0.5 wt.% at which the maximum change 

in the contact angle was observed. At this concentration, the oil recovery increased by 11.25%. In 

another study, Kiani et al. (Kiani et al., 2016) synthesized γ-Al2O3 for preparing a nanofluid at 

various salinities. The nanofluid was used for water-flooding experiments on sandstone rock. The 

ultimately optimum recoveries of using 2000, 20,000, and 200,000 ppm nanofluid in injections were 

obtained as 56.95, 64.78, and 71.48% respectively. It was found that these oil recoveries strongly 

depended upon the concentration of salinities, and they were increased by decreasing salinity.  

The increase in oil recovery during water flooding experiments may be attributed to a decrease in 

interfacial tension (IFT reduction). Ahmadi et al. (Ahmadi et al., 2016) investigated the ability of 

hydrophobic nanoparticles of SiO2 in a core flooding process for carbonate rock samples. Their results 

showed that the IFT between water and oil phase decreased with an increase in nanoparticle 

concentration, and consequently the oil recovery increased. However, silica nanoparticle can increase 

oil recovery through other mechanisms. Ahmadi and Shadizadeh (Ahmadi and Shadizadeh, 2014) 

reported that using silica with a particle size of 12 nm could increase the oil recovery from carbonate 

rock. They mentioned that an increase in the viscosity of the injection fluid was the reason for an 

increase in the oil recovery. Similar results were obtained using combination of hydrophilic nano-

silica and extracted surfactants from the leaves of Ziziphus-spina-christi as an injected fluid in core 

displacement experiments (Ahmadi and Shadizadeh, 2017). 

Hendraningrat and Torsæter (Hendraningrat and Torsæter, 2015) reported that the mixture of metal 

oxide nanofluids and dispersant improved the oil recovery to a larger extent compared to either silica-

based nanofluid or dispersant alone in all wettability systems. It was observed that metal oxide-based 
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nanofluids altered the quartz plates to become more water-wet. In addition, the presence of 

nanoparticles and dispersant reduced the IFT. These results were consistent with those of the core 

flood experiment. In a study, Luo et al. (Luo et al., 2016) designed and produced a nanofluid of 

graphene-based amphiphilic nanosheets. These nanosheets spontaneously approached the oil–water 

interface and reduced the interfacial tension. A climbing film appeared and grew in moderate 

hydrodynamic conditions. This film could encapsulate the oil phase and subsequently could rapidly 

separate oil phase from rock surface.  

In some reported studies, wettability alteration along with the IFT reduction is responsible for an 

increase in oil recovery during water flooding experiments. Hendraningrat et al. (Hendraningrat et al., 

2013) performed laboratory core flood experiments in water-wet Berea sand stone core plugs with 

permeability in range of 9–400 mD. They used different concentrations of hydrophilic lipophilic SiO2 

nanoparticles as the flooding fluid. Their results showed that a decrease in both IFT and contact angle 

is responsible for an increase in oil recovery. They reported that interfacial tension and contact angle 

decreased as the nanofluid concentration increased, but there was no guarantee that additional oil 

recovery was obtained in low–medium permeability water-wet Berea sandstone at higher nanofluid 

concentrations. The reason may be attributed to pore network blockage at higher concentrations of 

nanofluid (e.g. 0.1 wt.% or higher). Joonaki and Ghanaatian (Joonaki and Ghanaatian, 2014) used 

Al2O3, Fe2O3, and SiO2 as EOR agents during a flooding process. The experiment results showed that 

the nanofluids could decrease the IFT between water and oil phases and could make the solid surface 

more neutral wet. Their results indicate that aluminum oxide and silicon oxide treated by saline were 

good agents for enhanced oil recovery.  

Formation of Pickering emulsions may also cause an increase in oil recovery during water flooding 

experiments. Some researches indicate that the Pickering emulsion provides significant improvements 

to conventional EOR techniques, indicating their suitable use for oilfield applications. Sharma et al. 

(Sharma et al., 2015) formulated novel Pickering emulsion stabilized using polyacrylamide (PAM) 

and nanoparticles (SiO2 and clay) in the presence of surfactant. Nanoparticle-stabilized Pickering 

emulsion enhanced oil recovery by about 80% at elevated temperatures compared to conventional 

surfactant polymer (SP) flood. In another study, Yoon et al. (Yoon et al., 2016) designed a complex 

colloidal layer consisting of silica nanoparticles, dodecyl tri-methyl ammonium bromide (DTAB), and 

poly 4-styrenesulfonic acid-co-maleic acid sodium salt (PSS-co-MA). This complex colloidal 

dispersion fluid was injected into the Berea sandstone for a core flooding experiment. The result 

revealed that the colloidal dispersion significantly increased the oil recovery by ~4% compared to the 

case of flooding water. This means that the emulsion drops in situ produced in the core could readily 

flow through the rock pores. Pei et al. (Pei et al., 2015) conducted an experimental study for 

investigating the synergistic effect of nanoparticles and surfactants in stabilizing oil-in-water (O/W) 

emulsions for improved heavy oil recovery. The emulsion stability and rheology properties were 

studied. The results showed that the addition of nanoparticles could improve the stability of the 

emulsion and could increase the bulk viscosity of the emulsion. The core flooding conducted with the 

nanoparticle-surfactant stabilized emulsion showed a marked improvement in oil recovery compared 

to the surfactant-stabilized emulsions. In this case, the tertiary oil recovery can reach over 40% of the 

initial oil in place.  

6. Remarks and directions for future research 

Increasing world request for energy requires a rise in extracting the crude oil from reservoirs. Many 

novel enhanced oil recovery (EOR) methods have been utilized to increase oil recovery in oil fields, 

and some studies have been reported the role of nanoparticles in EOR operations. Particles can be 
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injected with water or other chemicals; they can alter the wettability from oil-wet condition to water-

wet conditions. Formation and flow of emulsions can also enhance oil recovery processes; emulsions 

may be formed externally and may be intentionally injected. Spontaneous emulsification is also 

known to occur under favorable conditions. Clay minerals can assist the formation of emulsions, and 

hydrophobic or hydrophilic nanoparticles, particularly silica particles, can be used. A unique 

technique that can potentially be used in oil reservoirs is adding amphiphilic nanoparticles into the 

water injection. These hybrid nanoparticles can act as emulsion stabilizers and as carriers for catalytic 

species. They can be applied to in situ reactions such as partial oxidation and hydrogenation. These 

reactions may result in altering the wettability of the walls and may lead to changes in rheological and 

interfacial properties of oil. The mentioned mechanisms can cause an increase in oil recovery during 

core flooding experiments reviewed in this paper.  

The preparation of homogeneous suspension of nanoparticles remains a technical challenge since the 

nanoparticles form aggregates due to high attractive forces. However, future researches need to focus 

on finding out proper functionalities for nanoparticles. These functional groups should reduce the 

energy required for the adsorption of nanoparticles at the oil-water interface. Furthermore, they should 

facilitate nanoparticle propagation through a reservoir under harsh conditions of temperature and 

salinity. A proper stabilizing functional group should be able to stabilize the nanoparticle in both 

static and dynamic conditions. The functional groups should also minimize the adsorption of 

nanoparticles on the rock. The long-term chemical stability of functional groups along with low 

production cost is another challenge which should be taken into consideration.  

Nomenclature 

C-EOR Chemical enhanced oil recovery 

CSC Critical salt concentration 

DSNP Dispersed silica nanoparticles in polyacrylamide 

DSNW Dispersed silica nanoparticles in water 

DTAB Dodecyl tri-methyl ammonium bromide  

EOR Enhanced oil recovery 

ki Relative permeability of the porous media 

SSE Solid stabilized emulsion 

IFT Interfacial tension 

LHP Lipophobic and hydrophilic polysilicon 

MR Mobility ratio 

MWCNT Multi-walled carbon nanotubes 

Nc Capillary number 

OOIP Original oil in place 

O/W Oil in water 

SEM Scanning electron microscopy 

SWNT Single-walled carbon nanotubes 

TEM Transmission electron microscopy 

W/O Water in oil 

Greek symbols 

μ Viscosity 
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σ Interfacial tension (IFT) 

ν Darcy velocity (fluid flux per unit of area) 

References 

Afzal, S., Nikookar, M., Ehsani, M. R., and Roayaei, E., An Experimental Investigation of the 

Catalytic Effect of Fe2O3 Nanoparticle on Steam Injection Process of an Iranian Reservoir, 

Iranian Journal of Oil & Gas Science and Technology, Vol. 3, No. 2, p. 27-36, 2014. 

AfzaliTabar, M., Alaei, M., Bazmi, M., Khojasteh, R. R., Koolivand-Salooki, M., Motiee, F., and 

Rashidi, A., Facile and Economical Preparation Method of Nanoporous Graphene/Silica 

Nanohybrid and Evaluation of its Pickering Emulsion Properties for Chemical Enhanced oil 

Recovery (C-EOR), Fuel, Vol. 206, No. p. 453-466, 2017. 

AfzaliTabar, M., Alaei, M., Khojasteh, R. R., Motiee, F., and Rashidi, A., Preference of Multi-walled 

Carbon Nanotube (MWCNT) to Single-walled Carbon Nanotube (SWCNT) and Activated 

Carbon for Preparing Silica Nanohybrid Pickering Emulsion for Chemical Enhanced Oil 

Recovery (C-EOR), Journal of Solid State Chemistry, Vol. 245, No. p. 164-173, 2017. 

Ahmadi, M.A., Ahmad, Z., Phung, L. T. K., Kashiwao, T., and Bahadori, A., Evaluation of the 

Ability of the Hydrophobic Nanoparticles of SiO2 in the EOR Process through Carbonate Rock 

Samples, Petroleum Science and Technology, Vol. 34, No. 11-12, p. 1048-1054, 2016. 

Ahmadi, M.A. and Shadizadeh, S. R., Nanofluid in Hydrophilic State for EOR Implication through 

Carbonate Reservoir, Journal of Dispersion Science and Technology, Vol. 35, No. 11, p. 1537-

1542, 2014. 

Ahmadi, M. A. and Shadizadeh, S. R., Induced Effect of Adding Nanosilica on Adsorption of a 

Natural Surfactant onto Sandstone Rock: Experimental and Theoretical Study, Journal of 

Petroleum Science and Engineering, Vol. 112, No. p. 239-247, 2013. 

Ahmadi, M. A. and Shadizadeh, S. R., Nano-surfactant Flooding in Carbonate Reservoirs: A 

Mechanistic Study, The European Physical Journal Plus, Vol. 132, No. 6, p. 246, 2017. 

Alvarado, V. and Manrique, E., Enhanced Oil Recovery: an Update Review, Energies, Vol. 3, No. 9, 

p. 1529-1575, 2010. 

Alvarado, V., Wang, X., and Moradi, M., Stability Proxies for Water-in-oil Emulsions and 

Implications in Aqueous-based Enhanced Oil Recovery, Energies, Vol. 4, No. 7, p. 1058-1086, 

2011. 

Amani, H., Muller, M. M., Syldatk, C., and Hausmann, R., Production of Microbial Rhamnolipid by 

Pseudomonas Aeruginosa mm1011 for Ex Situ Enhanced Oil Recovery, Applied Biochemistry 

and Biotechnology, Vol. 170, No. 5, p. 1080-1093, 2013. 

Bornaee, A. H., Manteghian, M., Rashidi, A. M., Alaei, M., and Ershady, M., Oil-in-water Pickering 

Emulsions Stabilized with functionalized Multi-walled Carbon Nanotube/Silica Nanohybrids in 

the Presence of High Concentrations of Cations in Water, Journal of Industrial and Engineering 

Chemistry, Vol. 20, No. 4, p. 1720-1726, 2013. 

Chen, L., Zhang, G., Ge, J., Jiang, P., Tang, J., and Liu, Y., Research of the Heavy Oil Displacement 

Mechanism by Using Alkaline/Surfactant Flooding System, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, Vol. 434, No. p. 63-71, 2009. 



16 Iranian Journal of Oil & Gas Science and Technology, Vol. 7 (2018), No. 1 

 
Chevalier, Y. and Bolzinger, M.-A., Emulsions Stabilized with Solid Nanoparticles: Pickering 

Emulsions, Colloids and Surfaces A: Physicochemical and Engineering Aspects, Vol. 439, No. 

p. 23-34, 2013. 

Crossley, S., Faria, J., Shen, M., and Resasco, D. E., Solid Nanoparticles That Catalyze Biofuel 

Upgrade Reactions at the Water/Oil Interface, Science, Vol. 327, No. 5961, p. 68-72, 2009. 

Drexler, S., Faria, J., Ruiz, M. P., Harwell, J. H., and Resasco, D. E., Amphiphilic Nanohybrid 

Catalysts for Reactions at the Water/Oil Interface in Subsurface Reservoirs, Energy and Fuels, 

Vol. 26, No. 4, p. 2231-2241, 2012. 

Esmaeeli Azadgoleh, J., Kharrat, R., Barati, N., and Sobhani, A., Stability of Silica Nanoparticle 

Dispersion in Brine Solution: an Experimental Study, Iranian Journal of Oil & Gas Science and 

Technology, Vol. 3, No. 4, p. 26-40, 2014. 

Faria, J., Ruiz, M. P., and Resasco, D. E., Phase-Selective Catalysis in Emulsions Stabilized by Janus 

Silica-nanoparticles, Advanced Synthesis and Catalysis, Vol. 352, No. p. 2359-2364, 2010. 

He, Y., Wu, F., Sun, X., Li, R., Guo, Y., Li, C., et al., Factors that affect  Pickering Emulsions 

Stabilized by Graphene Oxide, ACS Applied Materials and Interfaces, Vol. 5, No. p. 4843-4855, 

2013. 

Hematpour, H., Mardi, M., Edalatkhah, S., and Arabjamaloei, R., Experimental Study of Polymer 

Flooding in Low-viscosity Oil Using One-quarter Five-spot Glass Micromodel, Petroleum 

Science and Technology, Vol. 29, No. 11, p. 1163-1175, 2011. 

Hendraningrat, L., Li, S., and Torsater, O., A Core Flood Investigation Of Nanofluid Enhanced Oil 

Recovery, Journal of Petroleum Science and Engineering, Vol. 111, No. p. 128-138, 2013. 

Hendraningrat, L. and Torsæter, O., Metal oxide-based Nanoparticles: Revealing their Potential to 

Enhance Oil Recovery in Different Wettability Systems, Applied Nanoscience, Vol. 5, No. 2, p. 

181-199, 2015. 

Iglauer, S., Wu, Y., Shuler, P., Tang, Y., and Goddard III, W. A., Alkyl Polyglycoside Surfactant- 

alcohol Cosolvent Formulations for Improved Oil Recovery, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, Vol. 339, No. 1, p. 48-59, 2011. 

Joonaki, E. and Ghanaatian, S., The Application of Nanofluids for Enhanced Oil Recovery: Effects on 

Interfacial Tension and Core Flooding Process, Petroleum Science and Technology, Vol. 32, 

No. 21, p. 2599-2607, 2014. 

Ju, B., Fan, T., and Li, Z., Improving Water Injectivity and Enhancing Oil Recovery by Wettability 

Control Using Nanopowders, Journal of Petroleum Science and Engineering, Vol. 86, No. p. 

206-216, 2012. 

Ju, B., Fan, T., and Ma, M., Enhanced Oil Recovery by Flooding with Hydrophilic Nanoparticles, 

China Particuology, Vol. 4, No. 1, p. 41-46, 2006. 

Kaminsky, R., Wattenbarger, R., Lederhos, J., and Leonardi, S. (2010). Viscous Oil Recovery Using 

Solids-stabilized Emulsions, Paper presented at the SPE Annual Technical Conference and 

Exhibition, Florence (Italy), 2010. 

Kang, W., Xu, B., Wang, Y., Li, Y., Shan, X., An, F., and Liu, J., Stability Mechanism of W/O Crude 

Oil Emulsion Stabilized by Polymer and Surfactant, Colloids and Surfaces A: Physicochemical 

and Engineering Aspects, Vol. 384, No. 1-3, p. 555-560, 2011. 



H. Radnia et al. / Application of Nanoparticles for Chemical Enhanced Oil Recovery 17 

 
Karimi, A., Fakhroueian, Z., Bahramian, A., Pour Khiabani, N., Darabad, J. B., Azin, R., and Arya, 

S., Wettability Alteration in Carbonates Using Zirconium Oxide Nanofluids: EOR Implications, 

Energy and Fuels, Vol. 26, No. 2, p. 1028-1036, 2012. 

Khosravani, S., Alaei, M., Ramazani, A., Rashidi, A., and Ershadi, M., O/W Emulsions Stabilized 

with γ-Alumina Nanostructures for Chemical Enhanced Oil Recovery, Materials Research 

Bulletin, Vol. 48, No. p. 2186-2190, 2013. 

Khosravani, S., Ershadi, M., Alaei, M., Bornaee, A. H., Rashidi, A., Ramazani, A., and Manteghian, 

M., Compositions and Methods Employing Multi-walled Carbon Nanotube-based Nanohybrids 

and Applications thereof in Oil Recovery, US 0225639 A1, 2015. 

Kiani, S., Mansouri Zadeh, M., Khodabakhshi, S., Rashidi, A., and Moghadasi, J., Newly Prepared 

Nanogamma Alumina and its Application in Enhanced Oil Recovery: an Approach to Low-

salinity Water Flooding, Energy and Fuels, Vol. 30, No. 5, p. 3791-3797, 2016. 

Kumar, R., Dao, E., and Mohanty, K., Emulsion Flooding of Heavy Oil, Paper presented at the SPE 

Improved Oil Recovery Symposium, Tulsa (USA), 2010. 

Langevin, D., Poteau, S., Henaut, I., and Argillier, J., Crude Oil Emulsion Properties and their 

Application to Heavy Oil Transportation, Oil and Gas Science and Technology, Vol. 59, No. 5, 

p. 511-521, 2004. 

Luo, D., Wang, F., Zhu, J., Cao, F., Liu, Y., Li, X., et al., Nanofluid of Graphene-based Amphiphilic 

Janus Nanosheets for Tertiary or Enhanced Oil Recovery: High Performance at Low 

Concentration, Proceedings of the National Academy of Sciences, Vol. No. p. 7711-7716, 2016. 

Maghzi, A., Mohammadi, S., Ghazanfari, M. H., Kharrat, R., and Masihi, M., Monitoring Wettability 

Alteration by Silica Nanoparticles during Water Flooding to Heavy Oils in Five-spot Systems: 

A Pore-level Investigation, Experimental Thermal and Fluid Science, Vol. 40, No. p. 168-176, 

2012. 

Maghzi, A., Mohebbi, A., Kharrat, R., and Ghazanfari, M. H., Pore-scale Monitoring of Wettability 

Alteration by Silica Nanoparticles during Polymer Flooding to Heavy Oil in a Five-spot Glass 

Micromodel, Transport in Porous Media, Vol. 87, No. 3, p. 653-664, 2011. 

Mortazavi, E., Masihi, M., and Ghazanfari, M. H., An Influence of Polymer-alkaline and 

Nanoparticles as Chemical Additives on the Immiscible Displacement and Phase Relative 

Permeability, Iranian Journal of Oil & Gas Science and Technology, Vol. 5, No. 3, p. 14-31, 

2016. 

Pei, H., Zhang, G., Ge, J., Zhang, J., and Zhang, Q., Investigation of Synergy between Nanoparticle 

and Surfactant in Stabilizing oil-in-water Emulsions for Improved Heavy Oil Recovery, 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, Vol. 484, No. p. 478-484, 

2015. 

Radnia, H., Nazar, A. R. S., and Rashidi, A., Experimental Assessment of Graphene Oxide 

Adsorption onto Sandstone Reservoir Rocks through Response Surface Methodology, Journal of 

the Taiwan Institute of Chemical Engineers, Vol. 80, No. 1. p. 34-45, 2017. 

Roustaei, A., and Bagherzadeh, H., Experimental Investigation of SiO2 Nanoparticles on Enhanced 

Oil Recovery of Carbonate Reservoirs, Journal of Petroleum Exploration and Production 

Technology, Vol. 5, No. 1, p. 27-33, 2015. 



18 Iranian Journal of Oil & Gas Science and Technology, Vol. 7 (2018), No. 1 

 
Ruiz, M. P., Faria, J., Shen, M., Drexler, S., Prasomsri, T., and Resasco, D. E., Nanostructured 

Carbon-metal Oxide Hybrids as Amphiphilic Emulsion Catalysts, ChemSusChem, Vol. 4, No. 

7, p. 964-974, 2011. 

Seid Mohammadi, M., Moghadasi, J., and Naseri, S., An Experimental Investigation of Wettability 

Alteration in Carbonate Reservoir Using γ-Al2O3 Nanoparticles, Iranian Journal of Oil & Gas 

Science and Technology, Vol. 3, No. 2, p. 18-26, 2014. 

Sharma, T., Kumar, G. S., and Sangwai, J. S., Comparative Effectiveness of Production Performance 

of  Pickering Emulsion Stabilized by Nanoparticle–surfactant–polymer over Surfactant–polymer 

(SP) Flooding for Enhanced Oil Recovery for Brownfield Reservoir, Journal of Petroleum 

Science and Engineering, Vol. 129, No. p. 221-232, 2015. 

Shen, M. and Resasco, D. E., Emulsions Stabilized by Carbon Nanotube-silica Nanohybrids, 

Langmuir, Vol. 25, No. 18, p. 10843-10851, 2009. 

Simon, R., Enhanced Oil Recovery: Definitions, Fundamentals, Applications, and Research Frontiers, 

Physics and Chemistry of the Earth, Vol. 13, No. p. 447-460, 1981. 

Suleimanov, B., Ismailov, F., and Veliyev, E., Nanofluid for Enhanced Oil Recovery, Journal of 

Petroleum Science and Engineering, Vol. 78, No. 2, p. 431-437, 2011. 

Sullivan, A. P. and Kilpatrick, P. K., The Effects of Inorganic Solid Particles on Water and Crude Oil 

Emulsion Stability, Industrial and Engineering Chemistry Research, Vol. 41, No. 14, p. 3389-

3404, 2002. 

Sztukowski, D. M. and Yarranton, H. W., Oilfield Solids and Water-in-oil Emulsion Stability, Journal 

of colloid and interface science, Vol. 285, No. 2, p. 821-833, 2005. 

Tajik, S., Nasernejad, B., and Rashidi, A., Preparation of Silica-graphene Nanohybrid as a Stabilizer 

of Emulsions, Journal of Molecular Liquids, Vol. 222, No. p. 788-795, 2016. 

Tajik, S., Nasernejad, B., and Rashidi, A., Surface Modification of Silica-graphene Nanohybrid as a 

Novel Stabilizer for Oil-water Emulsion, Korean Journal of Chemical Engineering, Vol. 34, No. 

9, p. 2488-2497, 2017. 

Tajmiri, M., Mousavi, S. M., Ehsani, M. R., Roayaei, E., and Emadi, A., Wettability Alteration of 

Sandstone and Carbonate Rocks by Using ZnO Nanoparticles in Heavy Oil Reservoirs, Iranian 

Journal of Oil & Gas Science and Technology, Vol. 4, No. 4, p. 50-66, 2015. 

Villamizar, L. C., Lohateeraparp, P., Harwell, J. H., Resasco, D. E., and Shiau, B. J., Dispersion 

Stability and Transport of Nanohybrids through Porous Media, Transport in Porous Media, Vol. 

96, No. 1, p. 63-81, 2012. 

Wang, X. and Alvarado, V., Kaolinite and Silica Dispersions in Low-salinity Environments: Impact 

on a Water-in-crude Oil Emulsion Stability, Energies, Vol. 4, No. 10, p. 1763-1778, 2011. 

Yoon, K. Y., An, S. J., Chen, Y., Lee, J. H., Bryant, S. L., Ruoff, R. S., Huh, C., and Johnston, K. P., 

Graphene Oxide Nanoplatelet Dispersions in Concentrated NaCl and Stabilization of Oil/Water 

Emulsions, Journal of colloid and interface science, Vol. 403, No. p. 1-6, 2013. 

Yoon, K. Y., Son, H. A., Choi, S. K., Kim, J. W., Sung, W. M., and Kim, H. T., Core Flooding of 

Complex Nanoscale Colloidal Dispersions for Enhanced Oil Recovery by In Situ Formation of 

Stable Oil-in-water Pickering Emulsions, Energy and Fuels, Vol. 30, No. 4, p. 2628-2635, 2016. 



H. Radnia et al. / Application of Nanoparticles for Chemical Enhanced Oil Recovery 19 

 
Zhang, P., Tweheyo, M. T., and Austad, T., Wettability Alteration and Improved Oil Recovery by 

Spontaneous Imbibition of Seawater into Chalk: Impact of the Potential Determining Ions Ca2+, 

Mg2+ and SO4+, Colloids and Surfaces A: Physicochemical and Engineering Aspects, Vol. 301, 

No. 1, p. 199-208, 2007. 

Zhang, T., Davidson, D., Bryant, S., and Huh, C., Nanoparticle-stabilized Emulsions for Applications 

in Enhanced Oil Recovery, Paper presented at the SPE Improved Oil Recovery Symposium, 

Tulsa (USA), 2010.  

Zhu, H., Carlson, H. K., and Coates, J. D., Applicability of Anaerobic Nitrate-dependent Fe(II) 

Oxidation to Microbial Enhanced Oil Recovery (MEOR), Environmental Science and 

Technology, Vol. 47, No. 15, p. 8970-8977, 2013. 

Zoppe, J. O., Venditti, R. A., and Rojas, O. J., Pickering Emulsions Stabilized by Cellulose 

Nanocrystals Grafted with Thermo-responsive Polymer Brushes, Journal of Colloid and 

Interface Science, Vol. 369, No. 1, p. 202-209, 2012. 


