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ABSTRACT: In this study, the effect of anionic and cationic surfactant solutions alone and in 

combination with silica AEROSIL® R 816 nanomaterial on the wettability alteration of carbonate rock 

reservoirs has been investigated. The nanofluid properties including stability, surfactant Critical 

Micelle Concentration (CMC), InterFacial Tension (IFT), and surfactant adsorption were studied  

in each case, and the synergistic effect of nanoparticles as adjacent particles along with surfactant 

molecules in the solution with respect to electrostatic and capillary forces has been discussed.  

The results show that nanoparticles generally reduce ST, CMC, and surfactant adsorption on the rock, 

and surfactant molecules significantly increase the stability of nanoparticles. Also, contact angle test 

results indicated an increase in the effect of the wettability alteration of stones in the surfactant 

solution by the nanoparticles from the lipophilic to the hydrophilic, and the nanopowder solution 

itself had the most ability to change the wettability. Finally, the results from the observations 

mentioned above were confirmed by performing an imbibition test based on drop experiments. 
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INTRODUCTION 

Because of the significant decrement in the available 

oil reservoirs Enhanced Oil Recovery (EOR) methods  

are attracting considerable attention all around the world [1-12]. 

Although, the growth of these techniques has been limited 

by many difficulties and barriers such as probable 

formation damage, sweep efficiency, and cost. In the 

chemical EOR technique, chemicals are utilized to replace 

the stock oil in the pores by adjusting the characteristics of 

reservoir oil and rock such as interfacial tension,  

 

 

 

wettability plus mobility ratio Furthermore, nanoparticles 

have demonstrated that they can improve plenty of 

conventional EOR challenges; nanoparticles tend to self-

assemble and film-forming in contact with oil and rock 

porosity surfaces. The application of nanoparticles in EOR 

is studied in the literature[1, 13-15]. Moreover, to enhance 

nanoparticle stability, surfactants are added to their 

solution. Generally, nanoparticles are coated with surfactant 

molecules that their surface-active parts are modified 
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the hydrophobicity-hydrophilicity of nanoparticles. These 

active sites accomplish nanoparticle adsorbing on the 

interface to modify the IFT and wettability. The 

(surfactant/nanoparticle) concentration ratio determines 

the features of the modified nanoparticles with the 

surfactant. If this ratio is low, surfactants are coated 

on a small portion of the nanoparticle's surfaces, and  

in high concentration ratios, a double layer of surfactant 

can form on the particle's surface [2, 3, 6, 15-22]. The 

surfactant/nanoparticle interactions can change the surface 

activity of surfactant molecules significantly. Ionic 

surfactant and charged nanoparticle with strong 

electrostatic interaction can form multilayers of surfactant 

on the nanoparticle. In general, higher concentrations of 

surfactants provided higher adsorption on the oil-water 

interface that can considerably decrease the interfacial 

tension and change the wettability to the water-wet 

condition [23, 24].  

Maghzi et al. [6, 25] measured the contact angle 

between water with different weight percentages from the 

silica nanoparticles using the drop method and showed that 

after flooding with nanoparticles, the wetting condition of 

the reservoir stone changed into a strong hydrophilic 

situation. They used a glass micromodule to test how to 

move the fluid in a porous medium. Nazari investigated the 

changes in wettability of carbonate reservoirs in Iran using 

silica nanoparticles and found that with this nanoparticle 

the wettability of carbonate rocks in reservoirs could be 

varied and changed from hydrophobic to medium 

hydrophilic. By calculating the contact angle, he concludes 

that with increasing nanoparticle concentrations, the 

contact angle decreases, which means an increase  

in the hydrophilicity of the reservoir's stone [19-21]. 

Handringrat et al. [26], using hydrophilic silica 

nanoparticles, showed that nanofluids have a high 

potential for ultimate oil recovery as secondary flooding  

in comparison with the third flooding after brine water,  

and with the use of nanofluids, the ultimate oil recovery  

is increased 8%. Maghzi et al. showed that for a nanofluid 

with 0.1% weight of silica nanoparticles 8.7% and with 3% 

weight of silica particles 26% oil recovery was obtained 

compared to water flooding [25, 27]. Nanomaterials/ 

surfactant agents reduce the capillary pressure in the 

reservoir's refractory and improve the flow of the reservoir 

in this area. Because when the dimensions of these 

materials are in the nanometer range, their ability to 

penetrate the cavities and their active surface can be 

dramatically increased 

For following up on the significance of these studies, 

various surfactants types, including sulfonates of 

alkylbenzene, alkyl-sulfates, alkyl-phosphates, Al salts 

quaternary, and alkyl-glycosides, have been fabricated to 

investigate the abovementioned applications and active 

mechanisms. Plus the improved interfacial characteristics 

quite a few materials of the biodegradable and biocompatible 

surfactants are still needed. Besides the environmentally 

friendly nature of the green surfactants, they have indicated 

diverse deficiencies including rare existence in natural 

products; expensive production, and complex separation 

process. On the contrary green surfactants, fatty acids, sugar, 

and amino acid serve as the basis for surfactant preparation 

with the naturally structural origin, which mainly constitutes 

basic and sustainable compounds, have been replaced as  

a stand-in for preserving fossil resources and for mitigating 

environmental issues. The key roles of these materials which 

result in the increasing appeal to subjected industries are  

the super-rapid degradation, convenient biocompatibility, and 

low toxicity to the atmosphere.  [7-9, 11, 12, 22, 27, 28]. 

Javadifar and colleagues examined the microscopic and 

macroscopic yield of heavy oil extraction in a five-point slit 

porous media in the injection process of two anionic surfactants 

(SDS) and cationic surfactants (C12 TAB), as well as water-based 

surfactant-containing silica nanoparticles. The results showed 

that the presence of nanoparticles in a surfactant solution 

would dramatically increase oil recovery. Also, microscopic 

images showed that the silica nanoparticles changed  

the wettability of the environment from lipophilic to 

hydrophilic [13, 17, 29, 30] 

Furthermore, it is noteworthy that wettability alteration 

in various interfacial tensions is different. For instance, 

lower interfacial tension does not always lead to 

remarkable alterations in wettability [13, 17, 19, 21, 25, 27]. 

The phase behavior of a surfactant-oil-water system and 

surfactant/nanoparticle affinity is another crucial factor 

that modulates wettability changes. It can be achieved 

same ST reduction at both low and high salinity conditions 

respectively with hydrophilic surfactants (prefer to be into 

the aqueous phase) and lipophilic surfactants (prefer to be 

into the oil phase). According to the above-mentioned,  

it can be designed as a hydrophilic/lipophilic surfactant 

formulation for specified ST reduction and more successful 

wettability modulating from oil-wet to water-wet [19, 31-34] 
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Table 1: Properties of anionic and cationic surfactants. 

Properties SLS CTAB 

Appearance White powder White powder 

Molecular formula NaC12H25SO4 C19H42BrN 

Molar mass g/mol 288.38 364.45 

Melting point C 206 (Decomposes) 237-243 

 
 

 

 

 
 

Fig. 1: Molecular structure of a) SLS and b) CTAB. 

 

The purpose of this study was to investigate the effect 

of the presence of anionic SLS and cationic CTAB 

surfactants in pure form and also with the slightly 

Hydrophobic Aerosil® R 816 nanopowder on the 

adsorption of surfactants and carbonate stone wettability. 

The investigated properties included nano-fluid stability, 

critical concentration and IFT of surfactant solutions, pure 

and with nanoparticles, adsorption of surfactant, and 

finally, imbibition experiments. In each case, the presence 

of nanoparticles as side particles along with surfactant 

molecules in a soluble state is discussed with respect to 

electrostatic forces and capillaries. Also, contact angle and 

IFT tests have been performed to investigate the behavior 

of materials on the surface between water, oil, and rock. 

These studies help to better understand the behavior of 

nano in increasing the EOR. 

 

EXPERIMENTAL SECTION 

Chemicals 

This study used anionic and cationic surfactants, 

sodium lauryl sulfate (SLS) and Cetyltrimethylammonium 

bromide (CTAB) prepared from India Mart and Merck 

Germany respectively. Nanopowder AEROSIL R816 

(AEROSIL® R 816 is a fumed silica after treatment with 

a hexadecylsilane) is based on the Slightly Hydrophobic 

silica nanopowder prepared from Evonik Germany. 

 

Reservoir rock samples  

Due to the fact that the nature of the stone is very 

important in the change of wettability, two types of 

carbonate stone and sandstone are used in one of the 

southern reservoirs of Iran. 

 

Fluids 

Depending on the test, the water phase was distilled 

water and salty water. Distilled water with a density of 

998.2 kg /m3 and a viscosity of 1cp at 25 ° C was produced 

in the laboratory and used as the basis solution for IFT 

measurements and adsorption experiments. 

It was used to measure the IFT because Kerosene is 

transparent compared to crude oil. The kernel viscosity 

was 1.7 cp (measured with the Cannon-Fensk instrument), 

and the density was 796.9 kg/m3 at 25 ° C. Crude oil of one 

of the southern reservoirs of Iran was used for injection 

testing. Its density and viscosity at 25 ° C are 88.89 kg/m3 

and 28 cp, respectively. 

 

Solutions preparation 

A solution of surfactant is made by adding a precise 

amount of surfactant powder to distilled water while  

on a magnetic stirrer. To overcome Solubilizing Temperature 

or Kraft Temperature solution will be heated to a sufficiently 

for 30 minutes. The nano-particles are then first soaked  

to the required amount of water, and then the particle mass  

is separated from each other by an ultrasonic device  

and dispersed in an aqueous phase. The sonication process 

was performed to ensure complete particle separation for 

90 minutes. 

a 

b 
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Table 1: Properties of AEROSIL R816 nanopowder. 

Properties AEROSIL R816 

Behavior in the presence of water Slightly Hydrophobic 

Contact Angle (Degree) 100-120 

Appearance Fine white powder 

Surface area (m2/g) 20 ±190 

particle size (nm) 12-16 

Density (gr/l) 60 

PH 4.0- 5.5 

Carbon content Wt.% 0.9-1.8 

SiO2 Wt.% >99.8 

Al2O3 Wt.% < 0.05 

Fe2O3 Wt.% < 0.01 

TiO2 Wt.% < 0.03 

HCL Wt.% < 0.025 

 

Table 3: Composition of Salt-water sample. 

Composition Concentration (mg/liter) 

Mg2+ 6318 

Ca2+ 20000 

CL- 142000 

TH (Total Hardness) 76000 

 

 

Fig. 2: AEROSIL® R 816 is a fumed silica after being treated 

with hexadecylsilane. 

 

Interfacial tension measurement 

The interfacial tension of the oil/nanofluids at ambient 

conditions is measured by the pendant drop method. 

 

Pendant drop Setup 

A pendant drop device typically consists of four main 

parts, including laboratory tubes, a lighting system,  

an imaging system, and ultimately a data acquisition 

system. The Pendant drop device is used to measure IFT  

at different temperatures and pressures. This device has  

the ability to measure IFT and contact angle in a range of 

temperatures up to 200 ° C and pressure up to 10000 psig. 

Fig. 3(a) shows the IFT measurement setup schematic. 

First, a specified diameter syringe is equipped and filled 

with crude oil. An optically clear vessel is filled with the 

nanofluid. The concentrations of the nanofluids are varied 

between 0 to 0.5 mg/mL. The tip of the needle is positioned 

in the vessel. The crude oil droplet is positioned at the tip 

of the needle from the topside of the vessel, and then, 

the image of the droplet is recorded by applying a CCD 

camera equipped with a macro lens. Finally, the image of 

the equilibrium pendant drop is analyzed by the image 

analyzing software and the IFT is determined.  

The pendant drop method is the most appropriate and 

most commonly used method for IFT. In this method, by 

analyzing the droplet of a fluid in a fluid under the equilibrium 

conditions of IFT, the shape of the drop depends on the 

balance between the gravity forces and the surface forces.  

Parameters of the pendant drop that are determined 

experimentally are the equatorial diameter, De, and the 

diameter Ds at a distance De from the top of the droplet. 

The IFT is then calculated from the following equation. 

2

e
D g

H

 
   

Where, g and Δρ are the acceleration of gravity and the 

difference between the crude oil droplet and the aqueous 

solution densities, respectively. The shape parameter (H) 

depends on the value of the shape factor (S = ds/de). 

 

Adsorption Experiments  

Adsorption of surfactant in a porous environment  

is one of the most important issues in the injection of 

surfactant to increase EOR. Because depending on the 

purpose of the injection of these chemicals, the adsorption 

of surfactant on the stone will have a significant effect  

on the resultant injection. Because the adsorption of 

surfactants is a function of complex parameters, an analytical 

method is proposed to calculate the adsorption, and  

the adsorption rate is usually obtained in a laboratory.  

 

Static Adsorption 

The static adsorption method was used to measure  

the adsorption of surfactant on the rock. In this method, 

surfactant solutions with different concentrations with  
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Fig. 3: (a) Schematic of the IFT measurement set up, (b) diameters of the pendant drop. 

 

the ratio of 5 to 1, solution to the rock, in suitable 

containers in contact with each other, with a gentle shake 

for 24 hours, reach equilibrium. This time is greater than 

the time it takes to reach the equilibrium state in the 

adsorption phenomenon. However, the adsorption of 

surfactant at different times to prove this claim was measured. 

After the equilibrium, the solution of surfactant and rock 

was separated using centrifugation, and each test  

was repeated three times to ensure the correctness  

and repeatability of the experiments.  

 

Dynamic Adsorption 

To measure the dynamic adsorption, stone particles 

of different sizes were beaten in a sand pack, then 5 pvs 

surfactant solution was injected into the sand pack, and 

then 5 pvs water was injected. The injection rate is  

0.5 cc/min and is sampled in 5 cc ranges. The 

concentration of adsorption has been calculated by 

analyzing the concentration of the output in the sand 

pack and integrating the concentration integral. It is 

worth noting that the surfactant solutions are made with 

water that is in contact with the rock for 24 hours  

and reaches equilibrium. By doing this, the probability 

of occurrence of dissolution of rock in solution  

in adsorption experiments and its effect on conductivity 

and dissolution density is prevented. 

 

Measurement of nanofluid solution concentration   

To measure the concentration, the properties of the 

solution should be used that changed to change the 

concentration. Due to the fact that IFT is constant at 

concentrations higher than the Critical Micelle 

Concentration (CMC), this property is not an appropriate 

option for concentration measurement. Therefore, the 

conductivity coefficient and in some cases, the solution 

density were used to determine the concentration. 

Concentration levels are obtained by establishing a proper 

calibration graph through the properties mentioned.  

To measure the conductivity, the Sartorius Professional 

conductivity meter PP-20 and the density of 5000 DMA 

were used. 

Boyle's Two Cell is used to measure porosity where 

the porosity is obtained by injection of a noble gas 

(hydrogen gas) in two tubes, one containing the cores,  

and the other as the reference tuber, and the repetition of 

the test with a reference cylinder instead of the core  

is obtained. It should be noted that the use of noble gas is 

due to neutralize the effects of gas on the rock. 

 

Core flood experiments 

Coreflood set up 

The Core Flooding Machine consists of five main 

parts, including an electric pump, injection and production 

lines, core holder assembly, and production vessel. 

 

Core porosity and permeability measurements 

For permeation measurement, distilled water with 

different flow rates is injected into the cores, and after  

the required time for the system equilibrium the pressure 

is recorded, and permeability with Darcy's Equation  

is calculated with the viscosity of the injected fluid  

and the core dimensions. 
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Fig. 4: Schematic of the core flood set up. 

 

Coreflooding procedure 

After measuring the permeability of the core, water  

is injected with low discharge in the core, and then the oil 

is slowly injected into the core. It should be noted that  

the amount of water output at this stage is very important 

because this water determines the amount of oil in the core. 

 

Contact angle measurement 

The commonly used method for directly measuring  

the contact angle for determining the properties of a specific 

rock-water-oil system is called the Sessile Drop method. 

In this method, the Pendant drop device is used to capture 

the image of the droplet.  

To analyze the droplet, first put a drop on the stone  

and let the droplet find its equilibrium on the stone, then, 

in a situation where no other angular change occurs  

in the droplet, an image is taken from the droplet. 

 

Forced and spontaneous imbibition experiments 

 Imbibition setup consists of three main sections, 

including a glass tube for maintaining the core and the 

desired solution, a cylinder for recording the outlet fluid, 

and a magnetic stirrer for keeping the fluid homogeneous 

during the test. In the imbibition test, the amount of oil 

output from the cores is measured by the penetration  

of an external fluid such as surfactant in the rock.  

 

RESULTS AND DISCUSSION 

Nanofluid stability 

One of the crucial parameters for using nanomaterials  

in EOR is to increase their stability. R816 nanopowder and 

two types of surfactants SLS and CTAB have been used  

in this study. The stability of R816 nanopowder was studied  

in an aqueous solution. The solution with suspended particles  
 

 

Fig. 5: Imbibition setup. 

 

of R816 remained stable for about 3 to 4 days for a very short time. 

Instability in colloidal solutions usually occurs for two reasons. 

One of the reasons is the presence of relatively strong  

van der Waals forces between nano-powders in water. These 

gravity forces, in particular, make high agglomerates and 

eventually become flocculate. The second reason is gravity [35]. 

When the particles become agglomerates. Of course,  

the difference in density between nanoparticles and their 

surroundings is calculated. In states in which the particle density 

is greater than the density of the surrounding environment, 

the particles tend to move downwards, and they are deposited 

due to gravity. When particles are very small, their Brownian 

motion, which is due to kinetic energy, overcomes these forces. 

Moreover, if the gravitational forces are very strong, they  

will dissipate particles. Fig. 6 shows the process of flocculation 

and ultimately, sedimentation [36]. 

 

of surfactants and R816 on each other  

The forces between surfactants and nanomaterials are 

further characterized by their characteristics, such as  surface

https://www.onepetro.org/conference-paper/SPE-169500-MS
https://www.onepetro.org/conference-paper/SPE-169500-MS
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Fig. 6: R816 1)Flocculation  2)Sedimentation. 

 

             

Fig. 7: R 816  solution by adding cationic surfactant CTAB 1) before adding surfactant 2) one hour after adding surfactant. 

 

charge. The contrast between hydrophilic nanopowders 

and more active surface materials is due to electrostatic 

forces, with the help of these forces and other forces that 

act simultaneously with these forces, it can analyze  

the contrast between anionic and cationic surfactants  

with nano-powders. 

 

R 816  nano-silica powder and CTAB  

As expected, the addition of CTAB to the silica 

nanopowder solution makes it unstable and, as shown  

in Figure 7, CTAB causes flocculation of colloidal particles. 

The main reason for this phenomenon is the presence of 

electrostatic attraction forces between the hydrophilic 

surfactant head and nanoparticles. These results are 

consistent with the observations [37]. 

Changes in effective charge on the nanopowder surface 

indicate this, the higher the concentration of CTAB,  

the more surfactant absorbed on the surface of the nanopowder, 

which reduces the effective charge of nanopowder [37, 38]. 

 

R816 nano-silica powder and SLS 

Adding the SLS Surfactant to R816 Nano-Powder 

solution improves the stability of this solution (Fig. 8). 

Improvements in the stability of the R816 solution may be 

due to two reasons. The first reason is surfactant 

adsorption through the alkyl chain on the hydrophobic 

branches of R816 and the other is because of the adsorption 

of surfactant head on a hydrophilic nano-side, which 

increases the surface charge on nano-powder in both 

phenomena and reduces their repulsion [37]. 

These observations are consistent with the findings 

of Mingxiang Luo et al. [39, 40] By performing  

a molecular dynamics simulation of the interaction 

between the SLS and the nanocrystalline silica powder, 

most SLS molecules point towards the nanopowder 

(Fig. 9) and the interesting point is the orientation of 

some hydrophilic SLS heads towards the nanopowder. 

Many sodium ions were present near the hydrophilic 

surfactant and nanopowder. 

Further studies have shown that the hydrophilic head 

of surfactant is closer to the negative charge of 

nanoparticles. The mechanism that causes this to happen  

is not yet clear. The first guess is the existence of a dual-

layer around the nanoparticles in which the nanoparticles 

with negative charge hold positive sodium ions around, 

and these ions absorb the negative head of the surfactant.  
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Fig. 8: R816 solution stability in the presence of SLS 1) Immediately after adding SLS 2) One week after adding SLS. 

 

 

Fig. 9: The morphology of surfactant molecules in contact with 

nanoparticles. 

 

Zeta potential measurements for solutions stability 

The silica AEROSIL® R 816 -surfactant solutions  

Zeta potential was measured using electrophoresis with  

a WALLIS Zeta potential instrument from CORDOUAN, 

equipped with a highly reliable 20 mW diode @635 nm 

coupled to an automated optical attenuation system.  

The -potential values were ascertained using the Helmholtz-

Smoluchowski equation from the mobility measurements. 

-Potential is a very efficient technique for ascertaining  

the solution stability. ζ-potential of the pure silica AEROSIL® R 816 

was measured to be -23 mV in aqueous suspension.  

As Fig. 10 illustrates the -potentials are altered by the 

addition of anionic and cationic surfactants into the 

AEROSIL®R816 dispersion. In general, -potential decreases 

to -34 mV which made it more stable which was  

in agreement with the results presented in Fig. 8. Reversely, 

there is a slight enhancement of the -potential by the addition 

of CTAB to -19 mV and diminishment  of stability which  

is reflected in Fig. 7. As shown in Fig. 8, the surfactant 

molecules SLS adsorption on the surface of the hydrophobic 

nanoparticles transformed their hydrophobic nature into 

partially hydrophilic, these structures of AEROSIL® R 816 / 

SLS make the solution more.  

Effect of nanoparticles on the critical concentration of 

surfactant 

The critical micelle concentration is one of the most 

important parameters of each surfactant and must be 

determined before the use of any surfactant. This parameter 

is usually obtained by measuring one of the properties  

of the surfactant that exhibits dual behavior at lower  

and higher concentrations than critical concentrations. 

Surfactant conductivity has been used to measure its 

critical concentration alone, as well as for various 

surfactant and nanoparticle compounds. The critical 

concentration is obtained by plotting the conductivity 

changes in terms of concentration variation. The critical 

concentration is obtained by plotting the conductivity 

changes in terms of concentration variation. CMC is the point 

where the slope of the curve changes and in other words,  

the change in Conductivity flux changes with increasing 

concentration. The results of measuring the critical 

concentration in different conditions are given below. 

 

The CMC of Surfactant solutions  

Conductivity changes are shown in Figure 10 on the 

basis of the surfactant concentration. As you can see, CMC 

of anionic and cationic surfactants are 2023 and 529 ppm, 

respectively.  

The results of CMC measurements are consistent  

with the results of other studies [41, 42]. 

 

Surfactant/nanoparticle solutions CMC 

The purpose of this study was to investigate the effect 

of the presence of nanoparticles on the critical 

concentration of surfactants, and for this reason, the 

SLS/R816 compound was tested. It should be noted that 

CTAB was not used because of stability problems. 

Conductivity measurements of this solution showed that 
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Fig. 10: Zeta potential measurments of the CTAB+ Silica (A) and Silica +SLS (B). 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 11: The CMC of Surfactants with Conductivity Changes 1) SLS 2) CTAB. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: The effects of nanoparticles on surfactant Conductivity. 

 

 

the presence of nanoparticles had minimal effect on the 

conductivity of surfactants (Fig. 11) 

However, the presence of nanoparticles affects the 

critical concentration of surfactants. As you can see in Fig. 12, 

R816 nanoparticles reduced the CMC of SLS surfactant 

relative to pure SLS solution. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Alteration of the critical micelle concentration of SLS 

in the presence of R816 

 

The presence of nanoparticles reduces the critical 

concentration of surfactant. It is worth noting that the 

increase in the concentration of nanoparticles further 

reduces the critical concentration (Fig. 13), which is 

probably due to electrostatic forces between nanoparticles 

and the hydrophilic head of the surfactant. 
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Fig. 14: Effect of Nanoparticle Concentration on Surfactant 

CMC. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Electrostatic repulsion between nanoparticles and 

surfactants. 

 

 

Fig. 16: The process of forming a droplet in the pendant drop setup. 

 

Regardless of the low adsorption of surfactants on 

nanoparticles, the negative charge of nanoparticles and  

the hydrophilic head of surfactant leads to a negative electrostatic 

repulsion between the molecules [43]. This repulsion force 

moves the surfactant molecules towards each other (Fig. 14) 

and makes the surfactant micellization faster. Besides, the presence 

of hydrophilic nanoparticles in an aqueous medium makes the 

situation inappropriate for the hydrophobic head of surfactant 

and accelerates the process of micellization [44].   

 

IFT between surfactant /Nano solution and oil  

The surfactant solution is injected by a high-precision 

pump with a very low flow rate in the kerosene medium. 

Although the low flow rate of the measurement process 

causes the surfactant monomers to have time to equilibrate 

between two phases, the surfactant is released by the 

gravity in the kerosene, not by the injection pressure. 

The suitable droplet for measuring the IFT is a drop 

just before falling (Fig. 15), and it is attained by 

determining the parameters of the DS and De for IFT. 

The IFT of surfactant solutions 

To determine the effect of CTAB and SLS on IFT  

between water and oil, various concentrations of these 

materials were made. Fig. 16 shows droplets with different 

concentrations for SLS before falling. By increasing the 

concentration of the surfactant solution, the droplet 

resistance is reduced, and gravity is the only dominant 

force in the droplet formation process. This phenomenon 

is due to the reduction of IFT between aqueous and 

petroleum solutions. After a specific concentration, the 

size of droplets remains constant, which indicates that IFTs 

remain constant at higher concentrations than this 

concentration. 

According to the Gibbs adsorption theory, the 

reduction of IFT between aqueous and oil solutions is due 

to the adsorption of surfactant molecules in the interphase 

of water and oil, and the higher the surfactant 

concentration, IFT is also reduced to the extent that  

the middle surface of surfactant molecules saturated. 

According to other researchers, the strong opposition  
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Fig. 17: The final shape of SLS droplets with increasing concentrations. 

 

between surfactant and oil molecules has led to the 

reduction of IFT [45, 46]. 

The IFT between water and oil in various concentrations of 

surfactants is calculated and plotted in Fig. 17. 

The difference between the CTAB and SLS IFT  

graphs show that the IFT reduction process depends  

on the type of surfactant. The determining parameter  

in the reduction of IFT for different surfactants is the size 

of the hydrophobic alkyl chain and the hydrophilic head. 

The smaller the molecule size, the greater the number  

of molecules is located at this median level and further 

reduces IFT. Therefore, it can be said that the number  

of more molecules of CTAB in the space between two 

phases is located and further reduces IFT. Another 

important point is the steady-state IFT at a specific 

concentration of surfactant. As already mentioned, this 

concentration is the critical concentration of surfactant, 

and the addition of surfactant to the solution formed 

micelles of the monomers, and the number of free 

monomers remains constant to the two-phase mid-level. 

As can be seen, the critical concentration calculated  

with the IFT is consistent with the one calculated  

by the conductivity property. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18: The effect of surfactant concentration on IFT between 

water and kerosene. 

 

Nanoparticle and surfactant IFT 

In this section, the presence of nanoparticles on surfactant 

IFT behavior was investigated. Due to the persistence  

of CTAB, the SLS/R816 composition was tested. For  

this test, a certain amount of surfactant has been dissolved 

in the suspended solution of nanoparticles. To determine 

this phenomenon, the IFT between the water  

and petroleum phases was calculated (Fig. 18). Observing 
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Fig. 19: Variation of IFT with surfactant concentration for SLS /R816 

and pure SLS. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20: Relative IFT of SLS/R816 and pure SLS. 

 

the results, we noticed the strange behavior of surfactant 

with nanoparticles at a constant concentration.  

To clarify this phenomenon, the concept of relative 

IFT, in which the IFT ratio of surfactant solution and IFT 

of the SLS/R816 composition was used in a constant 

concentration of surfactant (Fig. 19). In very low 

concentrations of surfactant, the entry of nanoparticles has 

a negligible effect on the IFT of surfactant (region 1), with 

a significant increase in surfactant concentration, there is a 

significant change in IFT with the presence of 

nanoparticles. With the presence of nanoparticles, to 

concentration under the critical point, the reduction of IFT 

decreases, so that at all concentrations below the critical 

point, the IFT with the presence of nanoparticles is less 

than normal (region 2). However, when surfactant 

concentrations reach critical points, the presence of 

nanoparticles results in different behavior and increases 

IFT (region 3). Ultimately, IFT with the presence of nano 

is more than normal (without the presence of nano). This 

phenomenon was also predicted from the analysis  

of the shape of droplets (area 4)  

In low concentrations of surfactant, nanoparticles  

are soaked in water and remain in an aqueous medium, and  

do not move toward the space between the two phases [37, 47]. 

The second region's behavior is explained with a different 

look. First, with increasing surfactant concentration,  

the repulsive force between surfactant and nanoparticles 

increases, and this causes the surfactant to move toward 

the interphase space as a result of IFT [43]. Another view 

says that by increasing the concentration of surfactant,  

the number of surfactants on the surface of nanoparticles 

increases and they tends to increase to the two-phase space. 

Thus, with the increase in the number of nanoparticles in this 

space, they can carry SLS itself, and their presence in this 

space or the release of SLS, of which can lead to a decrease 

in IFT. The more marked reduction of IFT may be due to 

the self-depositing of nanoparticles alone. The nanoparticles 

tend to stay in the space between the two phases [48].  

With increasing surfactant concentration, more 

nanoparticles are located in the space between water and 

oil. In this way, the justification for increasing the IFT 

between the two phases can be explained by the forces of 

the capillary. When the particles are placed in the space 

between two phases, they are classified into two 

categories, Floatation, and Immersion, depending on their 

type of placement( Figure 20) they are floating on another 

phase and in a restricted state between two phases. In both 

cases, the capillary force comes along the surface of  

the contact due to its deformation.  

When the concentration of particles increases, their 

number increases, and the particles that lie next to the 

particles at the mid-level, tend to be oriented toward  

the mid-level and create a state such as the immersion state 

in which the capillary forces are very effective. As the two 

particles become closer together, the capillary force 

between them increases, and this force opposes the change 

in the middle position between the two phases and thus 

increases the IFT. Prolongation of IFT in a higher amount 

than the normal surfactant (without the presence of 

nanoparticles) (in high concentrations may be justified by 

absorbing surfactant on the nanoscale. Charged 

nanoparticles cause the deformation of a carbon fiber 

branch. The carbon atoms near the hydrophilic head are 

tilted toward the middle of the two phases, due to the  
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Fig. 21: A schematic of two particles along with the interface of the two phases. 

 

presence of nanoparticles at the middle surface, the forces 

between hydrophobic branches surfactant and nano, and 

the forces between hydrophilic surfactant, the charged 

nanoparticles, and sodium ions. For this reason, the SLS's 

ability to reduce IFT due to its deformation at the middle 

level of the two phases decreases. 

The other theory involves the capillary forces in this 

phenomenon. According to this theory, after increasing the 

concentration of nanoparticles at the midpoint of the two-

phase, the space between the two phases of the saturated 

nanoparticles and the force of the capillary can not increase 

the IFT, which is why the IFT is in a higher degree than 

the normal surfactant [48].  

As shown in Figures 18 and 19, there is no apparent 

change in regions 1 and 2 (up to 2000 ppm of surfactant) 

with changes in nanoparticle concentrations, but in zone 3 

(concentration 2000 ppm to 4000 ppm), with increasing 

the concentration of nano the IFT increases, and it seems 

that the molecular forces act at higher concentrations of 

nanoparticles stronger and faster. Finally, in concentrations 

above 4000 ppm, due to the presence of more 

nanoparticles in the space between the two phases, there 

are fewer molecules of surfactant in this space, and thus 

the IFT is fixed at a higher value. 

 

Nanoparticle impact on the process of surfactant 

adsorption 

The surfactant adsorption process is the movement of 

surfactant molecules to a solid surface. The behavior of 

surfactant molecules on the solid surface depends on 

forces such as electrostatic forces, covalent bonding, 

hydrogen bonding, carbon bonds, and solubility of various 

components.  

 

Surfactant adsorption 

The precision of the surfactant concentration 

measurement methods was investigated, and a calibration 

graph was made for each surfactant. The error obtained  

for these methods is 5% for the conductivity method  

and 0.0028% for the density measurement method which 

is acceptable. For example, the calibration chart and test 

points for the SLS surfactant are shown in Fig. 21. 

To schedule the surfactant adsorption onto the rock,  

for experiments designing, unsustained adsorption of SLS 

at a concentration of 1000 ppm on the rock was first 

statically performed. Surfactant non-equilibrium adsorption 

was investigated using both Conductivity and Density 

Measurement methods, which both had perfect matching. 

As shown, the adsorption process can be divided into three 

regions. In the first region, a linear increase in adsorption 

is observed with increasing concentrations, and then  

the adsorption process passes through a transition region;  

in this region, the adsorption rate decreases until it is established 

at a specific rate. 

According to Fig. 22, it can be said that the time required 

to balance the adsorption process is between 5 to 6 h  

and nearly 90% of adsorption occurs in the first 2 hours. 

Equilibrium adsorption is the measurement of the 

maximum amount of absorbed surfactant per unit surface 

area or a specific rock mass unit. To ensure that surfactant 

adsorption is completed, the surfactants are exposed  

to stone for 24 hours. The adsorption of SLS on the rock 

by both concentrations is shown in Fig. 23 and both 

methods are well matched.  

The adsorption of surfactant (adsorption isotherm) 

can be divided into three regions. The first region is the 

electrostatic adsorption region of the surfactant monomers 

with the hydrophilic head on the rock. The second region 

relates to the time of opposition, the surfactant monomers, 

and the formation of a series of rock accumulations called 

Hemimicelle. Other monomers, due to the fact that there  

is no additional surface on the surface of the stone,  

can not be absorbed onto the surface and remain in the solution, 

which is why the adsorption rate remains constant. 
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Fig. 22: SLS calibration curve 1) density 2) conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23: SLS non-equilibrium adsorption on the sandstone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24: The SLS equilibrium adsorption on the sandstone. 

 

The impact of R816 nanoparticle on the process of 

adsorption of surfactant 

In this test, the SLS/R816 is in contact with sandstone. 

As shown in Fig. 24, the adsorption rate with the presence 

of these nanoparticles with 1000 ppm becomes lower at all 

concentrations. 

There are two possibilities for interpreting this 

phenomenon. First, the R816 particles, due to their 

hydrophobic nature, always compete with surfactant 

molecules to absorb the stone and reduce the amount 

 of adsorption in all concentrations. The second possibility 

is that the hydrophobicity of the R816 nanoparticles  

tends to remain pendant surfactant molecules in the 

solution. 

The effect of the concentration of nanoparticles, both 

on the void and the surface of the rock, has been 

investigated on the adsorption of surfactant (Fig. 25). One 

noteworthy point is the decrease in adsorption rate by 

increasing the concentration of nanoparticles at a 

concentration of 2000 ppm of surfactant, which is due to 

the reduction of free surface for surfactant by increasing 

the concentration of nanoparticles. Surfactant adsorption 

on nanoparticles is also low and has little effect on the results. 

At high concentrations of surfactant, due to the greater 

tendency of surfactant molecules to absorb on the surface 

of the rock, as well as the presence of gradients,  

the concentration of nanoparticles is rolled out of the surface 

of the rock and suspended in the solution, and the 

adsorption of surfactant on the rock surface is further 

increased.  

 

Wettability Alteration of reservoir rock 

In carbonate rock, pure water has a minimal ability  

to change the wettability and reduce the contact angle  

by a maximum of 7% of the initial value (Fig. 26).  

The ability of the anionic surfactant SLS to reduce  

the contact angle in carbonate rocks at best would reduce 

up to 15% of the initial value (Fig. 27) 
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Fig. 25: The effect of R816 on the SLS adsorption process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26: The effect of nanoparticle concentrations on the adsorption 

of surfactants when particles are present in the solution and  

on the sandstone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27: Angle reduction with water on carbonate rocks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28: Angle reduction with SLS on carbonate  

rocks. 

 

 

Surfactant/R816 in Wettability Alteration of reservoir rock 

Adding R816 to anionic surfactant improved its 

performance slightly in the wettability alteration process 

of carbon rock, and slightly improved with increasing 

nanoparticle concentration. (Fig. 28). 

 

Forced and spontaneous imbibition experiments  

Imbibition is a process in which a wetting phase enters 

a medium through capillary or gravity to a porous medium, 

and the fluid that is present in the porous medium from the 

beginning is displaced and exhausted by the absorbing 

fluid. In split reservoirs, if imbibition is not used spontaneously, 

injection of water or water excitation due to low scanning 

efficiency will not have much success in improving the oil 

recovery. After the oil is discharged from the connected 

slots, the speed and spontaneous imbibition determine  

the amount of excess oil extraction from the block matrix. 

 The experiments were carried out for five different 

solutions consisting of water and nano solutions and 

selected according to the results of the droplet angle tests. 

The process of experiments shows that the mechanism  

of oil production with respect to the direction of the 

movement of oil (from the bottom to the top) is mainly 

gravitational and the capillary forces are less effective. 

Therefore, a solution without nanoparticles can also 

penetrate the rock (Fig. 29). It is necessary to add this point 

that water-soluble salts also have active ions and help  

the Imbibition in the rock. 

Adding nanoparticles to the solution increases the role 

of the capillary mechanism, and this mechanism, along 

with the gravity forces, increases the amount of oil 

produced so that the oil yield is increased by adding  

up to 5% the nano concentration is more than normal 

condition. (Fig. 30) 
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Fig. 29: Angle reduction with R816 concentration for R816/ SLS 

(5000 ppm) on carbonate rocks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 30: Imbibition of free nanoparticle solution in 

sandstone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 31: Imbibition of R816 nano-silica solution into the 

sandstone. 

In this study, the effect of new nanoparticles (with  

the addition of new groups) on the trend of wettability 

changes with a special look at the process of material 

stability in the presence of surfactants in temperature and 

pressure conditions of the reservoir can also be considered. 

Also, the use of different fluids and rocks to thoroughly examine 

the different points of the gaping tanks to find the best spatial 

conditions for the extraction process and the use of new 

surfactants to compare different surfactants is valuable. 

 

CONCLUSIONS 

IFT measurements showed that CTAB (cationic 

surfactant) has the potential to reduce the IFT between 

water and oil systems in comparison with SLS (anionic 

surfactant). The presence of nanoparticles leads to an 

abnormal interfacial behavior for anionic surfactants  

so that the IFT at lower concentrations decreased more 

intensely and by reaching close to a critical concentration, 

IFT gradually increases, and eventually (high 

concentrations of surfactants) its value rises from normal 

(without nanoparticles). At low concentrations of 

surfactant, the adsorption of molecules in the presence  

of hydrophilic nanoparticles is less than that of anionic 

surfactant alone present in the solution. Increasing  

the concentration of nanoparticles does not have much 

effect on the performance of this substance in the change 

of wettability and has practically the same effect at all 

concentrations. The combination of Aerosil R816 with 

anionic surfactant has improved the wettability of the 

product compared with when it is present in the solution 

alone. Increasing the concentration of nanoparticles  

in carbonate rocks such as sandstone has little effect  

on the trend of rock solidification. The ability of anionic 

surfactant to reduce the contact angle in carbonate rocks  

is very low. In carbonate rock, pure water has a very small 

ability to change the wettability so that the contact angle  

is reduced to a maximum of 7% of the initial value.  

The imbibition tests have confirmed the droplet tests, and 

the experimental process shows that the addition of 

nanoparticles to the solution increases the process of 

changing the wettability of stones from hydrophobic  

to hydrophilic.  

 

 
Received : Aug. 5, 2020  ;  Accepted : Dec. 7, 2020 

30 
 

 
25 

 

 
20 

 

 
15 

 

 
10 
 

 

5 
 

 
0 

U
lt

im
a

te
 a

n
g

le
 r

e
d

u
c
ti

o
n

 (
%

) 

0          2000      4000      6000       8000     10000     1200 

Concentration (ppm) 

18 
 

16 
 

14 
 

12 
 

10 
 

8 
 

6 
 

4 
 

2 
 

0 

R
e
c
o
v

er
y
 (

%
) 

0               10             20              30             40              50 

Time (day) 

R816-5000 

12 

 
10 

 
8 

 
6 

 
4 

 
2 

 
0 

R
e
c
o
v

er
y
 (

%
) 

0               10             20              30             40              50 

Time (day) 

Free Nanoparticle 



Iran. J. Chem. Chem. Eng. Dalvand A. et al. Vol. 41, No. 3, 2022 

 

1092                                                                                                                                                                Research Article 

REFERENCES 

[1] Zhang H., Nikolov A., Wasan D., Enhanced Oil 

Recovery (EOR) Using Nanoparticle  Dispersions: 

Underlying Mechanism and Imbibition Experiments, 

Energy & Fuels, 28: 3002-3009 (2014). 

[2] Moghadasi R., Rostami A., Hemmati-Sarapardeh A., 

Chapter Three –“Enhanced Oil Recovery Using CO2, 

in Fundamentals of Enhanced Oil and Gas Recovery 

from Conventional and Unconventional Reservoirs”, 

Bahadori A., Editor., Gulf Professional Publishing,  

p. 61-99 (2018). 

[3] Moghadasi R., Rostami A., Hemmati-Sarapardeh A., 

Application of Nanofluids for Treating Fines 

Migration During Hydraulic Fracturing: Experimental 

Study and Mechanistic Understanding, Advances in 

Geo-Energy Research, 3(2): 198-206 (2019). 

[4] Moghadasi R., Rostami A., Hemmati-Sarapardeh A., 

Motie M., Application of Nanosilica for Inhibition of 

Fines Migration During Low Salinity Water 

Injection: Experimental Study, Mechanistic 

Understanding, and Model Development, Fuel, 242:  

846-862 (2019). 

[5] Moghadasi R., Rostami A., Tatar A., Hemmati-

Sarapardeh A., An Experimental Study of Nanosilica 

Application in Reducing Calcium Sulfate Scale at 

High Temperatures During High and Low Salinity 

Water Injection, Journal of Petroleum Science and 

Engineering, 179: 7-18 (2019). 

[6] Mohammadi S., Maghzi A., Ghazanfari M.H., 
Masihi M., Mohebbi A., On The Control of Glass 

Micro-Model Characteristics, Developed by Laser 

Technology, Energy Sources, Part A: Recovery, 

Utilization, and Environmental Effects, 35(3): 193-

201 (2013). 

[7] Rostami A., Hashemi A., Takassi M.A., Zadehnazari 

A., Experimental Assessment of a Lysine Derivative 

Surfactant for Enhanced Oil Recovery In Carbonate 

Rocks: Mechanistic and Core Displacement Analysis, 

Journal of Molecular Liquids, 232: 310-318  

(2017). 

[8] Zargar Gh., Takkasi M.A., Moradi S., Rostami A., 

Jabari B., Evaluation of a New Agent for Wettability 

Alteration During Enhanced Oil Recovery, Iranian 

Journal of Chemistry and Chemical Engineering 

(IJCCE), 39(5): 331-341 (2019). 

[9] Saghatoleslami N., Salooki M., Mohamadi N.,  
Auto-Design of Neural Network–Based Gas for 

Manipulating the Khangiran Gas Refinery 

Sweetening Absorption Column Outputs, Petroleum 

Science and Technology, 29(14): 1437-1448  

(2011). 

[10] Takassi M.A., Hashemi A., Rostami A., Zadehnazari A., 

A Lysine Amino Acid-Based Surfactant: Application 

in Enhanced Oil Recovery, Petroleum Science and 

Technology, 34(17-18): 1521-1526 (2016). 

[11] Takassi M.A., Salooki M.K., Esfandyari M., Fuzzy 

Model Prediction of Co(III) Al2O3 Catalytic 

Behavior in Fischer-Tropsch Synthesis, Journal of 

Natural Gas Chemistry, 20(6): 603-610 (2011). 

[12] Zargar G., Ghol Gheysari R., Takassi M.A., Rostami A., 

Zadehnazari A., Evaluation of a Sulfanilic Acid 

Based Surfactant in Crude Oil Demulsification: an 

Experimental Study, Oil & Gas Sciences and 

Technology–Revue d’IFP Energies Nouvelles, 73: 20 

(2018). 

[13] AfzaliTaba M., Rashidi A.M., Alaei M., Koolivand H., 

Pourhashem S., Askari S., Hybrid of Quantum Dots 

for Interfacial Tension Reduction and Reservoir 

Alteration Wettability for Enhanced Oil Recovery 

(EOR), Journal of Molecular Liquids, 112984 

(2020). 

[14] Koolivand H., Mazinani S., Sharif F., Change in 

Interfacial Behavior by Variation of Amphiphilic 

Nanosheets/Anionic Surfactant Ratio Using Dynamic 

Tensiometry, Colloids and Surfaces A: Physicochemical 

and Engineering Aspects, 124754 (2020). 

[15] Koolivand-Salooki M., Javadi A., Abdollahi M., 

Dynamic Interfacial Properties and Foamability of 

Polyelectrolyte-Surfactant Mixtures, Colloids and 

Surfaces A: Physicochemical and Engineering 

Aspects, 562: 345-353 (2019). 

[16] Cheraghian G., Hendraningrat L., A Review on 

Applications of Nanotechnology in the Enhanced Oil 

Recovery Part A: Effects of Nanoparticles on 

Interfacial Tension, International Nano Letters, 6(2): 

129-138 (2016). 

[17] Anderson W.G., Wettability Literature Survey-Part 3: 

The Effects of Wettability on the Electrical Properties 

of Porous Media, Journal of Petroleum Technology, 

38(12): 1,371-1,378 (1986). 

https://www.researchgate.net/publication/263941679_Enhanced_Oil_Recovery_EOR_Using_Nanoparticle_Dispersions_Underlying_Mechanism_and_Imbibition_Experiments
https://www.researchgate.net/publication/263941679_Enhanced_Oil_Recovery_EOR_Using_Nanoparticle_Dispersions_Underlying_Mechanism_and_Imbibition_Experiments
https://www.researchgate.net/publication/263941679_Enhanced_Oil_Recovery_EOR_Using_Nanoparticle_Dispersions_Underlying_Mechanism_and_Imbibition_Experiments
https://www.sciencedirect.com/book/9780128130278/fundamentals-of-enhanced-oil-and-gas-recovery-from-conventional-and-unconventional-reservoirs
https://www.sciencedirect.com/book/9780128130278/fundamentals-of-enhanced-oil-and-gas-recovery-from-conventional-and-unconventional-reservoirs
https://www.sciencedirect.com/book/9780128130278/fundamentals-of-enhanced-oil-and-gas-recovery-from-conventional-and-unconventional-reservoirs
https://www.yandy-ager.com/index.php/ager/article/view/125
https://www.yandy-ager.com/index.php/ager/article/view/125
https://www.yandy-ager.com/index.php/ager/article/view/125
https://www.sciencedirect.com/science/article/abs/pii/S0016236119300547
https://www.sciencedirect.com/science/article/abs/pii/S0016236119300547
https://www.sciencedirect.com/science/article/abs/pii/S0016236119300547
https://www.sciencedirect.com/science/article/abs/pii/S0016236119300547
https://www.sciencedirect.com/science/article/abs/pii/S0920410519303572
https://www.sciencedirect.com/science/article/abs/pii/S0920410519303572
https://www.sciencedirect.com/science/article/abs/pii/S0920410519303572
https://www.sciencedirect.com/science/article/abs/pii/S0920410519303572
https://www.tandfonline.com/doi/abs/10.1080/15567036.2010.516325
https://www.tandfonline.com/doi/abs/10.1080/15567036.2010.516325
https://www.tandfonline.com/doi/abs/10.1080/15567036.2010.516325
https://www.sciencedirect.com/science/article/abs/pii/S0167732216327830
https://www.sciencedirect.com/science/article/abs/pii/S0167732216327830
https://www.sciencedirect.com/science/article/abs/pii/S0167732216327830
http://www.ijcce.ac.ir/article_35594.html
http://www.ijcce.ac.ir/article_35594.html
https://www.tandfonline.com/doi/abs/10.1080/10916460903581351
https://www.tandfonline.com/doi/abs/10.1080/10916460903581351
https://www.tandfonline.com/doi/abs/10.1080/10916460903581351
https://www.tandfonline.com/doi/abs/10.1080/10916466.2016.1205605?journalCode=lpet20
https://www.tandfonline.com/doi/abs/10.1080/10916466.2016.1205605?journalCode=lpet20
https://www.sciencedirect.com/science/article/abs/pii/S100399531060240X
https://www.sciencedirect.com/science/article/abs/pii/S100399531060240X
https://www.sciencedirect.com/science/article/abs/pii/S100399531060240X
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/full_html/2018/01/ogst180006/ogst180006.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/full_html/2018/01/ogst180006/ogst180006.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/full_html/2018/01/ogst180006/ogst180006.html
https://www.sciencedirect.com/science/article/abs/pii/S0167732219354662
https://www.sciencedirect.com/science/article/abs/pii/S0167732219354662
https://www.sciencedirect.com/science/article/abs/pii/S0167732219354662
https://www.sciencedirect.com/science/article/abs/pii/S0167732219354662
https://www.sciencedirect.com/science/article/abs/pii/S0927775720303472
https://www.sciencedirect.com/science/article/abs/pii/S0927775720303472
https://www.sciencedirect.com/science/article/abs/pii/S0927775720303472
https://www.sciencedirect.com/science/article/abs/pii/S0927775720303472
https://www.sciencedirect.com/science/article/abs/pii/S0927775718317114
https://www.sciencedirect.com/science/article/abs/pii/S0927775718317114
https://link.springer.com/article/10.1007/s40089-015-0173-4
https://link.springer.com/article/10.1007/s40089-015-0173-4
https://link.springer.com/article/10.1007/s40089-015-0173-4
https://link.springer.com/article/10.1007/s40089-015-0173-4
https://www.onepetro.org/journal-paper/SPE-13934-PA
https://www.onepetro.org/journal-paper/SPE-13934-PA
https://www.onepetro.org/journal-paper/SPE-13934-PA


Iran. J. Chem. Chem. Eng. Hydrophobic Silica Nanoparticle and Anionic/Cationic Surfactants ... Vol. 41, No. 3, 2022 

 

Research Article                                                                                                                                                                1093 

[18] Koolivand-Salooki M., Esfandyari M., Rabbani E., 

Koulivand M., Azarmehr A., Application of Genetic 

Programing Technique for Predicting Uniaxial 

Compressive Strength Using Reservoir Formation 

Properties, Journal of Petroleum Science and 

Engineering, 159: 35-48 (2017). 

[19] Koolivand-Salooki M., Feyzi H., Javadi A., Wetting 

Behavior of Oppositely Charged Polystyrene 

Sulfonate/Hexadecyl Trimethyl Ammonium Bromide 

Complexes Near Critical Aggregation Concentration on 

Carbonate Reservoir Rocks, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, 589: 124379 

(2020). 

[20] Koolivand-Salooki M., Hafizi A., Esfandyari M., 

Hatami S., Shajari M., Superiority of Neuro Fuzzy 

Simulation Versus Common Methods for Detection 

of Abnormal Pressure Zones in a Southern Iranian Oil 

Field. Chemometrics and Intelligent Laboratory 

Systems, 104039 (2020). 

[21] Nazari Moghaddam R., Bahramian A., Fakhroueian Z., 

Karimi A., Arya Sh., Comparative Study of Using 

Nanoparticles for Enhanced Oil Recovery: 

Wettability Alteration of Carbonate Rocks, Energy & 

Fuels, 29(4): 2111-2119 (2015). 

[22] Poormohammadian S., Lashanizadegan A., Salooki M.K., 

Modelling VLE Data of CO2 and H2S in Aqueous 

Solutions of N-methyldiethanolamine Based on Non-

Random Mixing Rules, International Journal of 

Greenhouse Gas Control, 42: 87-97 (2015). 

[23] Kamal M.S., Hussein I.A., Sultan A.S., Review on 

Surfactant Flooding: Phase Behavior, Retention, IFT, 

and Field Applications, Energy & Fuels, 31(8): 7701-

7720 (2017). 

[24] Villamizar L.C., Lohateeraparp P., Harwell J., 
Resasco D., Shiau B., Dispersion Stability and 

Transport of Nanohybrids Through Porous Media, 

Transport in Porous Media, 96(1): 63-81 (2013). 

[25] Maghzi A., Mohammadi S., 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, 40: 168-176 (2012). 

[26] Torsater O., Improved Oil Recovery by Nanofluids 

Flooding: An Experimental Study. in SPE Kuwait 

International Petroleum Conference and Exhibition, 

Society of Petroleum Engineers (2012). 

[27] Maghzi A., Mohebbi A., Kharrat R.,Ghazanfari M., 

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, 87(3): 653-664 (2011). 

[28] Jamaloei B.Y., Insight Into the Chemistry of 

Surfactant-Based Enhanced Oil Recovery Processes. 

Recent Patents on Chemical Engineering, 2(1): 1-10 

(2009). 

[29] Askari S., Koolivand H., Investigation of 

Fe3O4/Graphene Nanohybrid Heat Transfer Properties: 

Experimental Approach, International Communications 

in Heat and Mass Transfer, 87: 30-39 (2017). 

[30] Askari S., Rashidi A., Koolivand H., Pourkhalil M., 

Rashidi A., Experimental Investigation on the 

Thermal Performance of Ultra-Stable Kerosene-

Based MWCNTs and Graphene Nanofluids, 

International Communications in Heat and Mass 

Transfer, 108: 104334 (2019). 

[31]Ashrafizadeh M., Javadi A., Sadeghnejad S., 

Bahramian A., Synthesis and Physicochemical 

Properties of Dual-Responsive Acrylic Acid/Butyl 

Acrylate Cross-Linked Nanogel Systems, Journal of 

Colloid and Interface Science, 556: 313-323 (2019). 

[32] Miller R., Ferri J., Javadi A., Mucic N., Rheology of 

Interfacial Layers, Colloid and Polymer Science, 

288(9): 937-950 (2010). 

[33] Vatanparast H., Samiee A., Bahramian A., Javadi A., 

Surface Behavior of Hydrophilic Silica Nanoparticle-

SDS Surfactant Solutions: I. Effect of Nanoparticle 

Concentration on Foamability and Foam Stability, 

Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, 513: 430-441 (2017). 

[34] Vatanparas, 

H.,Shahabi,F.,Bahramian,A.,Javadi,A.,Miller,R., 

The Role of Electrostatic Repulsion on Increasing 

Surface Activity of Anionic Surfactants in the 

Presence of Hydrophilic Silica Nanoparticles, 

Scientific Reports, 8(1): 1-11 (2018). 

[35] Tadros T., Interparticle Interactions In Concentrated 

Suspensions and their Bulk (Rheological) Properties, 

Advances in Colloid and Interface Science, 168(1): 

263-277 (2011). 

[36] Tadros T.F., Industrial Applications of Dispersions, 

Advances in Colloid and Interface Science, 46: 1-47 

(1993). 

https://www.sciencedirect.com/science/article/abs/pii/S0920410517307325
https://www.sciencedirect.com/science/article/abs/pii/S0920410517307325
https://www.sciencedirect.com/science/article/abs/pii/S0920410517307325
https://www.sciencedirect.com/science/article/abs/pii/S0920410517307325
https://www.sciencedirect.com/science/article/abs/pii/S0927775719313779
https://www.sciencedirect.com/science/article/abs/pii/S0927775719313779
https://www.sciencedirect.com/science/article/abs/pii/S0927775719313779
https://www.sciencedirect.com/science/article/abs/pii/S0927775719313779
https://www.sciencedirect.com/science/article/abs/pii/S0927775719313779
https://www.sciencedirect.com/science/article/abs/pii/S016974391930471X?dgcid=rss_sd_all
https://www.sciencedirect.com/science/article/abs/pii/S016974391930471X?dgcid=rss_sd_all
https://www.sciencedirect.com/science/article/abs/pii/S016974391930471X?dgcid=rss_sd_all
https://www.sciencedirect.com/science/article/abs/pii/S016974391930471X?dgcid=rss_sd_all
https://pubs.acs.org/doi/10.1021/ef5024719
https://pubs.acs.org/doi/10.1021/ef5024719
https://pubs.acs.org/doi/10.1021/ef5024719
https://www.sciencedirect.com/science/article/abs/pii/S175058361530044X
https://www.sciencedirect.com/science/article/abs/pii/S175058361530044X
https://www.sciencedirect.com/science/article/abs/pii/S175058361530044X
https://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.7b00353
https://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.7b00353
https://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.7b00353
https://link.springer.com/article/10.1007/s11242-012-0073-2
https://link.springer.com/article/10.1007/s11242-012-0073-2
https://www.sciencedirect.com/science/article/pii/S0894177712000714
https://www.sciencedirect.com/science/article/pii/S0894177712000714
https://www.sciencedirect.com/science/article/pii/S0894177712000714
https://www.sciencedirect.com/science/article/pii/S0894177712000714
https://www.onepetro.org/conference-paper/SPE-163335-MS
https://www.onepetro.org/conference-paper/SPE-163335-MS
https://www.onepetro.org/conference-paper/SPE-163335-MS
https://link.springer.com/article/10.1007/s11242-010-9696-3
https://link.springer.com/article/10.1007/s11242-010-9696-3
https://link.springer.com/article/10.1007/s11242-010-9696-3
https://www.researchgate.net/publication/228483137_Insight_into_the_Chemistry_of_Surfactant-Based_Enhanced_Oil_Recovery_Processes
https://www.researchgate.net/publication/228483137_Insight_into_the_Chemistry_of_Surfactant-Based_Enhanced_Oil_Recovery_Processes
https://www.sciencedirect.com/science/article/abs/pii/S0735193317301483
https://www.sciencedirect.com/science/article/abs/pii/S0735193317301483
https://www.sciencedirect.com/science/article/abs/pii/S0735193317301483
https://www.sciencedirect.com/science/article/abs/pii/S0735193319302003
https://www.sciencedirect.com/science/article/abs/pii/S0735193319302003
https://www.sciencedirect.com/science/article/abs/pii/S0735193319302003
https://www.sciencedirect.com/science/article/abs/pii/S0021979719309671
https://www.sciencedirect.com/science/article/abs/pii/S0021979719309671
https://www.sciencedirect.com/science/article/abs/pii/S0021979719309671
https://www.researchgate.net/publication/226295719_Rheology_of_interfacial_layers
https://www.researchgate.net/publication/226295719_Rheology_of_interfacial_layers
https://www.sciencedirect.com/science/article/abs/pii/S0927775716309499
https://www.sciencedirect.com/science/article/abs/pii/S0927775716309499
https://www.sciencedirect.com/science/article/abs/pii/S0927775716309499
https://www.nature.com/articles/s41598-018-25493-7
https://www.nature.com/articles/s41598-018-25493-7
https://www.nature.com/articles/s41598-018-25493-7
https://www.sciencedirect.com/science/article/abs/pii/S0001868611001126
https://www.sciencedirect.com/science/article/abs/pii/S0001868611001126
https://www.sciencedirect.com/science/article/abs/pii/0001868693800327


Iran. J. Chem. Chem. Eng. Dalvand A. et al. Vol. 41, No. 3, 2022 

 

1094                                                                                                                                                                Research Article 

[37] Ahualli S., Iglesias G., Wachter W., Dulle M., 

Minami D., Adsorption of Anionic and Cationic 

Surfactants on Anionic Colloids: Supercharging and 

Destabilization, Langmuir, 27(15): 9182-9192 (2011). 

[38] Schmitt-Rozières M., Kragel G., Grigoriev D., From 

Spherical to Polymorphous Dispersed Phase 

Transition in Water/Oil Emulsions, Langmuir, 25(8): 

4266-4270 (2009). 

[39] Luo M., Song Y., Dai L.L., Effects of Methanol  

on Nanoparticle Self-Assembly at Liquid-Liquid 

Interfaces: A Molecular Dynamics Approach, The 

Journal of Chemical Physics, 131(19): 194703 

(2009). 

[40] Luo M., Song Y., Dai L.L., Heterogeneous or 

Competitive Self-Assembly of Surfactants and 

Nanoparticles at Liquid–Liquid Interfaces, Molecular 

Simulation, 35(10-11): 773-784 (2009). 

[41] Atkin R.,Craije V.S.J., Wanless E.J., Biggs S., The 

Influence of Chain Length and Electrolyte on the 

Adsorption Kinetics of Cationic Surfactants at The 

Silica–Aqueous Solution Interface. Journal of 

Colloid and Interface Science, 266(2): 236-244 

(2003). 

[42] Atkin R., Craije V.S.J., Wanless E.J., Biggs S., 

Mechanism of Cationic Surfactant Adsorption at the 

Solid–Aqueous Interface, Advances in Colloid and 

Interface Science, 103(3): 219-304 (2003). 

[43] Ma H., Luo M., Dai L.L., Influences of Surfactant and 

Nanoparticle Assembly on Effective Interfacial 

Tensions, Physical Chemistry Chemical Physics, 

10(16): 2207-2213 (2008). 

[44] Rosen M.J., “Surfactants and Interfacial Phenomena”,  

John Wiley & Sons, Inc.,  New York (1959). 

[45] Daoshan L., Shou-liang Lu., Wang Demin L.Yi., The 

Effect of Biosurfactant on the Interfacial Tension and 

Adsorption Loss of Surfactant in Asp Flooding, 

Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, 244(1-3): 53-60 (2004). 

[46] Shangping G.,  Yanzhang H., “Microscopic Mechanism 

of Physical-Chemical Seepage Flow”, Science Press., 

Beijing (1990). 

[47] Ravera F., Santini E., Loglio G., Ferrari M., Liggieri 

L., Effect of Nanoparticles on the Interfacial 

Properties of Liquid/Liquid And Liquid/Air Surface 

Layers, The Journal of Physical Chemistry B, 

110(39): 19543-19551 (2006). 

[48] Dong L., Johnson D., Surface Tension of Charge-

Stabilized Colloidal Suspensions at the Water−Air 

Interface, Langmuir, 19(24): 10205-10209 (2003). 

https://pubs.acs.org/doi/10.1021/la201242d
https://pubs.acs.org/doi/10.1021/la201242d
https://pubs.acs.org/doi/10.1021/la201242d
https://pubs.acs.org/doi/abs/10.1021/la804214m
https://pubs.acs.org/doi/abs/10.1021/la804214m
https://pubs.acs.org/doi/abs/10.1021/la804214m
https://aip.scitation.org/doi/abs/10.1063/1.3258344?journalCode=jcp
https://aip.scitation.org/doi/abs/10.1063/1.3258344?journalCode=jcp
https://aip.scitation.org/doi/abs/10.1063/1.3258344?journalCode=jcp
https://www.tandfonline.com/doi/abs/10.1080/08927020902769851
https://www.tandfonline.com/doi/abs/10.1080/08927020902769851
https://www.tandfonline.com/doi/abs/10.1080/08927020902769851
https://www.sciencedirect.com/science/article/abs/pii/S0021979703006313
https://www.sciencedirect.com/science/article/abs/pii/S0021979703006313
https://www.sciencedirect.com/science/article/abs/pii/S0021979703006313
https://www.sciencedirect.com/science/article/abs/pii/S0021979703006313
https://www.sciencedirect.com/science/article/abs/pii/S0001868603000022
https://www.sciencedirect.com/science/article/abs/pii/S0001868603000022
https://pubs.rsc.org/en/content/articlelanding/2008/cp/b718427c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2008/cp/b718427c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2008/cp/b718427c#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118228920
https://www.sciencedirect.com/science/article/abs/pii/S0927775704003619
https://www.sciencedirect.com/science/article/abs/pii/S0927775704003619
https://www.sciencedirect.com/science/article/abs/pii/S0927775704003619
https://www.onepetro.org/conference-paper/SPE-88456-MS
https://www.onepetro.org/conference-paper/SPE-88456-MS
https://pubs.acs.org/doi/10.1021/jp0636468
https://pubs.acs.org/doi/10.1021/jp0636468
https://pubs.acs.org/doi/10.1021/jp0636468
https://pubs.acs.org/doi/10.1021/la035128j
https://pubs.acs.org/doi/10.1021/la035128j
https://pubs.acs.org/doi/10.1021/la035128j

