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Abstract Various surfactants have been used in upstream

petroleum processes like chemical flooding. Ultimately, the

performance of these surfactants depends on their ability to

reduce the interfacial tension between oil and water. The

surfactant concentration in the aqueous solution decreases

owing to the loss of the surfactant on the rock surface in the

injection process. The main objective of this paper is to

inhibit the surfactant loss by means of adding nanoparti-

cles. Sodium dodecyl sulfate and silica nanoparticles were

used as ionic surfactant and nanoparticles in our experi-

ments, respectively. AEROSIL� 816 and AEROSIL� 200

are hydrophobic and hydrophilic nanoparticles. To deter-

mine the adsorption loss of the surfactant onto rock sam-

ples, a conductivity approach was used. Real carbonate

rock samples were used as the solid phase in adsorption

experiments. It should be noted that the rock samples were

water wet. This paper describes how equilibrium adsorp-

tion was investigated by examining adsorption behavior in

a system of carbonate sample (solid phase) and surfactant

solution (aqueous phase). The initial surfactant and

nanoparticle concentrations were 500–5000 and

500–2000 ppm, respectively. The rate of surfactant losses

was extremely dependent on the concentration of the sur-

factant in the system, and the adsorption of the surfactant

decreased with an increase in the nanoparticle

concentration. Also, the hydrophilic nanoparticles are more

effective than the hydrophobic nanoparticles.

Keywords Adsorption � Hydrophobic silica nanoparticles �
Hydrophilic silica nanoparticles � Ionic surfactant �
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1 Introduction

Owing to declining oil production rates around the world, it

is important to improve the oil recovery factor (Zang et al.

2008). To obtain more oil from depleted oil fields, various

methods called ‘‘enhanced oil recovery (EOR)’’ techniques

should be utilized. Enhanced oil recovery approaches have

different subsets, including thermal oil recovery, chemical

oil recovery, and miscible and immiscible flooding.

Chemical flooding has been attracted more attention in

recent years, because it has various challenges such as

wettability alteration, adsorption loss, interfacial tension

reduction, and oil and water phase behavior (Kong and

Ohadi 2010; Ahmadi and Shadizadeh 2013a, b, 2015;

Ahmadi et al. 2014).

To improve the robustness and effectiveness of water

flooding or chemical flooding, nanotechnology approaches

have been implemented widely, such as mobility ratio

improvement (Shah 2009; Suleimanov et al. 2011), inter-

facial tension reduction (Le et al. 2011), emulsion stability,

wettability alteration (Al-Anssari et al. 2016), and resis-

tance to adsorption onto reservoir rocks (Ahmadi and

Shadizadeh 2012, 2013c). Le et al. investigated synergistic

mixtures of surfactants and silica nanoparticles for

enhanced oil recovery (EOR) in challenging reservoirs

such as high-temperature reservoirs. To meet this goal,

they carried out various tests including different mixtures
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of silica nanoparticles and surfactants. Their experiments

divided into two types: (1) interfacial tension measurement

and (2) contact angle measurement. They used a spinning

drop tension meter (Temco 500) to investigate the effects

of silica nanoparticles on IFT values. Moreover, they

investigated the effect of silica nanoparticles on the oil

displacement efficiency by contact angle measurements.

Owing to their reported outcomes, some of the mixtures

revealed appropriate agents for EOR purposes due to their

thermal stability at 91 �C and infinitesimal loss on the rock

surface by adsorption (Le et al. 2011). Suleimanov et al.

(2011) conducted some experiments into the modification

of interfacial properties in aqueous solutions by dispersing

nanoparticles in the addressed solutions. They used dif-

ferent nonferrous nanoparticles in their experiments and

draw a conclusion that the nanosuspension could increase

the efficiency of oil displacement in porous media.

Onyekonwu and Ogolo (2010) investigated the effects

of different polysilica nanoparticles (PSNP), on the wet-

tability of reservoir rocks. They utilized water wet core

samples and illustrated that silane-treated neutral and

hydrophilic polysilica nanoparticles increased the recovery

factor by 50 % over primary and secondary recoveries. Al-

Anssari et al. (2016) studied the ability of silica nanopar-

ticles to change the wettability of calcite rocks, including

both oil-wet and mixed-wet calcite samples. They con-

cluded that silica nanoparticles are able to change the

wettability of such rocks from oil-wet to mixed/water wet,

and this means that this type of nanoparticles is useful for

EOR. Moreover, they pointed out that the concentration of

nanoparticles and salinity of the solution were the most

important factors in changing the wettability of the calcite

rock samples. Furthermore, Ju and Fan (2009) demon-

strated that untreated polysilica nanoparticles could change

the wettability of sandstones from oil wet to water wet by

an adsorption phenomenon. In addition, adding untreated

polysilica nanoparticles could improve the effective water

permeability, while decreasing the absolute permeability of

the addressed sandstone samples.

Another characteristic of nanoparticles is the stabiliza-

tion of droplets of emulsions that are small enough to move

through the porous media without much retention (Zhang

et al. 2010). The most-implemented fumed silica

nanoparticles were spherically shaped, with a diameter of

twenty to thirty nanometers. Also, the wettability of fumed

silica nanoparticles is changed by coating materials, such

as silanol. If silanol groups of the surface coating groups of

the silica nanoparticle are greater than 90 %, the silica

nanoparticle is considered a hydrophilic particle. Owing to

this hydrophilic characteristic, silica nanoparticles could

form a highly stabilized oil-in-water emulsion. On the other

hand, if the coating groups on the surface of the silica

nanoparticle are only 10 % silanol groups, the silica

nanoparticle is considered hydrophobic and will form a

stable water-in-oil emulsion (Zhang et al. 2010). Another

property of nanoparticles is their high ability to stabilize

oil-in-water emulsions, and the nanoemulsions can travel

for a long distance in reservoirs without much retention

(Kong and Ohadi 2010). In addition, nanoparticles can

stabilize emulsions of supercritical CO2 in water and

emulsions of water in supercritical CO2 (Dickson et al.

2004; Adkins et al. 2007).

Kanj et al. (2009) investigated the transport of

nanoparticles in porous media and estimated the optimum

size of nanoparticles effectively used in reservoir rocks. In

addition, Skauge et al. (2010) studied the flow behavior of

silica nanoparticles in porous media and found silica

nanoparticles could move easily in porous media. Owing to

their inherent conditions in reservoirs, they pose no envi-

ronmental impacts. Due to their very small sizes, they also

could not create tension or block pores, which make them

an excellent advantage for EOR goals.

The huge potential of nanoparticles in upstream oil and

gas is shown by various applications of nanoparticles in

different oil and gas processes. Owing to the inherent

characteristics of silica nanoparticles, they have been

studied in recent years to improve the sweep efficiency of

water flooding. Ogolo et al. (2012) studied the effect and

potential of a combination of three nanoparticles, including

Al2O3, MgO, Fe2O3, and SiO2 nanoparticles. Some com-

binations of these nanoparticles were better than silica

nanoparticles alone. Hendraningrat et al. (2012) found

nanoparticles could decrease the interfacial tension

between oil and brine/nanofluid. Also, the nanofluid could

increase oil recovery by 13 % for both secondary and

tertiary recoveries (Hendraningrat et al. 2012, 2013; Li

et al. 2013).

In recent years, Ahmadi and Shadizadeh (2012, 2013c)

studied the effect of nanoparticles on the adsorption loss of

a surfactant derived from plant leaves on sandstone, shale

sandstone, and sandstone mineral samples. Increasing the

hydrophobicity of silica nanoparticles resulted in a reduc-

tion in adsorption loss of the surfactant (Ahmadi and

Shadizadeh 2012, 2013c). This is due to the fact that the

increasing hydrophobicity of nanoparticles may enhance

hydrophobic bonds between the surfactant head and the

hydrophobic part of silica nanoparticles. Consequently,

fewer surfactant molecules are available to adsorb onto the

rock surface.

The adsorption mechanisms of a combination of silica

nanoparticles and sodium dodecyl sulfate on carbonate

minerals have not been studied previously. The aim of this

paper is to study the adsorption behavior of the mentioned

ionic surfactant in the presence of silica nanoparticles in

aqueous solutions. Moreover, the effects of silica

nanoparticles on the oil sweep efficiency of the ionic
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surfactant in porous media were investigated with a core

displacement apparatus. Two different types of silica

nanoparticles were utilized in both adsorption and core

displacement experiments. The experimental results were

explained and discussed in detail.

2 Materials and methods

2.1 Chemicals

The ionic surfactant used was sodium dodecyl sulfate

(SDS), which was identified as a good foaming agent. The

ionic surfactant SDS was purchased from the Merck

Company with a high degree of purification (99 %). It

should be noted that the utilized chemicals were used as

received without any further purification.

2.2 Nanoparticles

The nanoparticles were made from SiO2 and an additive

(Ahmadi and Shadizadeh 2012, 2013c). A transmission

electron microscope (TEM) was used to measure the

spherical shape and size of the silica nanoparticles as

shown in Fig. 1. In order to investigate the effect of

nanoparticle wettability on the inhibition of surfactant

adsorption loss, two types of silica nanoparticles,

hydrophilic and hydrophobic silica nanoparticles, were

used. AEROSIL� 816 and AEROSIL� 200 were used as

hydrophobic and hydrophilic nanoparticles which were

purchased from Degussa.

AEROSIL� 816 is a fumed silica after treated with

hexadecylsilane based on AEROSIL� 200. It is used in

water-based coating systems. AEROSIL� 816 can be

applied in coating systems as an antisettling agent, for

stabilization of pigments, and to enhance the effect of

corrosion protection. It is also effective in controlling the

rheology of complex liquid systems.

2.3 Core and crushed core samples

A core sample used in core displacement tests was cut from

an Iranian carbonate reservoir rock, and its characteristics

are illustrated in Table 1. To evaluate adsorption of the

ionic surfactant in the presence of different silica

nanoparticles, two core samples were crushed using a jaw

crusher and then passed through specific sieves (50–70

mesh size) for repeatability of the experiments and to

double check our adsorption experiments (Salari et al.

2011; Ahmadi and Shadizadeh 2012, 2013a, b, c, 2015;

Ahmadi et al. 2014; Zendehboudi et al. 2013). X-ray

diffraction (XRD) was conducted to analyze the phase

composition of the core samples, and the results are shown

in Fig. 2. As illustrated in Fig. 2, the rock samples were

Fig. 1 Images of hydrophilic (a) and hydrophobic (b) silica nanoparticles observed with a TEM

Table 1 Characteristics of the utilized core sample

Core

name

Length,

cm

Average diameter,

cm

Area,

cm2
Bulk volume,

cm3
Pore volume (Sw = 1),

cm3
Porosity,

%

Absolute permeability,

mD

AB 8.51 3.8 11.40 97.1 13.7 14.1 1.98
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predominately dolomite. (As noted in the text, the major

phase in the core sample is dolomite; however, it may

contain some quartz. This is because the core is a real core

sample, and it does not have a pure lithology.)

2.4 Oil sample

Crude oil used was taken from a light oil field located in

the northern Persian Gulf. The properties of the crude oil

sample are presented in Table 2 (Ahmadi and Shadizadeh

2013b).

2.5 Determination of critical micelle concentration

(CMC)

Various methods were used to estimate the CMC of the

surfactant in the aqueous solution based on different

intrinsic characteristics of surface active agents, such as

surface tension, interfacial tension, thermal conductivity,

and electrical conductivity. Based on the high electrical

conductance of the introduced surfactant in aqueous solu-

tions, the electrical conductivity measurement was selected

as a robust and precise method to determine the micel-

lization behavior of the introduced surfactant with and

without nanoparticles in aqueous solutions. To achieve the

goals of this research, various concentrations of the

introduced surfactant were considered ranging from 500 to

5000 ppm, and a plot of electrical conductance versus

surfactant concentration for each nanoparticle concentra-

tion was generated. It should be noted that a conductivity

detector from Crison Company (EC-GLP 31?) was used in

experiments (Salari et al. 2011; Ahmadi and Shadizadeh
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Fig. 2 X-ray diffraction (XRD) of the crushed rock samples

Table 2 Properties of crude oil used (after Ahmadi and Shadizadeh

2013b)

Property Value

Component, mol%

H2S 0

CO2 0

N2 0

C1 0

C2 0.13

C3 0.25

i-C4 0.73

n-C4 1.23

i-C5 1.38

n-C5 3.56

C6? 92.72

Molecular weight of C6? 203.24

Specific gravity of C6? 0.8325
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2012, 2013c, 2015; Zendehboudi et al. 2013). The elec-

trical conductivity trend of surfactant solutions at various

concentrations without nanoparticles is illustrated in Fig. 3.

2.6 Core displacement experiments

To assess the performance of the chemical agents (sur-

factant, nanoparticle/surfactant) in enhanced oil recovery

under reservoir conditions, a comprehensive series of core

displacement experiments were carried out under high

pressure and high temperature (HPHT). As shown in

Fig. 4, the implemented setup consisted of two transfer

vessels—including one nanofluid and one oil—and a core

holder mounted in a temperature-controlled air bath, which

also enclosed an HPLC constant rate pump for high pres-

sure injection of nanofluid or water. Also, to maintain the

pressure of the system at the output of the core, a back-

pressure regulator (BPR) was installed. A differential

pressure transducer (DPT) was used to measure the pres-

sure drop across the core. Before each displacement

experiment, the core sample was initially saturated with

brine (15,000 ppm NaCl) and then flooded with oil at a low

flow rate (0.5 mL/h) until connate water saturation was

reached under reservoir conditions. All core displacement

tests were launched with the samples saturated with oil and

connate water saturation, followed by the enhanced oil

recovery (EOR) process. In each test, effluent fluids were

collected for analysis. The displacement experiments were

performed on several carbonate rocks which were water

wet, 8.5 cm in length, and 3.8 cm in diameter. The scaling

method proposed by Rapoport and Leas (1953) was carried

out to cancel the dependency of oil recovery on the fluid

injection rate and the core length. The mentioned scaling

criterion is expressed by the following equation (Rapoport

and Leas 1953; Kulkarni and Rao 2004; Mcelfresh et al.

2012; Ahmadi and Shadizadeh 2013b):

LVl� 1; ð1Þ

where L represents the core length, cm; l stands for the

viscosity of the displacing phase, cP; and V denotes the

fluid velocity, cm/min (Rapoport and Leas 1953; Kulkarni

and Rao 2004; Mcelfresh et al. 2012; Ahmadi and Shadi-

zadeh 2013b).
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2.7 Adsorption experiment

According to the procedure of adsorption experiments

reported by Ahmadi and his colleagues (Ahmadi and Sha-

dizadeh 2012, 2013c, 2015; Zendehboudi et al. 2013) and

Salari et al. (2011), the depletion solution or batch tests were

conducted to indicate adsorption behavior of the ionic sur-

factant on the carbonate surface in the presence of silica

nanoparticles. Two crucial points of the proposed adsorption

experiments are the adsorption equilibrium time and the ratio

of the solid and aqueous phases. Before explaining the details

of the adsorption experiments, it is worthmentioning that the

experiments were conducted at 25 �C and atmosphere

pressure. It should be mentioned here that to determine the

amount of adsorption loss of the addressed ionic surfactant

onto the reservoir rock samples, a batch test was used. Due to

this fact, the weight of the crushed rock samples and the

volume of the aqueous solution with different surfactant

concentrations should be consistent for all the adsorption

experiments as illustrated in Ahmadi and Shadizadeh

(2012, 2013a, c, 2015). Two more crucial points should be

mentioned: First, the equilibrium time of adsorption was

about 24 h, so adsorption experiments were conducted for

24 h. Second, the mass ratio of the surfactant solution to the

crushed rock was 5:1. In addition, a wide range of surfactant

concentrations, from 500 to 5000 ppm of surfactant, were

used. As noted previously, the conductivity of the aqueous

solution was utilized to indicate the surfactant concentration

before and after adsorption loss onto the rock surface. For

more details about the procedure of conductivity measure-

ment for adsorption experiments, the authors referred to

Ahmadi and Shadizadeh (2012, 2013a, c, 2015). Finally, the

magnitude of the surfactant loss onto the rock surface (in

terms of mg surfactant/g of rock) was calculated from the

following formulation (Salari et al. 2011; Ahmadi and Sha-

dizadeh 2012, 2013c, 2015; Zendehboudi et al. 2013):

C ¼ ðCi � CeÞ �Ms=Mcð Þ=1000; ð2Þ

where C stands for the adsorption density, mg/g; Ci and Ce

represent the initial and equilibrium SDS concentrations in

the aqueous solution, respectively, ppm; Ms denotes the

mass of the solution, g; and Mc represents the mass of the

carbonate rock sample, g.

3 Results and discussion

3.1 Adsorption experiments

The CMC of SDS was determined by measuring the

electrical conductivity of the solution, which was also used

by Ahmadi and his coworkers (Salari et al. 2011; Ahmadi

and Shadizadeh 2012, 2013c, 2015; Zendehboudi et al.

2013). The CMC of SDS was 2485 ppm. The fate or loss of

the surfactant in terms of mg/g was measured in the

aqueous and solid phases of an initial surfactant concen-

tration from 500 to 5000 ppm and a ratio of aqueous

solution to solid of 5:1. Due to the achieved results of

adsorption experiments under the mentioned conditions,

the adsorption of SDS on the carbonate rock surface was

different for the concentrations below and above the CMC.

As demonstrated in Fig. 5, by approaching the adsorption

density of 1.90 mg/g at 2750 ppm of the SDS concentration,

adsorption reached equilibrium (constant value). In other

words, increasing the SDS concentration that is lower than or

equal to the CMC of SDS caused the amount of adsorption

loss to follow linear behavior; however, the adsorption loss

above a concentration of 2750 ppm of SDS did not change

significantly. The main reason for this phenomenon which

can be explained by the number of SDS monomers does not

change and remains constant after reaching the CMC value.

On the other hand, when the SDS concentration is lower than

the CMCvalue, the number ofmonomers is not a constant and

increases with the SDS concentration. In this regard,

increasing the SDS concentration, when it is lower than the

CMC value, increases the adsorption density. So the maxi-

mum adsorption loss of SDS on the surface of crushed car-

bonate sample was about 1.90 mg/g. It was found that the

adsorption loss below or near the CMC value in the system is

a function of the SDS concentration. Figure 6 shows the

effect of hydrophilic silica nanoparticles on the adsorption of

SDS on the crushed carbonate sample at different SDS con-

centrations. As shown in Fig. 6, more reductionwas observed

in the adsorption loss of SDS on the crushed carbonate sample

when increasing the concentration of silica nanoparticles in

aqueous solutions. This reduction is caused by the increasing

concentration of hydroxyl groups, which exist in aqueous

solutions and can create hydrogen bonds with the tail of the

surfactant and an electrostatic bond with the positively
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Fig. 5 Adsorption isotherm of SDS onto the crushed carbonate

sample
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charged rock surface. Also another reason for the reduction is

the adsorption of some silica nanoparticles on the crushed

carbonate sample from the aqueous solution, but that is

unfavorable for us because of the loss of silica nanoparticles

from the solution. Figure 6 shows a comparison of the SDS

adsorption efficiency at different concentrations of hydro-

philic silica nanoparticles. As shown in Fig. 6, the effective

concentration of hydrophilic silica nanoparticles was

2000 ppm, which could reduce the maximum value of the

adsorption density from 1.90 to 1.12 mg/g. Figure 7 depicts

the effect of hydrophobic silica nanoparticles on the adsorp-

tion loss of SDS on the crushed carbonate samples at different

SDS concentrations. As illustrated in Fig. 7, more reduction

was observed in adsorption of SDS on the crushed carbonate

sample when increasing the concentration of hydrophobic

silica nanoparticles in the aqueous solution, but themagnitude

of reduction was lower than the hydrophilic silica nanopar-

ticles, owing to a smaller number of hydroxyl groups in

hydrophobic silica nanoparticles. Due to this fact, the

hydrophobic silica nanoparticles were observed to be less

effective in inhibiting adsorption loss of SDS onto the

surface of crushed carbonate samples. As depicted in

Fig. 7, increasing the silica nanoparticle concentration

would reduce the losses of SDS onto reservoir rock sam-

ples. 2000 ppm of silica nanoparticles could reduce the

maximum value of adsorption loss from 1.90 to 1.24 mg/g.
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(above the CMC)
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Figure 8 compares the effects of hydrophilic and

hydrophobic silica nanoparticles on the adsorption density

of SDS at three levels of SDS concentration in the aqueous

solution. When the SDS concentration (500 ppm) was

lower than the CMC of SDS, the adsorption density

decreases slightly with increasing concentration of silica

nanoparticles (Fig. 8a). However, when the SDS concen-

tration was near and above the CMC of SDS, the adsorption

Hydrophilic silica nanoparticle

Hydrophobic silica nanoparticle

Hydrophobic tail of surfactant

Head of surfactant

Hydrophobic tail of surfactant

Head of surfactant

Hydrophobic tail of surfactant

Head of surfactant

(a)

(b)

(c)

Fig. 9 Schematic of adsorption process of ionic surfactant. a Ionic surfactant only. b In the presence of hydrophilic silica nanoparticles. c In the

presence of hydrophobic silica nanoparticles
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density decreases significantly with the increasing con-

centration of silica nanoparticles (Fig. 8b, c).

To better understand the adsorption mechanism of the

ionic surfactant onto the carbonate rock surface, schematics

of the adsorption of the surfactant alone and the surfactant

in the presence of hydrophilic and hydrophobic silica

nanoparticles are depicted in Fig. 9. As shown in Fig. 9a,

the main mechanism of the surfactant adsorption onto the

positively charged surface is electrostatic bonding between

the negatively charged head of the surfactant and the

positively charged surface. As mentioned previously, two

main mechanisms exist to inhibit the surfactant loss onto

positively charged carbonate rock samples. The first one is

hydrogen bonding between hydroxyl groups of the silica

nanoparticles and the tail of the ionic surfactant; the second

is adsorption of the silica nanoparticles onto the carbonate

rock surface due to a high magnitude of negative charges.

In other words, silica nanoparticles were sacrificed to avoid

adsorption loss of the surfactant at very low concentrations.

These are depicted graphically in Fig. 9b, c.

3.2 Effect of silica nanoparticles on CMC

The changes in CMC that occur with increasing concen-

trations of hydrophobic and hydrophilic silica nanoparti-

cles are depicted in Fig. 10. As mentioned earlier in the

CMC determination section, a turning point in the plot of

electrical conductivity against surfactant concentration

represents the CMC of the surfactant. However, it seems

that the hydrophobic and hydrophilic silica nanoparticles

influenced the surfactant micellization properties, particu-

larly its CMC. As can be seen in Fig. 10, the coexistence of

SDS and hydrophilic silica nanoparticles (AEROSIL� 200)

in a solution led to a CMC value lower than the one for just

the ionic surfactant system. Figure 10 demonstrates the

CMCs of different systems considered in this study, and the

presence of both nanoparticles resulted in surfactant

molecules aggregating into micelles at lower concentra-

tions. This phenomenon is more severe for higher

nanoparticle concentrations.

The observed phenomenon may be related to the sur-

factant–nanoparticle interactions. Ignoring the small

amount of surfactant adsorption on the surface of

nanoparticles, the similar negative electrical charge on the

surfactant head groups and the surface of nanoparticles

results in an electrostatic repulsion between surfactant

molecules toward each other, prompting the micellization

process. Moreover, the hydrophilic nanoparticles make the

bulk solution unfavorable for hydrophobic surfactant tails

and increase their affinity to form micelles. Obviously, in

such a situation, micelle aggregates form at lower con-

centrations, and the CMC is reduced. When the concen-

tration of nanoparticles increases, the repulsion forces

become stronger (due to the larger number of nanoparti-

cles). Also, the bulk solution becomes more hydrophilic.

As a result, micellization occurs even at lower concentra-

tions. Another important point that may be inferred from

Fig. 10 is that the reduction in the CMC is more dramatic

for hydrophilic silica nanoparticles. As mentioned earlier,

the presence of these nanoparticles intensifies the hydro-

philic characteristics of the solvent. In aqueous solutions,

the greater dissimilarity between the hydrophobic chain of

the surfactant and silica nanoparticles leads to higher

aggregation. Consequently, a sharper decrease in the CMC

value is observed than with the slightly hydrophobic

nanoparticles (AEROSIL� 816). The previous discussions

are illustrated in Fig. 11.

3.3 Core displacement results

The induced effects of the nanoparticles on the ultimate oil

recovery and performance of the ionic surfactant in porous

media were examined. Figure 12 demonstrates the ultimate

oil recovery in terms of % original oil in place (% OOIP)

versus volume of the fluid injected into the porous media

for four different water–oil systems. As depicted in Fig. 12,

the oil recovery was 51.1 % OOIP with water injection.

Also, as demonstrated in Fig. 12, adding 5000 ppm of SDS

to the aqueous phase resulted in more oil production and

the recovery factor was about 78.8 % OOIP. This may be

explained by the reduction in the interfacial tension

between two immiscible fluids (water and oil). Moreover,

the addition of hydrophobic and hydrophilic silica

nanoparticles could improve the sweep efficiency of SDS,

and more oil was recovered from the porous media due to

inhibition of adsorption loss of the surfactant, but the

magnitude of the ultimate oil recovery highly depended on

the hydrophobicity of silica nanoparticles. For better

understanding, it is worth mentioning that the hydrophobic
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silica nanoparticles may reduce the interfacial tension

between oil and water phases, but the effect of hydrophilic

silica nanoparticles is the reverse. According to the noted

facts, the ultimate oil recoveries were 82.3 and 85.6 %

OOIP for the hydrophilic and hydrophobic silica

nanoparticles, respectively.

4 Conclusions

1. The addition of both hydrophilic and hydrophobic

silica nanoparticles could reduce adsorption loss of the

ionic surfactant.

2. The hydrophilic silica nanoparticles could be more

effective than the hydrophobic ones in reducing

adsorption onto carbonate samples, because there are

more hydroxyl groups in hydrophilic silica nanoparti-

cles than in hydrophobic silica particles. Owing to this

fact, more hydrogen bonds exist between hydroxyl

groups and the tail of the ionic surfactant, while more

electrostatic bonds are formed between hydroxyl

groups of silica nanoparticles and positively charged

rock surfaces are also observed.

3. When the SDS concentration was lower than the CMC

of SDS, the adsorption density decreases slightly with

the increasing concentration of silica nanoparticles.

However, when the SDS concentration was near and

above the CMC of SDS, the adsorption density

decreases significantly with the increasing concentra-

tion of silica nanoparticles.

4. The addition of silica nanoparticles to the surfactant

solution resulted in decreasing the CMC of the ionic

surfactant. However, the magnitude of the CMC was

noticeably dependent on the hydroxyl group and the

magnitude of the negative charges on the silica

nanoparticle surface. In other words, the hydrophilic

silica nanoparticles could reduce the CMC value more

than the hydrophobic silica nanoparticles in the

aqueous solution.

5. The addition of silica nanoparticles could improve the

sweep efficiency of the ionic surfactant. However, the

magnitude of the additional oil recovery was highly

dependent on the wettability of the silica nanoparticles.

For hydrophobic silica nanoparticles, the reduction in

interfacial tension and the inhibition of adsorption loss

were two factors in favor, but these phenomena were

different for hydrophilic silica nanoparticles. Hydro-

philic silica nanoparticles could inhibit adsorption loss

of the surfactant; however, it increased the interfacial

tension between oil and water and hence did not

improve the oil recovery as much as the hydrophobic

nanoparticles.
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