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Abstract
High interfacial tension (IFT) between oil and water brings about high capillarity leading to high residual oil saturation.
Surfactants are employed to reduce IFT or modify wettability and mobilize the trapped oil. This paper aims to investigate the
interaction of sodium dodecyl sulfate as a surfactant and two types of silica nanoparticles in different particle sizes for the
purpose of enhancing oil recovery. Accordingly, the effect of employed nanoparticles on the critical micelle concentration
(CMC) of the surfactant was investigated by the use of electrical conductivity measurements. Phase behavior studies were
also carried out to examine the solubilizing ability of the surfactant and nanoparticles assembly. Based on the analysis of
solubilization curves, an ultra-low IFT chemical formulation for the target reservoir crude oil was identified and the stability
of the optimum solutions was examined through visual observation, optical absorption, and zeta potential measurements. The
oil recovery experiments were performed in a quarter five-spot transparent pore network model saturated with crude oil to
observe the displacement behavior of the injectant and its influence on oil recovery. Phase behavior tests indicated that the
silica nanoparticles smaller in size are more effective in terms of IFT reduction since they can achieve ultra-low IFT level,
and the conductivity measurements showed they relatively reduce the CMC of the surfactant. The results of stability tests
demonstrated the optimum solutions are stable for more than 1 week. The micromodel experiments displayed that oil recovery
increased by 4% during nanoparticles-assisted surfactant flood in comparison with surfactant flood.
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Nomenclature
2D 2-Dimensional
ASP Alkaline–surfactant–polymer flood
CSEL Lower effective salinity window
CSEU Upper effective salinity window
TEM Transmission electron microscope
UTCHEM The University of Texas at Austin Chemical

Flood Simulator
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List of symbols
HBNC70 UTCHEM input parameter for surfactant

model (intercept of maximum height of
binodal curve at zero salinity [44])

HBNC71 UTCHEM input parameter for surfactant
model (intercept of maximum height of
binodal curve at optimal salinity [44])

HBNC72 UTCHEM input parameter for surfactant
model (intercept of maximum height of
binodal curve at twice optimal salinity [44])

CSEL7 UTCHEM input parameter for surfactant
model (lower critical salinity window [44])

CSEU7 UTCHEM input parameter for surfactant
model (upper critical salinity window [44])

1 Introduction

The discovery of new huge stocks of crude oil is becoming
less and less frequent, and advanced technologies are needed
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to increase the oil production due to the rise in the world’s
oil demand. Chemical enhanced oil recovery (CEOR) has
increasingly come into focus as one of the improved oil
recovery processes that have the potential to produce oil with
relatively low cost from mature reservoirs [1]. It involves the
use of chemicals such as surfactant, co-solvents, polymer,
and alkaline agents to mobilize residual oil trapped in pores
and pore throats. Among different CEOR methods, surfac-
tant flooding is a promising enhanced oil recovery (EOR)
technique bringing about the oil/aqueous IFT to drop, thus
allowing emulsification and displacement of the unswept oil
in the reservoir. In fact, surfactants reduce the IFT between
oil and water from the waterflood range of 25–30 mN/m,
leading to an increase in the capillary number and bringing
about a vast reduction in oil saturation [2]. Particularly, when
surfactant, water, and oil are mixed together, they form a
thermodynamically stable phase called microemulsion char-
acterized by ultra-low IFT and the ability to solubilize both
aqueous and oil compounds. In addition, in order for the sol-
ubilization mechanism to be more effective, the surfactant
concentration should be higher than critical micelle con-
centration (CMC) during the flow of the mixture through
porous media [3]. As the effect of microemulsions on oil
recovery has attracted extensive attention, there is rich lit-
erature on the improved oil recovery through solubilization
mechanism [4,5]. Winsor [6] classified the microemulsions
into three different types, Type I, Type II, and Type III. The
type of microemulsion depends on salinity, ionic species,
surfactant concentration, and other key factors. The details
of different microemulsion types, their properties, and clas-
sifications are completely documented elsewhere [2]. It is
generally believed that, except for Yassin et al. [7] who
stated that Type III of microemulsion is not necessarily
the optimum phase corresponding to the highest oil recov-
ery, Type III of microemulsion is more suitable for CEOR
because of the corresponding low and equal IFT between
this phase and the excess phases of oil and water [8–10].
It is worthwhile to note that one of the most widely used
correlations [11] to calculate the relations between IFTs
and solubilized oil and brine volumes with high level of
accuracy compared with experimental data has been pre-
sented by Huh [12]. Due to the well-established relationship
between the microemulsion phase behavior and IFT, it is
common in the industry to screen surfactants and their for-
mulations for low IFT throughoil–water phase behavior tests.
Accordingly, great deals of the research efforts have focused
on the importance of phase behavior studies in chemical
flooding [13,14]. Healy et al. [15] showed that the phase
behavior of surfactant/brine/oil system is a crucial factor
in interpreting the performance of oil recovery during sur-
factant flooding. Moreover, they found that low IFT and
high solubilization of both oil and water in the microemul-
sion phase occur in or near the salinity ranges giving three

phases.Hirasaki et al. [16] reported the importance of salinity
gradient concept in surfactant flooding by the use of com-
prehensive phase behavior studies. They stated that when the
salinity gradient is used, the surfactant retention is minimal
and the salinity of chemical slug is at optimum for enhancing
oil recovery. Levitt et al. [17] conducted the experimental
phase behavior studies for screening the high-performance
and low-cost surfactants. Their results demonstrated that
phase behavior screening helps to quickly identify favor-
able surfactant formulations. In addition, branched alcohol
propoxy sulfates, internal olefin sulfonates, and branched
alpha olefin sulfonates have been identified as good EOR
surfactants.

As the surfactant’s performance is a function of reservoir
condition, some studies have discussed the role of effec-
tive additives in improvement in surfactant properties for
CEOR applications. Dwarakanath et al. [18] carried out the
oil recovery experiments and also phase behavior studies for
the evaluation of the effect of co-solvents on the improvement
in both light oil recovery and phase behavior of microemul-
sions. They employed a chemical compositional reservoir
simulator to match both phase behavior and oil recovery
experiments. They stated that by adding the appropriate co-
solvent and the correct amount of electrolyte in the chase
solutions, more than 90% of IOIP could be recovered and
Winsor Type III condition for extended durations even with
a small surfactant slug could bemaintained. Awang et al. [19]
suggested that the branched alcohols can be used as an
effective additives to improve the performance of anionic sur-
factant in terms of IFT reduction. They showed that adding
even a small amount of the branched alcohols to the injectant
can reduce the IFT of oil/surfactant solution dramatically for
both low and high salinity conditions.

Researchers have also reported recent advances in the
results of the improved properties of chemical agents by the
use of different nanoparticles [20,21]. Zargartalebi et al. [22]
and Zargartalebi et al. [23] investigated the capability of sil-
ica nanoparticles for the enhancement of surfactant flooding
performance. They conducted different adsorption and IFT
measurements and observed that dispersed silica nanoparti-
cles in surfactant (DSNS) solution can reduce the amount of
surfactant adsorption and also improve the IFT behavior of
surfactant/crude oil system. Vatanparast et al. [24] investi-
gated the effect of combined interfacial and bulk properties
of silica nanoparticles and a cationic surfactant mixture in
water/oil systems when the surfactant/nanoparticles ratio is
low. They presumed that hydrophilic silica nanoparticles are
not surface active alone and have no significant effect on
water/heptane IFT.However, in the presence of a cationic sur-
factant, nanoparticles become surface active complexes by
adsorbing surfactant molecules and strongly affect the inter-
facial properties. They experimentally showed that the sys-
tem containing both surfactant and nanoparticles has lower
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equilibrium IFT and the IFT decreases with the increase
in nanoparticles concentration. Biswal et al. [25] explored
the effect of negatively charged silica nanoparticles on the
IFT of the n-hexane–water system at various concentrations
of different surfactants. They experimentally demonstrated
that the employed nano-sized additives have different effects
depending on the type of surfactant. The results showed that
the silica nanoparticles can reduce the IFT of anionic sur-
factant/oil dramatically while the reverse trend was observed
for the nonionic surfactant. Esmaeilizadeh et al. [26] studied
IFT behavior of systems containing both surfactant and zir-
conium dioxide (ZrO2) nanoparticles. They displayed that
at water–air interface, inclusion of the nanoparticles dra-
matically improved the surface activity of anionic surfactant
molecules and had negligible effect on the surface tension
of both cationic and nonionic surfactants. Ahmadi et al. [27]
examined the impacts of hydrophobic silica nanoparticles on
the ultimate oil recovery of carbonate cores. They showed
that the injection of this type of nanoparticles can improve
oil recovery considerably and this improvement was directly
related to the unique IFT behavior of nanofluid/oil system.
They also reported that there was an optimum concentra-
tion of about 2500 ppm for the application of nanoparticles
in EOR processes. AlamiNia et al. [28] performed a study
concerning the role of hydrophilic silica nanoparticles in the
performance of both surfactant and polymer solutions. They
experimentally proved that the addition of silica nanoparti-
cles to the surfactant solution has a significant impact on both
the stability and IFT behavior of the surfactant solution. By
the use of solubilization curves, they stated that the smaller
the size of nanoparticles are, the more effective the perfor-
mance of anionic surfactant in reducing IFT of oil/water
system will be. Ahmadi et al. [29] evaluated the effect of
silica nanoparticles on the CMC of a natural surfactant by
the use of conductivity approach. They showed that CMC of
the employed surfactant decreased while the concentration
of nanoparticles increased.

Cheraghian et al. [30] studied the effect of dispersed
clay nanoparticles in surfactant solution on heavy oil recov-
ery. By the use of an extensive experimental research, they
found that dispersed clay nanoparticles can improve both
oil recovery and adsorption behavior of surfactant solu-
tion, especially near to CMC condition during surfactant
flooding. Ahmadi et al. [31] presented the experimental
observations on the effect of two different types of sil-
ica nanoparticles on adsorption behavior of SDS. Their
conductivity measurements revealed both nanoparticles hav-
ing a strong ability to decrease the amount of surfactant
adsorption onto the sandstone rocks, but the hydrophobic sil-
ica nanoparticles are more effective than hydrophilic silica
nanoparticles.

Cheraghian et al. [32] conducted an experimental study to
monitor the interaction of SDS surfactant and fumed silica

nanoparticles as suitable agents for oil displacing in EOR
by the use of glass micromodels. They concluded that the
addition of nanoparticles enables a further 13% enhance-
ment in oil recovery as well as delaying the breakthrough
time. They also suggested the wettability of porous medium
surface can be dramatically improved by the use of surfactant
and nanoparticles assembly.

In the present study, for a better understanding of the
interaction of SDS as a surfactant and two types of silica
nanoparticles in different particle sizes, conductivity mea-
surements and phase behavior tests are performed and the
ability of the solution containingboth surfactant andnanopar-
ticles is investigated in terms of oil emulsification and IFT
reduction. Afterward, the stability of the optimum formu-
lations is evaluated by the use of several methods such as
visual observations, optical absorption, and zeta potential
measurements. Then, the optimum solution is injected into
the five-spot glass micromodel to observe the quantitative
and qualitative efficiency of the newly formulated system for
improving oil recovery. Finally, based on the phase behavior
data, the surfactantmodule of a compositional chemical flood
simulator (UTCHEM) is tuned and the oil recovery results
are also modeled by the use of UTCHEM simulator which
has the ability to simulate the flow of microemulsion phase
through porous media.

2 Methodology

2.1 Materials and Procedures

The surfactant used in this study was an anionic surfac-
tant named sodium dodecyl sulfate (SDS) with the purity
above 99% obtained from Merck Company. The main prop-
erties of the surfactant are given in Table 1. Two types of
hydrophilic silica nanoparticles with different particle sizes
were used in this work. The first one with smaller parti-
cle size was AEROSIL 300 provided by Evonik Company,
and the other was silicon dioxide nanopowder obtained from
US Nanoresearch, Inc. Based on the manufacturer’s reports,
they are well-characterized hydrophilic fumed silica which
is prepared by hydrolysis of silica tetrachloride in which
silanol group (Si–OH) is generated on the silica surface.
Moreover, regarding the preparation procedure reported by
manufacturer, both nanoparticles implemented throughout
this research are made from SiO2 and some additives such
as Al2O3,Fe2O3, and TiO2. The properties of the nanopar-
ticles are summarized in Table 2. Deionized (DI) water was
used as the aqueous phase. The non-reactive (with low acid
number) and relatively light crude oil from one of the Ira-
nian oil fields, located in southwest of Iran, was used as the
oil phase. The crude oil has the API of 27 and viscosity of
29mPa s at standard condition. Sodium chloride (NaCl) with
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Table 1 Properties of anionic
surfactant used in this study

Solubility (g/l) Density (g/cm3) Flash point (◦C) pH Value Bulk density (kg/m3)

150 1.1 > 150 6–9 490–560

Table 2 Properties of
nanoparticles used in this study

Type SiO2 (wt%) Particle size (nm) Specific area (m2/g) Tamped density (g/l)

AEROSIL 380
(hydrophilic)

>99.5 7 380 50

Silicon dioxide
nanopowder
(hydrophilic)

99.5 20–30 160–600 0.002

99% purity was also provided by Merck Company and used
for the preparation of brine.

X-ray diffraction (XRD) is a common technique for the
study of crystal structures and atomic spacing. As a result, by
using XRD patterns, the crystalline structure of nanomateri-
als can be also described. In this research, XRD patterns of
the two types of silica nanoparticleswere recorded by diffrac-
tometer (Philips Analytical X-ray, CuKα, λ = 1.54184,
Step size = 0.02, and scan step time = 0.4 s). In addition,
for characterizing the two types of hydrophilic silica nanopar-
ticles utilized in this study, transmission electronmicroscopy
(TEM) was used to specify the particle size with a Philips
CM120.

Figure 1 shows the XRD patterns of the two different
employed silica nanoparticles. Based on the presented pat-
terns for both nanoparticles, the curve of scattered intensity
versus 2θ showed nothing more than one broad maxima
which indicated the characteristics of amorphous nature of
silica particles and as a result proved the high purity of the
silica nanoparticles [33]. We also used TEM analysis to esti-
mate an average value for the particle size of nanoparticles.
This analysis showed that their average size is of order of
few nanometers.

The method used for nanoparticle dispersion is of great
significance since the solution properties are highly depen-
dent on thismethod. Ultrasonicationmethod using ultrasonic
waves with the specific power and frequency is one of the
best ways for characterization, synthesize and dispersion of
nanomaterials such as silica nanoparticles [34]. Accordingly,
silica nanoparticles were dispersed in DI water by means
of ultrasonic apparatus (Sonic, VCX750). In addition, accu-
rate amounts of surfactant powder were added slowly to
the silica nanoparticles solution while stirring on a mag-
netic stirrer (IKA). The crude oil was centrifuged by the
use of HERMLE centrifuge (Z36HK). To analyze optical
absorbance of nanoparticle-augmented surfactant solutions
with different salinities, the ultraviolet–visible spectrometer
(UV–visible, CT-5700) was used. This technique is a reliable
method to investigate the nanosuspension stability [35]. A
nanosizer-ZS (NanoZS,Malvern Instruments,UK) equipped

with helium neon laser (633 nm) was used to obtain the zeta
potential of particles in each solution. Zeta potential data
are required to decide the charge nature of the particle sur-
faces, surfactant–molecular interactions, and the estimation
of solution stability.

The estimation of the CMC of the surfactant in the aque-
ous solution is strongly dependent on different intrinsic
characteristics of surface active agents, such as surface ten-
sion, thermal conductivity, and electrical conductivity [36].
Based on the high electrical conductance of the introduced
surfactant in aqueous solutions, the electrical conductivity
measurement was selected as a robust method to determine
the micellization behavior of the introduced surfactant with
andwithout nanoparticles in aqueous solutions. Accordingly,
conductivity measurements were taken by a conductivity
detector (Seven easy, Mettler Toledo, Switzerland).

IFT of crude oil was measured against DI water by means
of Kruss tensiometer (K100). This tensiometer can deter-
mine IFT of oil against water by the use of ring method in
the range of 1–1000 mN/m [37]. Phase behavior or pipette
tests were also conducted in small tubes called pipettes to
find optimum chemical formulation. To perform oil recov-
ery experiments, one-quarter five-spot glass micromodel
was designed similar to the Ghahremani et al. [38]. The
schematic representation of the micromodel setup is shown
in Fig. 2. The 2D micromodel was fabricated based on a
method using laser technology. Procedure details of micro-
model construction can be found elsewhere [39]. The pattern
of micromodel was prepared by a thin section of a heteroge-
neous sandstone rock from one of the Iranian oil reservoirs.
Physical properties of the micromodel are also given in
Table 3.

To prepare nanoparticle-augmented surfactant solutions
(nanoparticle size of 7 nm), 0.25 g silica nanoparticles were
added to 100 cm3 ofDIwater, meaning that the concentration
of silica nanoparticles was equal to 2500 ppm, stirred slowly
for 1 h. This concentration was suggested as an optimum
concentration of hydrophilic silica nanoparticles by many
researchers for CEOR applications [27,28,40]. Then, 0.5 g
solid SDS was added to 50 cm3 of the prepared aqueous
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Fig. 1 XRD pattern of two types of silica nanoparticles used in this work, a silica nanoparticles with the particle size of 7 nm and b silica
nanoparticles with the particle size of relatively 25 nm

nanosilica solution, which means that the SDS concentration
was equal to 10,000 ppm, and the solution was stirred again
for 1 h. The aqueous nanoparticles-augmented surfactant
solution was sonicated by the means of ultrasonic apparatus
for 45 min. Based on the reported compositions of the reser-
voir fluids, NaCl is themain component of the reservoir brine
(Table 4). Accordingly, to prepare chemical solutions with
different salinities, awide range of salt concentrations (NaCl)
were used (5000, 10,000, 15,000, 20,000, 30,000, 40,000,
50,000, 60,000, 70,000 ppm). Finally, a desirable amount of
salt was dissolved in the prepared solution and the resultant

solution was stirred for 60 min by the use of magnetic stirrer.
The similar procedure was performed for the case of sil-
ica nanoparticles with the particle size of 25 nm. Moreover,
to prepare surfactant solutions without silica nanoparticles,
1 g solid SDS was added to 100 cm3 of DI water, mean-
ing that the concentration of SDS was equal to 10,000 ppm,
and stirred slowly for 1 h. Then, a desirable amount of
salt (similar to nanoparticle-augmented surfactant solutions)
was dissolved in the prepared solution, and the resultant
solution was stirred for 60 min by the use of magnetic
stirrer.
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Fig. 2 Schematic of glass micromodel setup

Table 3 Physical properties of
glass micromodel

Length (cm) Width (cm) Thickness (cm) Porosity Absolute permeability (D)

5.98 5.98 0.0141 0.46 0.5

Table 4 Composition of the
reservoir brine

Composition Weight (%)

NaCl 2.45

Na2SO3 0.005

CaCl2 0.01

MgCl2 · 6H2O 0.02

Na2HCO3 0.01

2.2 Methods

2.2.1 Emulsification Ability of DSNS Solution

The phase behavior of surfactant–oil system is the impor-
tant step in the laboratory to screen the proper surfactants
for CEOR. Generally, aqueous stability tests are performed
prior to the salinity scan tests in order to find the salinity at
which the solubility limit reached. This is important since
the surfactant solution needs to be stable up to at least the
optimum salinity.

In this study to accomplish an aqueous stability test, based
on the prepared 18 nanoparticle-augmented surfactant solu-
tions, 5ml of each samplewaspipetted into a graduated10-ml
vial. Then, the crude oil was centrifuged first for 45 min at

2000 rpm to separate a small amount of brown-colored phase
which was suspected to be emulsified oil, and 5 ml of crude
oil was added to the vial (water–oil ratio or WOR equal to
unity). It should be mentioned that temperature (equal to
25◦C), SDS concentration, and silica nanoparticles concen-
tration were fixed, whereas the concentration for NaCl varied
in different test tubes because the effect of salinity on the
phase behavior of surfactants is one of the important vari-
ables of the surfactant flooding, and as a result, salinity is the
main variable in this research. Pressure was also assumed
to be a minor effect, and it is generally atmospheric. After
that, the test tubes were gently agitated to facilitate mixing
of fluids. Next, they were left in a transparent bottle away
from degrading factors such as light and heat. The level of
fluid interfaceswas recordedperiodically, at intervals ranging
from 1 to 8 days for observing equilibrium. Then, according
to the equilibrium level of fluids, the solubilization curves
were determined and drawn. Finally, the type of microemul-
sion changes as the salinity increases. It should be noted that
the salinity at equal volumesof oil andwater solubilized in the
microemulsion is defined as the optimal salinity. The optimal
salinity is approximately at the midpoint between upper and
lower effective salinities [2]. The procedures used to mea-
sure the microemulsion phase behavior, determine solubility
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curves parameters, and criteria to screen chemical formula-
tions are completely illustrated elsewhere [41,42].

In this work, Winsor nomenclature was used to rep-
resent surfactant phase behavior. Accordingly, surfactant/
microemulsion phase behavior is described as Winsor type
I, type II, and type III. A transition in phase behavior can be
the result of a change in variables such as salinity, tempera-
ture, equivalent alkane carbon number (EACN) of the oil, or
surfactant structure. Based on the Huh (1979) equation [12]
examined by many researchers for numerous combinations
of surfactant and crude oil over a wide range of temperature,
salinity, and concentration [2], IFT is inversely proportional
to the square of the solubilization ratio:

γ = C

σ2
, (1)

whereC is approximately 0.3 and the solubilization ratio (σ )

is defined as the volume of oil or water solubilized divided by
the volume of surfactant on a 100% active basis. Achieving
ultra-low IFT on the order of 10−3 mN/m is necessary to
mobilize the residual oil saturation in reservoir rocks. Solu-
bilization ratio is much more easily and accurately measured
over time than IFT, and therefore, it is a useful method for
measuring IFT directly [2].

Moreover, the conductivitymeasurements were also taken
to measure the CMC of the optimum solutions and eval-
uate the effect of adding hydrophilic silica nanoparticles
on the minimum surfactant concentration required for oil
emulsification compared with the surfactant solution with-
out dispersed silica nanoparticles. It should be noticed that
in this section the effect of silica nanoparticles on CMC of
surfactant was investigated in the absence of salt due to the
presence of divalent and monovalent ions having a consid-
erable effect on the electrical conductivity of the solutions
[29].

2.2.2 Stability of DSNS Solution

After evaluating the prepared solutions by analyzing the solu-
bilization curves, the stability of the nanoparticle-augmented
surfactant solutionswas investigatedby theuseof ultraviolet–
visible spectrophotometer and zeta potential experiments.
Consequently, the optical absorbance of the solutions was
measured in different periods of time (1, 6 h, 2, and 8 days).
It should be mentioned that the absorbance–time relation-
ship provides a method to study the aggregation of silica
dispersions [35]. In addition, zeta potential tests were also
performed, just after the preparation of the solutions, to
examine the effect of the interaction of components on the
solution stability.

2.2.3 Oil Recovery Experiments

The oil recovery experiments were performed by a quarter
five-spot glass micromodel since the microscopic efficiency
aswell asmacroscopic behavior of the chemical floodingwas
required to be studied. The micromodels are transparent arti-
ficial models of porous media that can be utilized to simulate
the fluid flow processes at the pore scale. The main objec-
tive of micromodel utilization is to observe the fluid flow
through porous media. As a result, a heterogeneous quar-
ter five-spot glass micromodel composed of a micromodel
holder placed on a platform, a high-resolution camera, and a
precise low-rate syringe pump used to control the flow rate of
fluids throughout the micromodel was utilized. Fluid satura-
tions were observed by taking high-quality pictures and then
analyzed by using image processing software in combination
with a developed computer code.

Before each experiment, themicromodelwas cleanedwith
toluene and deionized water. In this study, the procedure to
restrain the initial water-wet state of the micromodel is the
same as the procedure used byEmamiMeybodi et al. [43]: (1)
rinse the micromodel with toluene to eliminate any residual
oil and then use a vacuum pump to remove any remain-
ing liquids from the micromodel, (2) rinse the micromodel
with acetone and remove any remaining fluids using the vac-
uum pump, (3) rinse the micromodel with distilled water
and remove any remaining water, (4) soak the micromodel
in hydrochloric acid solution (20% acid, 80% water by vol-
ume) for several hours, (5) remove any remaining acid from
the micromodel and rinse it with distilled water and again
remove any remaining water, (6) rinse the micromodel with
acetone and remove any remaining acetone, and (7) dry the
micromodel using an oven set at a temperature of 100◦C for
1 h. It should be mentioned that the porosity of the micro-
model was estimated to be 0.46±0.05% using a combination
of image analysis and the average etched depth. The image
analysis was used to estimate the areal porosity of the model
when it was filled with water. The absolute permeability of
the model was calculated equal to 500 md± 0.05% by using
Darcy’s law and introducing different flow rates and record-
ing the related pressure drop. By plotting flow rate versus
pressure drop across the pattern and fitting best line passed
through the origin for this set of data, slope of the line will
yield the value of absolute permeability by having viscosity
of the flowing fluid (water) and length and cross-sectional
area of micromodel.

Next, micromodel was saturated with water and then sat-
urated with the reservoir crude oil to create the condition
of connate water saturation. The first displacement test was
water flooding into the micromodel. Using image analysis,
recovery efficiency was measured in terms of the injec-
tion time. During the oil recovery experiments, microscopic
pictures were continuously taken from the micromodel to
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visualize fluid distribution in pores. At the end of the first
experiment, the micromodel was cleaned up by toluene and
ethanol and then dried in an oven set at temperature of
120◦C for 2 h. Before, the second test (surfactant flood), the
micromodel was saturated with heavy oil again and all the
mentioned steps for the water flood carried out. It should be
mentioned that the same procedure was used for the DSNS
flood experiments. It should be considered that all experi-
ments were carried out at room temperature and pressure and
on a horizontal surface. According to the saturation process,
the connate water saturation was less than 4%. In addition,
the injection rate was fixed at 0.0015 cc/min. This flow rate
relatively simulates fluid flow velocity in the oil reservoirs.

2.3 Numerical Model

UTCHEM [44] as a three-dimensional, multiphase, multi-
component chemical flooding simulator is used in this paper.
Based on the chemical EOR benchmark study published
by Goudarzi et al. [45], UTCHEM is the unique simula-
tor which has the capability of modeling of microemulsions
phase behavior. Here, we briefly describe the surfactant mod-
ule of UTCHEM.

2.3.1 Microemulsion Viscosity

Viscosity of microemulsion phase is one of the most impor-
tant parameters influencing the performance of surfactant-
based EOR techniques. Microemulsion viscosity is strongly
dependent on the composition of its components. UTCHEM
can model microemulsion viscosity as a function of water,
oil, and surfactant concentrations in themicroemulsion phase
shown as follows [44]:

μME = C13μwe
[α1(C13+C23)] + C23μoe

[α2(C13+C33)]

+C33α3e
[α4(C13+C33)] (2)

where C13,C23, and C33 are water, oil, and surfactant con-
centration in themicroemulsion phase; α1, α2, α3, α4, and α5

are input parameters, and they are adjusted until a satisfactory
fit of themeasured viscosity and themodel is obtained.When
polymer is added to the surfactant solution, water viscosity
μw is replaced with polymer solution viscosity. Due to the
lack of microemulsion viscosity laboratory measurements,
Fig. 3 represents the relationship of microemulsion viscosity
as a function of oil solubilization ratio, and we used these
common values [46] for our simulations.

2.3.2 Interfacial Tension

IFT reduction is a function of surfactant type and surfac-
tant concentration among other key parameters [47]. Healy
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Fig. 3 Assumed (based on [46]) microemulsion viscosity as a function
of oil solubilization ratio

and Reed [48] and also Huh [12] correlations are available
options for calculating IFT during surfactant flooding. Huh
correlation, which was used in this study, is as follows:

σ13 = σowe
[−aRl3] + CFl

R2
l3

(
1 − e−aR3

l3

)
, (3)

where σow is oil/water IFT and Fl is the correction factor
which is used to ensure the IFT approaches oil/water IFT
in the absence of surfactant, and is equal to about 10. C is
a constant which is equal to 0.3 and R is the solubilization
ratio. It should be noticed that subscript l refers to the oleic
phase.

2.3.3 Phase Behavior

Phase behavior of surfactants is affected by reservoir condi-
tion, and many factors control the performance of surfactant
flooding. The phase behavior model in UTCHEM is based on
Hand’s rule [49] anduses the ternary diagram to represent dif-
ferentmicroemulsion phases and tie lines [44]. The equations
derived from Hand’s model for phase behavior calculations
are solved using the height of binodal curve as input parame-
ters. The input parameters in UTCHEM which represent the
height of binodal curve are HBNC70, HBNC71, HBNC72,
which are the height of binodal curve at zero, optimum, and
twice optimum salinity conditions, respectively. The values
of these parameters are obtained by matching the laboratory
measured phase behavior data through a developed a spread-
sheet [46,50] or conventional batch simulations [51,52].

2.3.4 Construction of Numerical Model

TheUTCHEMsimulatorwas used to historymatch oil recov-
ery data for both water flooding and chemical flooding. The
numerical model uses 40 grid blocks for each x and y direc-
tionswith one grid block in z direction. Based on the physical
properties of micromodel summarized in Table 3, each grid
block in numerical model has the 0.149 cm length, 0.149 cm
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width, and 0.0140 cm thickness. The phase behavior data
of the optimum solution were imported to the simulator to
simulate theDSNSflood. It should bementioned that the sur-
factant adsorption module of UTCHEM was tuned and the
required adsorption data for simulation of surfactant flood
were based on the adsorption behavior of DSNS solution
reported by Zargartalebi et al. [23].

Clearly, the oil recovery is related particularly to the prop-
erties of relative permeability curves which are strongly a
function of IFT. UTCHEM uses Corey-type relative perme-
ability for aqueous, oleic, and microemulsion phases [44].
In this study, residual saturations, endpoints, and exponents
of relative permeability curves for each phase were modi-
fied based on the history match of oil recovery experimental
results. Based on the ability of DSNS solutions in reducing
IFT, relative permeability curveswere defined as a functionof
capillary number (one set of relative permeability curves for
each high capillary number and low capillary number condi-
tions) and both of the curves were tuned for DSNS flood. As
a result, a few relative permeability exponents and endpoints
for both oil and water phases were tested in an acceptable
range of apparatus.

3 Results and Discussion

3.1 IFT Measurements

Before conducting phase behavior experiments, the IFT
between crude oil and DI water was measured at ambient
temperature using Kruss tensiometer. Figure 4 shows the IFT
as a function of elapsed time. This figure shows that IFT of
crude/DI water is relatively equal to 10 mN/m and it is unfa-
vorable for oil displacement processes. It is believed that the
IFT should be reduced to the order of 10−2 or 10−3 mN/m
for flowing of oil droplets through pore throats more easily
[2].
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Fig. 4 IFT between crude oil and DI water as a function of elapsed time

3.2 Phase Behavior Experiments

Figure 5a, b displays the salinity scan tests for DSNS solu-
tions. As the pictures show, some precipitation appears and
the solution looks extremely hazy only for salinity equal to
70,000 ppm after 8 days of the preparation process. Based
on the equilibrated phase volumes, for both DSNS solu-
tions, the solubilization curves were also determined and
the emulsification ability of both solutions was investigated.
To determine input parameters for phase behavior model of
UTCHEM simulator, we used the developed spreadsheet. As
a result, the spreadsheet model was tuned by the use of exper-
imental data and the results for both DSNS solutions are
depicted in Fig. 6. In addition, the tuned parameters of phase
behaviormodel for bothDSNS solutions are given in Table 5.

Based on the results depicted in Fig. 6a, the solubiliza-
tion ratio at the optimal salinity of about 22,000 ppm total
dissolved solids (TDS) was about 12.5 for DSNS solution
with the particle size of 7 nm. The IFT at the optimal salinity
was estimated to be approximately 0.0018 mN/m using the
solubilization ratio of 12.5 in the Huh’s equation [12]. More-
over, aqueous surfactant solution was clear and stable up to
50,000 ppm for at least 8 days. Figure 6b shows the solu-
bilization ratios of oil and water at different salinities after
8 days of equilibrium forDSNS solutionwith the particle size
of 25 nm. As the results show, the solubilization ratio at the
optimal salinity of about 38,000 ppmTDSwas about 10.5 for
this solution. The IFT at the optimal salinity was estimated to
be approximately 0.0027mN/m using the solubilization ratio
of 10.5 in the Huh’s equation [12]. Similar to the previous
solution, aqueous surfactant solution was clear and stable up
to 50,000 ppm for at least 8 days. These results show that
both types of dispersed silica nanoparticles can improve the
performance of SDS solution in terms of IFT reduction and
oil emulsification. The proposedmechanism for the behavior
of surfactant and silica nanoparticles assembly on IFT is that
the repulsive electrostatic forces between the particles and
the SDS promotes the surfactant diffusion toward the inter-
face [22]. Another explanation is that particles covered by a
large amount of surfactant can act as a carrier of SDS toward
the interface. The reduction in IFT could be due to the effect
of surfactant released from the particles [53] but could also be
due to the effect of surfactant-coated particles on the surface
tension [54]. In addition, based on the Huh [12] equation, our
experimental results showed that silica nanoparticles smaller
in size are more effective in terms of IFT reduction as they
can achieve ultra-low IFT level (0.0018 mN/m).

3.3 Conductivity Measurements

As mentioned earlier, the conductivity measurement is one
of the best ways for CMC determination. In fact, a turning
point in the plot of electrical conductivity versus surfactant
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Fig. 5 Salinity scan tests for
DSNS solutions (after 8 days of
preparation), a DSNS of 25 nm,
b DSNS of 7 nm (a: 5000 ppm
NaCl, b: 15,000 ppm NaCl, c:
20,000 ppm NaCl, d:
30,000 ppm NaCl, e: 40,000
ppm NaCl, f: 50,000 ppm NaCl,
g: 70,000 ppm NaCl)

concentration represents CMC of the surfactant solution. In
this section, the probable changes in CMC of the surfac-
tant with the existence of hydrophilic silica nanoparticles are
investigated. Accordingly, nanoparticle-augmented surfac-
tant solutions with different surfactant concentrations were
prepared similar to the reported procedure in Sect. 2.1.
Table 6 shows that CMC of the SDS solution without silica
nanoparticles is about 2450 ppm and this result is in complete
agreement with the related literature [36]. Table 6 also dis-
plays CMC of the DSNS solutions with silica nanoparticles
of 7 and 25 nm, respectively.As the results show,CMCof sur-
factant is determined about 2100ppmforDSNSsolutionwith
the particle size of 7 nm. In addition, CMC of surfactant is
determined about 1850 ppm for DSNS solution with the par-
ticle size of 25 nm. As a result, it seems that the hydrophilic

silica nanoparticles influenced the surfactant micellization
properties, particularly its CMC. As can be seen, the coex-
istence of SDS and hydrophilic silica nanoparticles in a
solution led to a CMC value lower than the one for the SDS
solutionwithout silica nanoparticles. These figures show that
the presence of the employed silica nanoparticles resulted in
surfactant molecules aggregating into micelles at lower con-
centrations. This phenomenon is more significant for silica
nanoparticles with larger particle sizes. The observed trends
may be related to the surfactant–nanoparticle interactions.
Ignoring the small amount of surfactant adsorption on the sur-
face of nanoparticles, the similar negative electrical charge
on the surfactant head groups and the surface of nanoparti-
cles results in an electrostatic repulsion between surfactant
molecules toward each other, thereby improving the micel-
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Fig. 6 Measured solubilization
curves and fitted models for
DSNS solutions, a DSNS
solution with silica
nanoparticles of 7 nm, b DSNS
solution with silica
nanoparticles of 25 nm
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Table 5 Tuned parameters of phase behavior experiments based on the
spreadsheet model

Sample HBNC70 HBNC71 HBNC72 CSEL7 CSEU7

DSNS (7 nm) 0.025 0.043 0.055 0.2138 0.65

DSNS (25 nm) 0.045 0.0430 0.055 0.4538 0.96

lization process. Furthermore, the hydrophilic nanoparticles
make the bulk solution unfavorable for hydrophobic sur-
factant tails and increase their affinity to form micelles.
Therefore, micelle aggregates form at lower concentrations,
and the CMC reduced [36]. Overall, by analyzing the sol-
ubilization curves and based on the results of conductivity
measurements, the addition of silica nanoparticles to the SDS
solution can improve the solubilization ability of the SDS
solution dramatically.

3.4 Stability Investigation of the Optimum Solutions

Regarding the results of solubilization curves, the optimum
solutions are the DSNS solution of the silica nanoparticle
size of 7 nm with optimum salinity of 22,000 ppm and the
DSNS solution of the silica nanoparticle size of 25 nm with
optimum salinity of 38,000 ppm. In this part, the stability
of these solutions is examined. The zeta potential measure-
ments revealed that the first solution has the zeta potential of
equal to − 28 mV ± 0.05% and the second solution has the
zeta potential of equal to − 27 mV ± 0.05%. These infor-
mation declared that both solutions are stable for a relatively
long time.Moreover, the results ofUV–visiblemeasurements
are given in Table 7 for both solutions. Based on the results,
the DSNS solution with the particle size of 7 nm is rela-
tively more stable than the second solution. This difference
between the absorbance of the solutions may be related to
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Table 6 Conductivity of different chemical solutions versus surfactant
concentration

Conductivity (μs/cm) Surfactant con-
centration (ppm)

Fitted correlation

SDS solution (CMC = 2450 ppm)

276.562 1000 Y = 0.2228X + 53.762

343.402 1300

499.36 2000

572.91 2200 Y = 0.1216X + 305.39

730.99 3500

791.79 4000

DSNS solution (particle size of 7 nm) (CMC = 2100 ppm)

268.457 1000 Y = 0.2186X + 49.857

334.037 1300

487.057 2000

524.60 2200 Y = 0.1418X + 212.64

708.94 3500

779.84 4000

DSNS solution (particle size of 25 nm) (CMC = 1850 ppm)

276 1000 Y = 0.22X + 56

342 1300

496 2000

512.81 2200 Y = 0.1464X + 190.73

703.13 3500

776.33 4000

Table 7 UV–visible absorbance
of DSNS solutions in different
times at 390nm wavelength at
25 ◦C

Absorbance Time (h)

DSNS solution (7 nm)

0.2685 1

0.2685 6

0.2685 48

0.29 192

DSNS solution (25 nm)

0.42 1

0.42 6

0.425 48

0.45 192

the higher salinity of DSNS solution with silica nanoparticle
size of 25 nm. Based on theDLVO theory, electrostatic forces
are strongly dependent on electrolyte concentration in disper-
sion.As the electrolyte concentration increases, the thickness
of the diffuse electrical layer decreases and particles tend to
aggregate. This decreases the repulsive forces between par-
ticles. Because the repulsive forces prevent the aggregation
of particles, large electrolyte concentration allows the attrac-
tive van der Waals forces to dominate, and particles tend to
aggregate [55].

3.5 Oil Displacement Processes

3.5.1 Experimental Results

Figure 7 shows the experimental results for the oil recovery
factor as a function of injected pore volumes (PV) during
water flood.The results from laboratory show that cumulative
oil recovery is about 39% of IOIP at breakthrough time (BT)
of the 0.43 PV. In addition, the ultimate oil recovery is 43%
at 1 PV. Figure 8 displays the closed-up views of the porous
medium showing the distribution of oil saturation at different
parts of themicromodel duringwater flood. In addition, Fig. 9
depicts the distribution of oil saturation at the end of water
flood. These results show that high amount of oil remained
through porous media even after 1 PV of water flood. The
pictures show that the high amount of oil was either bypassed
or adhered to the surface mainly due to high capillarity and
high IFT between oil and water leading to the low sweep
efficiency for both central and marginal parts of the model.
In addition, the existence of the thick oil layer on the porous
medium walls and incomplete swept zones proved that the
injection of water has a poor performance in reducing the oil
saturation for both pore and pore throats.

The next flooding process was the injection of best chem-
ical formulation in terms of IFT reduction which was DSNS
solution with the particle size of 7 nm (at optimal salinity of
22,000 ppm). The experimental results are shown in Fig. 7.
The results fromexperimentalmodel indicate that cumulative
oil recovery at BT is about 50% of IOIP and finally the injec-
tant can recover the 57% of IOIP at 1 PV. More importantly,
the ultimate oil recovery during DSNS flood is about 10%
of IOIP greater than that of water flood. Figure 10 shows the
closed-up views of the porous medium after 60 min of DSNS
flood. In addition, Fig. 11 also shows the distribution of oil
saturation at the end of DSNS flood. The pictures clearly
show that the injection of DSNS solution into the porous
medium dramatically reduced the thickness of the adhered
oil to the surface. In fact, based on the results of conductivity
measurements and analyzed solubilization curves, the ability
of DSNS solution in reducing IFT and oil emulsification can
improve the oil mobilization process. As the pictures show,
the injection of DSNS solution can reduce the amount of
residual oil at in both pores and pore throats which make a
favorable sweep efficiency after DSNS flood.

Finally, to conduct a comparison between the performance
ofDSNS solutionwith the particle size of 7 nmandSDS solu-
tion, 1 PV of SDS solution without silica nanoparticles was
injected into the micromodel. The injection scheme of SDS
flood such as the salinity of injected solution, SDS concentra-
tion, and injection rate is the same asDSNSflood. The results
of this comparison are depicted in Fig. 12. As the results
show, DSNS flood can improve oil recovery 4% of IOIP
greater than SDS flood. In addition, the amount of oil recov-
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Fig. 7 Oil recovery match for
water flood and DSNS flood
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Fig. 8 Closed-up views of the porous medium after 60 min of water flood, a marginal part of the model, b central part of the model

Fig. 9 Distribution of oil saturation at the end of water flood

ery at BT is relatively lower for conventional surfactant flood
compared with DSNS flood. Based on the phase behavior
tests, the assembly of silica nanoparticles and SDS improves
the performance of the anionic surfactant in reducing IFT
according to the Huh [12] equation. Moreover, stability of
the surfactant solution was dramatically enhanced by the use
of hydrophilic silica nanoparticles in high salinity conditions.
As a result, the ability of DSNS solution for oil emulsifica-
tion and IFT reduction are the main responsible factors for
the improved oil recovery during DSNS flood.

To further clarify the results, Fig. 13 shows the comparison
of the amount of residual oil distribution after conventional
surfactant flood and DSNS flood. As the pictures show, the
DSNS solution can spread over the marginal parts of the
model and decrease the amount of oil saturation by reducing
IFT and emulsifying the oil which is in complete agreement
with the results of phase behavior tests. But the SDS solution
can only swept the central parts of the model, thus having a
poor sweep efficiency at the marginal parts.
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Fig. 10 Closed-up views of the porous medium after 60 min of DSNS flood, a thin oil layer adhered to the pore walls, b relatively low amount of
residual oil at pore throats, c relatively high sweep efficiency of the porous medium

Fig. 11 Distribution of oil saturations at the end of DSNS flood

3.5.2 Simulation Results

Based on the simulation results for water flood (Fig. 7),
the numerical model simulates the cumulative oil recov-
ery slightly overestimating especially before BT, while the
simulator predicts the experimental results accurately after
BT. Generally, the agreement between simulation results
compared with the experimental data is relatively good. Fur-
thermore, the numerical model for DSNS flood (Fig. 7)
simulates the cumulative oil recovery slightly underestimat-
ing especially before BT, while the numerical model predicts
the experimental results precisely after BT. Generally, the

agreement between simulation results compared with the
experimental data is good.

4 Conclusion and Recommendations

The main findings of this work and some recommendations
for further study can be summarized as follows:

1. A series of phase behavior experiments to study the
impact of silica nanoparticles on the ability of SDS
surfactant to reduce IFT were performed. The results
showed that the addition of silica nanoparticles to the
SDS solution can improve the emulsification ability of
SDS surfactant and create the desirable IFT to mobilize
trapped oil.

2. By the use of Huh [12] equation and comparison of the
phase behavior results forDSNS solutionswith different
particle sizes, it can be concluded that silica nanopar-
ticles smaller in size are more effective in reducing
IFT. Moreover, the results of conductivity measure-
ments proved that the addition of silica nanoparticles
can reduce CMC of surfactant and improve the emulsi-
fication ability of the surface active agents.

3. The stability of optimumsolutionswas also examinedby
the use of zeta potential measurements and spectropho-
tometer experiments which indicated a relatively stable
condition for the optimum solutions.
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Fig. 12 Comparison of oil
recovery for different injection
schemes
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Fig. 13 Distribution of oil saturations at the marginal parts of the porous medium, a SDS flood, b DSNS flood

4. According to the properties of prepared solutions, the
required input parameters for simulation of DSNS flood
were successfully obtained by tuning the surfactant
module of UTCHEM simulator. To the extent of our
knowledge, this is the first time that the properties of
DSNS solution are matched with chemical composi-
tional simulator surfactant models to simulate DSNS
flood.

5. Based on the oil recovery experiment conducted using
a five-spot glass micromodel, 2D simulation model
was constructed and history match of oil recovery data
between simulation model and experimental results was
carriedout. The simulation results show thatDSNSflood
improves oil recovery up to 4% of IOIP greater than
SDS flood. The improvement in the emulsification and
IFT reduction abilities of the SDS by the use of sil-
ica nanoparticles are the main responsible mechanisms,

during DSNS flood, for the higher ultimate oil recovery
compared with the conventional surfactant flood.

6. In this paper, the effects of only two types of sil-
ica nanoparticles with different particle sizes were
investigated. To have more reliable results, the same
experimental procedure should be carried out to study
the effect of silica nanoparticles with different particle
sizes for different crude oil. Moreover, the interaction of
the DSNS solution and the reservoir rock surface should
be studied in future studies.
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