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ABSTRACT

Initial wettability of rock surfaces plays a crucial role in displacement efficiency during core flooding
experiments. In this study, linear alkylbenzene sulfonic acid (LABSA) and silica nanoparticles (NPs) were
utilized as enhanced oil recovery (EOR) agents to improve oil recovery from carbonate rock samples.
Prior to the core flooding experiments, effects of the presence of LABSA and SiO, NPs on oil-water
interfacial tension (IFT), wettability alteration, and surfactant adsorption on the rock surfaces were
evaluated. The results of IFT/contact angle measurements showed that by adding 0.03 wt% LABSA, the IFT,
and contact angle reduced from the initial values of 36.9 mN/m and 115.6° + 0.2° to 8.3 mN/m and
100.3° + 0.4°, respectively. Furthermore, incorporating SiO, NPs (0.1 wt%) into the system causes a
further decrease in IFT value (dropped to 2.2 mN/m), along with a substantial reduction in contact angle
(final contact angle after 6 h soaking into the solution was measured as 64.8° + 0.3°). In addition, sur-
factant loss due to the adsorption on the rock surfaces decreased up to 35% in the presence of SiO, NPs
(0.1 wt%). Moreover, various core flooding scenarios in carbonate plugs with different initial wettability
conditions were conducted, and the performance of the EOR agents in enhancing oil recovery from oil-
wet and water-wet core samples in the secondary and tertiary mode of flooding was evaluated. The
outcomes revealed that the injection of a combination of chemicals, containing LABSA (0.03 wt %) and
SiO3 (0.1 wt%) in the secondary mode leads to the highest ultimate oil recovery from sister carbonate core

samples.
© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

and can no longer supply the oil demand in the world [1]. Addi-
tionally, the conventional EOR processes, such as gas injection,

Implementation of enhanced oil recovery (EOR) techniques in
oil reservoirs is one of the fundamental solutions to the growing
market for crude oil all over the world. The main challenge up
ahead for the existing petroleum reservoirs is that a large number
of reservoirs are about the end of their primary ages of production
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thermal, and microbial techniques are facing difficulties, including
early breakthrough and high costs, and resulting in leaving large
volumes of oil unrecovered [2,3]. The remedy to this challenge is to
apply appropriate EOR methods that include the injection of
various materials based on our understanding of the governing
mechanisms, and the interactions between injected, and in-place
fluids, and porous media to improve oil recovery.

Injection of chemicals, such as surfactants, nanoparticles, poly-
mers, alkalis, etc. along with low/high saline water has shown
acceptable results in different rock samples. The presence of such
additives in combination with the injected fluids impose a further
reduction in oil-water interfacial tension (IFT) and contact angle of
oil droplets on the rock surfaces (i.e., wettability alteration towards
water-wetness) [4,5]. In recent decades, utilizing various types of
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surfactants with the purpose of reducing IFT and changing the
wettability of the rock surfaces to enhancing oil recovery has
gained many scientists’ attraction. However, using surfactants at
harsh conditions of reservoirs (i.e., high temperatures and salin-
ities) has been faced several challenges, such as surfactant de-
gradability and loss [6—9]. In such cases, the application of different
types of nanoparticles in combination with surfactants could be a
practical solution for those problems.

To the best of our knowledge, the most commonly used nano-
particles, as stated by many researchers, to be applied as an additive
to the EOR agents is silica nanoparticles [10—12]. Additionally, due to
the small size of NPs (<100 nm), which allow them to enter the
narrow and hardly accessible pore throats, they can make significant
improvements in EOR from low permeable rocks [13,14]. Even
though there are various studies reporting different values for the
increase in oil recovery factor, utilizing silica NPs, a common point in
all of them is that the presence of SiO, NPs leads to EOR. For example,
Bayat et al. could obtain a 2.0% increase over original oil in place
(OOIP), using SiO, NPs in the tertiary core flooding [14], whereas
Hendraningrat et al. observed that the maximum oil recovery by
applying the same NPs was raised by almost 14.3% of OOIP [15].
Rezaei et al. evaluated the synergistic effects of several surfactants
and NPs, including silica NPs, and could recover almost 12.2% more
oil, in tertiary mode, from carbonate rocks during core flooding ex-
periments [7]. In their experiments, they stated that i) wettability
alteration of the rock surfaces, ii) IFT reduction, and iii) reducing the
adsorption of surfactant on the rock surfaces (surfactant loss), are the
main mechanisms for the obtained increase in oil recovery. Although
the precise mechanisms explaining the reasons behind improving oil
displacement during NPs flooding are not still clear, several scholars
concluded that the structural disjoining pressure is of utmost
importance among the other mechanisms [16,17]. Chengara et al.
correlated the structural disjoining pressures to the ability of fluids to
spread on the rock surfaces due to an imbalance of IFT forces among
the aqueous phase, oil, and solid phases [18]. The presence of NPs in
the aqueous solutions leads to the formation of a wedge film on the
three-phase contact line, which facilitates the spreading of NPs on
the solid surface as a monolayer. As the ability of nanoparticles to
imbalance the IFT forces is greater, the thickness of the monolayer
will increase, which signifies the higher ability of NPs in detaching
the oleic phase from the rock surfaces. The thickness of the formed
wedge film is directly controlled by the balance between the
attractive (Van der Waals) and repulsion (electrostatic and hydra-
tion) forces [11]. Besides, adding different surface-active additives
(such as surfactants with different charges) can affect the magnitude
of these forces.

Moreover, IFT reduction to ultra-low values due to the syner-
gistic effects of NPs and surfactants has been reported by many
scientists as a promising mechanism for oil recovery, particularly in
tight porous media [19,20]. Esmaeilzadeh et al. evaluated the syn-
ergy between ZrO, NPs and various types of surfactants with
different charges in IFT reduction. They understood that the NPs
can considerably augment the surface activity of surfactants and
decrease oil/aqueous phase IFT values [21]. Maghzi et al. investi-
gated the effects of different concentrations of SiO, NPs (0.1-5.0 wt
%) on EOR in a glass micromodel, and observed that raising the NPs
concentration causes a slight increase in oil recovery [22]. Hen-
deraningrat et al. utilized SiO, NPs in core flooding experiments, in
secondary and tertiary mode, to evaluate the performance of NPs in
EOR from carbonate rocks [23]. In their experiments, they ignored
the effect of the initial wettability of rocks, which plays a crucial
role in the results of the core flooding tests.

Although linear alkylbenzene sulfonic acid (LABSA) is a cheap
and easy-to-access surfactant, there are a few studies on the
capability of LABSA for EOR purposes. In this study, we considered
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the application of LABSA surfactant alone, and in combination with
silica NPs to see the effects of this novel combination on EOR from
carbonate rocks. To this end, we, firstly, examined the synergistic
effects of LABSA, as an anionic surfactant, and silica NPs on
decreasing the oil-water IFT, as well as changing the wettability
state of oil-wet carbonate rocks. In addition, the effect of the
presence of SiO; NPs on reducing surfactant loss due to the
adsorption on the rock surfaces was studied. Furthermore, several
core flooding tests in sister core plugs with different wettability
conditions were conducted to not only scrutinize the effect of
wettability on EOR but also find the optimum injection scenario,
according to the injected fluids.

2. Experimental materials and methodologies

In this section, information on the used materials and the
experimental procedure of the tests are explained. A series of IFT,
contact angle tests, and adsorption tests were conducted to find the
optimum concentration of silica nanoparticles, and designing an
appropriate surfactant nanofluid solution for core flooding exper-
iments. Deionized water (DIW), as the base fluid, was used for all
IFT/contact angle measurements. In order to eliminate the uncer-
tainty and checking the repeatability of the results, each experi-
ment was performed three times.

2.1. Materials

2.1.1. Rock sample

Several carbonate core samples with the porosity ranged from
19% to 23%, helium permeability from 49 to 61 md, and pore vol-
ume from 12 to 15 cm? were used for displacement tests. All the
plugs were cut from similar slabs of carbonate rocks. Also, some
thin sections were taken from the same plugs for contact angle
measurements. An image of one of the used core plugs along with
the XRD spectrum of the plugs are illustrated in Fig. 1. As emerged
from XRD analyses, plugs were mostly composed of calcite (81.5 wt
%), followed by, quartz (5.4 wt%), montmorillonite (5.1 wt%), illite
(3.8 wt%), chlorite (3.4 wt%), and kaolinite (0.8 wt%.).

In order to have precise information about the pore throat sizes
and distributions, a mercury intrusion porosimetry (MIP) test is
carried out on a rock cutting cached from one of the core plugs.
Prior to performing the MIP test, the porosity of the sample was
measured to be 21.8%, which was close to the porosity values of the
rock samples measured by the helium porosimetry method. Fig. 2
a) indicates the amount of pressure needed to make a change in
mercury saturation within the rock sample, and b) the amount of
mercury (ml) intruded into the pore spaces of the rock sample. The
total pore area, average pore diameter, and the threshold pressure
for mercury to enter the pores of the rock sample were measured as
0.487 m?/g, 987.14 nm, and 3.99 psi, respectively.

As the average size of pore throats in the rock is larger than the
size of the NPs, the probability of facing with the log-jamming ef-
fect, which is defined as the blockage of pore throats that are larger
than each NPs, would be very unlikely in core flooding tests [24].
The pore size distribution of a porous media, as well as the size of
the NPs, are two main factors that govern the log-jamming effect
[25—27].

2.1.2. Crude oil

Crude oil collected from one of the southwestern Iranian oil
reservoirs, with a specific gravity of 31.5 °API (ASTM-D287 method)
and viscosity of 15 cp was used in experiments. The composition of
the used crude oil is illustrated in Table 1. Also, the results of SARA
(saturates, aromatics, resins, and asphaltene) analysis are depicted
in Fig. 3.
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Fig. 1. XRD spectrum of the grounded rock samples (left), and core plug (right).
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Fig. 2. Characterization of core samples via mercury intrusion pressure (MIP) tests; a) required pressure for mercury to enter to the pores, b) the amount of mercury entered to the

pores of a determined mass of the rock (mL/g) vs. pore throat radius.

Table 1

The main composition of the used crude oil.
Component Cq G Cs iCy nCy iCs nCs Cs C; Cg Cq Cio Ci1 Cia4 N, CO,
Mole % 21.35 7.56 4.88 1.11 3.54 1.53 2.14 4.30 3.72 435 335 3.35 2.03 35.54 0.28 0.97

2.1.3. Brine solutions

Synthetic formation water (SFW) (nominally 20 wt% NaCl in
DIW, laboratory-grade) was used as brine in all experiments. Using
Anton Paar DMA 35 N, (Graz/Austria), the density of the brine so-
lution at 25°C was determined as 1.1563 + 0.0005 g cm 3. Sodium
chloride used to make the SFW was purchased from Merck Co.,
Germany.

2.14. Surfactant

Linear alkylbenzene sulfonic acid (LABSA) (IUPAC name: 2-
dodecylbenzene sulfonic acid) was purchased from Behdash
Chemical, Iran and used in the experiments. LABSA is an anionic
surfactant that is dispersible in water, event at high salinities [28].
Fig. 4 shows the natural form and molecular structure of the LABSA.

2.1.5. Nanoparticles
Silica (SiO2) NPs used in experiments were supplied by the US
Research Nanomaterials Inc. Transmission electron microscope
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(TEM) analysis was performed on the NPs using the TEM setup
(Model: Philips EM208S 100 KV) and the results are indicated in
Fig. 5. To determine the hydrodynamic distribution of NPs size, a
solution of 0.01 wt% silica NPs in deionized water was made and
using the dynamic light scattering (DLS) method (SZ-100, Horiba,
Japan), a distribution between 18 nm and 38 nm peaking at 25 nm
was measured. Meanwhile, the zeta potential of the NPs suspension
was determined as —32.9, which shows the high stability of the NPs
in the solution [13]. A summary of the specifications of the used NPs
is listed in Table 2.

2.2. Experimental procedures

2.2.1. Sample solutions preparation

For this purpose, silica NPs were dispersed in SFW, and stirred
via a magnetic stirrer (Model: ATO-HS-17) for about 30 min. Then,
LABSA was added to the solution and the obtained suspensions
were ultrasonicated for almost 1 h to attain the desired solutions.
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Fig. 4. The natural form and molecular structure of the utilized surfactant.

2.2.2. Core sample preparation

The object of this section is to explain the essential measures
before starting core flooding experiments. Firstly, the Dean-Stark
extraction with toluene followed by methanol was used in this
study to make the core plugs clean and water-wet [29]. Then, the
cleaned plugs were dried in an oven for 12 h at 70°C. Thereafter, the
Helium porosity and permeability of the plugs were measured via
Helium porosimeter (HEP-P) and steady-state gas permeameter
(Gasperm) manufactured by VINCI technologies, respectively. The
plugs were then saturated under vacuum with the SFW, and after
that, the plugs were placed in a transfer vessel filled with the SFW
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under the pressure of 2500 psi for about two days. After saturating
the plugs with SFW, they were separately loaded into the core
holder, and the SFW was injected through each core sample with
four different rates. The differential pressures of the two sides of the
core samples were recorded, and the absolute brine permeability
for each plug was measured using the Darcy equation (ranged from
13 mD to 16 mD).

In contemplation of reaching irreducible water saturation (Sy;),
the SFW in the core sample was displaced with crude oil by
centrifuging (13000 rpm) for almost 12 h. After that, oil was
injected through the plug for 24 h at 80°C, and the plug was placed
into the crude oil for five weeks at 3500 psi and 80°C to restore the
wettability condition of the reservoir. Fig. 6 indicates a summary of
the core preparation procedure exerted before core flooding tests. It
is noteworthy that, in the case of water-wet plugs, after reaching
Swi» the plugs were utilized for displacement experiments (i.e.,
without passing the aging stage).

2.2.3. IFT measurement

IFT reduction and wettability alteration to water-wetness are
two main parameters that influence the mobility and recovery
factor of the trapped oil within the small pores, as well as the re-
sidual oil that remained unswept after the secondary recovery
phase [30—34]. In the following experiments, the DSA 100 (KRUSS,
Germany) apparatus was used to determine the equilibrium IFT
between the crude oil and the aqueous phase. A U-shape needle
was fixed in a micro-syringe loaded with the lower density fluid
(i.e., crude oil). The needle was sited in an optically clear vessel,
which was filled with the aqueous phase so that its tip was placed
in the aqueous phase. A motor-driven piston was applied to pre-
cisely inject the crude oil into the higher density solution, and the
oil droplet was sat at the tip of the needle. A CCD camera was
applied to record the image of the droplet, and when the droplet
tended to be detached from the needle, it was when the image
taken by the CCD camera was used for analysis. There are two pa-
rameters needed to be determined experimentally for IFT estima-
tion. IFT is calculated from the following equation [35—37].

Fig. 5. TEM images of SiO, nanoparticles used in this study, left: scale 50 nm, and right: scale 100 nm.

Table 2
Detailed specifications of SiO, nanoparticles.

Purity Color SSA (m?/g)

APS (D50) (nm)

Morphology True density (g/cm?)

>99.5% White >200

10—-40

Near spherical 24
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Where Ap and g are the standard acceleration due to phases density
difference and gravity, respectively. The parameters that are
included in Eq. (1) and need to be estimated are the equatorial
diameter D and the diameter d (see Fig. 7 (b)). M also is the shape
parameter, which depends on the shape factor value (S = dD) [38].

2.2.4. Contact angle measurement

DSA setup was also used for wettability determination tests. The
sessile up experiments were applied to measure oil contact angle
on the rocks. The results of IFT tests were used to prepare appro-
priate solutions for wettability tests, and the changes in the contact
angle of an oil droplet on oil-wetted rock sections (which were cut
from top and bottom of the core sample) with time were measured.
For all of the experiments, including IFT and contact angle mea-
surements, three independent measurements were done and the
average values of the measurements were reported.

2.2.5. Static adsorption tests

Static adsorption tests were conducted to estimate surfactant
adsorption amount on the rock surfaces, considering the changes in
surfactant concentration after interaction with rock surfaces
(adsorbent). A HALO range-dynamica (Australia, Dynamica Pty
scientific Ltd) spectrophotometer was used for a detailed investi-
gation of the surfactant-rock interactions. The initial surfactant
solutions in SFW were diluted to a set of standard solutions of 0.01,
0.015, 0.02, 0.025, and 0.03 wt% to measure the absorbance of
surfactant on rock surfaces by UV spectrometer. A UV—vis spectrum
was collected from 190 to 400 nm and the wavelength with the
peak at 260.8 nm was selected as the reference wavelength to
establish a calibration curve. The intensity of the light in the
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reference cell (I0) was determined for the wavelength of 260.8 nm,
and referred to as. So, for each prepared solution, the intensity of
the passing lights (I) was measured, and Beer-Lambert law [7,34]
was employed to convert the measured data into the absorbance
amount of the sample A.

A=logo(lo /1) (2)

Hence, surfactant adsorption on the carbonate rock was deter-
mined as described in the following procedure: in the first stage,
the powdered carbonate rocks were washed by DIW. Then, 3 g of
powdered rock and 10 mL of surfactant solution were added to a
Falcon™ 15 mL conical centrifuge tube and oscillated in a shaker at
ambient condition for about 24 h. After that, the solution was
centrifuged for 10 min at 6000 rpm to separate the solid and the
aqueous phases. Subsequently, the UV—vis spectroscopy was
applied, and the concentration of surfactant in the supernatant was
calculated using the following equation:

F:(Ci—cf) xV
m

(3)
where I' is the surfactant adsorption on carbonate rock (mg/g-
rock); Ci and Cf are concentrations of surfactant before and after the
test, respectively (ppm); V is the amount of surfactant solution
poured into the Falcon™ centrifuge tube (L), and m stands for the
total mass of the clean carbonate powders (g). So, by comparing the
initial and after equilibrium concentration of surfactant, the
amount of adsorbed surfactant can be obtained.

2.2.6. Displacement tests setup

Oil displacement experiments were performed to investigate
the amount of oil recovered from core plugs during the injection of
aqueous solutions with different core flooding scenarios. The HPLC
pump injects the desired fluids to the core plug, by injecting DIW to
the transfer vessels and pushing the piston up. Fig. 8 shows a
schematic of the setup used for displacement tests.

In order to study the effect of surfactant nanofluid solutions on
oil recovery from carbonate core samples with different initial
wettability, we evaluated various flooding scenarios and compared
the amount of oil recovered from each scenario. To this end, the
following four different core flooding scenarios were carried out: i)
SFW flooding followed by surfactant nanofluid (oil-wet plug), ii)
Surfactant nanofluid flooding followed by SFW flooding (oil-wet
plug), iii) SFW flooding followed by surfactant nanofluid (water-
wet plug), and iv) Surfactant nanofluid flooding followed by SFW
flooding (water-wet plug). A summary of the core flooding sce-
narios along with the stages to prepare the plugs for the core
flooding tests is tabulated in Table 3.

3. Results and discussion
3.1. Interfacial properties

3.1.1. Effects of LABSA surfactant on oil/water IFT
The critical micelle concentration (CMC) of surfactant is the
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concentration above that micelles began to form and the addition
of more surfactant has a negligible effect on oil/water IFT [13]. Thus,
determining the CMC value of surfactants is a necessity to inves-
tigate surfactant properties. There are different methods to find the
CMC value (such as tensiometry, conductometry, light scattering,
and fluorescence spectroscopy), but the tensiometry method,
which follows plotting IFT values vs. surfactant concentration is the
most common technique [39,40], and is applied in this study. By
adding more surfactant to the oil/water system, initially, IFT de-
creases sharply till reaching the CMC value, and after that, the extra
surfactants go to micelles, and the reduction in IFT values slows
down. In order to measure the CMC value for the LABSA surfactant,
firstly, different concentrations of LABSA surfactant were prepared,
and IFT between the crude oil and the previously prepared solu-
tions were determined. After that, IFT values were plotted vs.
concentration of LABSA. As illustrated in Fig. 9, the CMC value of
LABSA surfactant is about 0.03 wt%, where the crude oil/surfactant
solution IFT reduces to 8.3 mN/m from an initial value of 39.6 mN/
m.

Therefore, we used a constant concentration of the LABSA sur-
factant (0.03 wt%) in all the experiments, because using such con-
centrations is not only experimentally favorable but also is
economically efficient.

3.1.2. Effect of silica NPs on IFT of the crude o0il/LABSA solutions
system

After measuring IFT between crude oil and LABSA surfactant
solutions, various solutions containing different concentrations of
silica NPs and 0.03 wt% LABSA were prepared to evaluate the effect
of adding NPs to LABSA on IFT between crude oil and the aqueous
phase. As shown in Fig. 10, the addition of SiO, NPs to the LABSA
solution leads to a rapid drop in oil/aqueous phase IFT values at
lower concentrations of NPs. However, a raise in the IFT value is
observed in higher concentrations of silica NPs. Several mecha-
nisms can be involved in this controversial trend of IFT values
observed as the silica NPs concentration in the aqueous solution
increases [41—43]. As shown in our previous work [7], when no
surfactant is present in the system, introducing the NPs to the
system causes a reduction in IFT value, while above a determined
concentration of NPs, this increase in concentration leads to a
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growing trend for IFT. The likely reason for the reduction trend of
IFT is that the added NPs to the oil-water system carry the
asphaltene molecules of the crude oil to the oil-water interfaces,
which causes a reduction in IFT [7]. Beyond a determined concen-
tration, the addition of more NPs leads to the accumulation of NPs
at the oil-water interface, and limit the access of asphaltene mol-
ecules to the interface space, and IFT increases.

In the presence of LABSA monomers, IFT values experienced a
reduction trend from the initial value of 8.3 mN/m for the presence
of only 0.03 wt% LABSA in SFW to 2.2 mN/m by adding 0.1 wt% SiO,.
After reaching a minimum value in IFT (i.e., 2.2 mN/m in the
presence of 0.03 wt% LABSA and 0.1 wt% SiO;), as the NPs con-
centration surges, the IFT increases. At lower concentrations of the
silica NPs, the repulsive electrostatic forces between the LABSA
monomers and the silica NPs push the surfactant monomers to-
ward the interface, enhance the surfactant diffusion in interface
space, and lower the IFT. Besides, the accumulation of surfactant
monomers on silica NPs that can act as carriers of LABSA monomers
toward the oil-water interface can be considered as a potential
mechanism for IFT reduction at low concentrations of SiO, [41].
Conversely, at higher concentrations of SiO; (approximately higher
than 0.1 wt%), the accumulation of charged NPs in the interface
space limits the space for the presence of LABSA monomers and
causes the IFT to increase [7,41].

3.1.3. Wettability tests on the oil-wet rock sections

As shown in Fig. 11, the contact angle of oil droplets on the rock
surface reduces with time over determined periods. At the first
seconds of submerging the rock oil-wetted rock section into a so-
lution of 0.03 wt% LABSA, the contact angle of the oil droplet on the
sections was determined as 142.9° + 0.5°. By adding 0.05 wt% silica
NPs to the solution, the contact angle reduced to about
134.1° + 0.7°. This trend continued for higher concentrations of
silica NPs, and drops to 115.6° + 0.2° and 103.8° + 0.5° for 0.1 wt%
and 0.2 wt% of the added SiO, NPs, respectively. In addition, the
variation of the contact angle of oil droplets on the rock surfaces
with time was investigated, and the results showed that, as the
soaking time of the rock section into the aqueous solution in-
creases, the wettability state of the rock section moves toward
neutral and water-wetness. The slope of contact angle reduction is

p—

DpP

EOR Solution \ \

1 Core holder -

R

HPLC pump

]

]

Overburden
Pressure gauge

; Senenc,
Hand pump

N

Oil collector |

Fig. 8. Schematic of the setup used for displacement tests.
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Table 3
Summary of the plug preparation stages for different core flooding scenarios.

Petroleum 8 (2022) 499—508

Stage Scenario I Scenario II

Scenario III Scenario IV

Water-wet plugs

Oil-wet plugs

Surfactant nanofluid flooding (secondary SFW flooding (secondary mode)

Aging at 80°C and 3500 psi, Fresh oil flooding (to replace the dead oil with fresh
oil)

Surfactant nanofluid flooding (secondary
mode)

Surfactant nanofluid flooding (tertiary SFW flooding (tertiary mode)

mode)

#1  Core cleaning and drying
#2  Helium porosity and permeability measurement
#3  Saturating with SFW + S,,; establishment by dead oil flooding
#4
#5  SFW flooding (secondary mode)
mode)
#6  Surfactant nanofluid flooding (tertiary SFW flooding (tertiary mode)
mode)
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409 .
&
354\
\
\
30 A \ -
e \
= . 5
o 25 -
g o _
RN
20 4 4
£ ~.
A Q
15 4 M
\°~ .
10 4 ~ = i
?‘ - -9
5+ I
1
1CMC
\J
0 T T T T
0.00 0.01 0.02 0.03 0.04

LASA Concentration (wt. %)

Fig. 9. Effect of LABSA surfactant solutions prepared in deionized water on the IFT of
oil-water system (at ambient condition).
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Fig. 10. Effect of different concentrations of silica nanoparticles prepared in a 0.03 wt%
solution of LABSA surfactant on the oil/aqueous phase IFT (at ambient condition).

high in the early hours of introducing the oil-wetted rock section to
the aqueous solution and then gradually decreased over time. After
6 h of soaking the rock section into the suspension, the contact
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angle in the presence of 0.1 wt% SiO, was determined as
64.8° + 0.3° (with the initial value of 115.6° + 0.2°), which repre-
sents the water-wetness state of the rock surface. Thus, considering
the wettability alteration efficiency, as well as the costs and the
probability of pore blockage by the NPs, this concentration of silica
NPs (0.1 wt%), was used as the promising concentration for further
experiments [44,45].

The pressure needed to detach a liquid from a surface or to
overcome the adhesion forces of the fluid to the solid surface is
called the disjoining pressure. So, in our case, this pressure is
described as the differential force between the oil film on the sur-
faces of the porous media and the aqueous phase in the system.
Consequently, the presence of NPs within the system leads to the
formation of wedge films of the disconnected oil phase attached to
the rock surface (see Fig. 12 for a schematic view of the wedge film,
as well as the mechanism of IFT reduction during surfactant
nanofluid flooding). Therefore, the primary mechanism towards
altering the wettability of the rock sections from oil-wetness to
water-wetness is the development of the wedge films, which is
controlled by the Brownian motion and electrostatic repulsive
forces between NPs [46]. Additionally, the presence of the same
charged surfactants in combination with NPs imposes an additional
increase in disjoining pressure, as well as the Brownian motion,
which facilitates the wettability alteration process by promoting
the oil detachment process from the rock surfaces. So, as shown in
the results of our experiments (see Fig. 11), the performance of the
aqueous phase in changing the wettability of rock surfaces im-
proves as the concentration of NPs increases [46—48]. Furthermore,
the presence of surfactant monomers in the aqueous phase has a
bilateral effect on the performance of the surfactant NPs fluid in
wettability alteration of the rock surfaces. In other words, the in-
teractions between the hydrophobic head of the surfactant
monomers and the oil phase lead to the separation of the upper
layer molecules and facilitate the NPs access to the rock surfaces
[49].

3.2. Static measurements for surfactant adsorption on the rock
surfaces

Following the procedure mentioned in section 2.2.5, surfactant
degradation due to the adsorption on the carbonate rock samples
was determined. All the measurements were conducted at a
maximum wavelength of 260.8 nm. The results of adsorption
measurements (see Table 4) showed that at a constant concentra-
tion of LABSA, the addition of SiO, NPs can restrain the adsorption
of LABSA on the carbonate rock surface, effectively.

As can be deduced from the results of adsorption tests, by
increasing the concentration of silica NPs, the amount of surfactant
loss due to the adsorption on the rock surfaces reduces. Moreover, it
is worth mentioning that in core flooding experiments, due to the
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Fig. 11. Contact angle variations with time in the presence of different concentrations
of SiO, NPs and constant concentrations of LABSA surfactant (0.03 wt%) and NaCl
(20 wt).

lower contact time and the presence of two phases, the adsorption
of surfactant on the rock surfaces will be lower than that in static
measurements.

3.3. Core flooding experiments

As stated in section 2.2.6, four different core flooding scenarios
were carried out to not only compare the performance of surfactant
nanofluid flooding on EOR in the tertiary and secondary modes, but
also to study the effect of the initial wettability condition of the rock
surfaces on the performance of the injected fluids in EOR.

Fig. 13 shows the amount of oil recovered from carbonate plugs
with contrast wettability states during different core flooding sce-
narios. Initial wettability conditions and flooding scenario are
crucial parameters that determine the oil recovery factor. There-
fore, it is of utmost importance to be discussed, comprehensively.
As depicted in Fig. 13, the water-wet core plugs showed lower oil
recovery than the oil-wet plugs. In core plug 1, the surfactant
nanofluid solution was injected into the plug just after almost three
pore volume SFW injection and could increase the total oil recovery
for about 5.2% of OOIP. Conversely, in plug 2, surfactant nanofluid
solution was flooded following by SFW. In this case, the amount of
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Fig. 12. Schematic view of the potential mechanisms for EOR during surfactant
nanofluid flooding.
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oil recovered by the surfactant nanofluid solution was more than
that for the flooding with SFW in plug 1. This minor discrepancy in
oil recovery for the first section of core flooding in plug 1 and 2
(both plugs are water wet) is attributed to the effect of IFT reduc-
tion, due to the presence of surfactant and nanofluid in the aqueous
solution. However, Hendraningrat et al. evaluated the effect of IFT
reduction and wettability alteration on EOR, and observed that the
wettability alteration plays a dominant role in EOR during
displacement tests [50]. Similarly, by comparing the results of the
displacement tests in plugs 3 and 4, the dominancy of wettability
alteration could be clearly understood. As depicted in section 3.1.3,
the contact angle of the oil droplet on the rock section was reduced
from the initial value of 115.6° + 0.2°—64.8° + 0.3° (after 6 h), in the
presence of 0.03 wt% LABSA in combination with 0.1 wt% SiO,,
which resulted in a higher discrepancy in ultimate oil recovery
(approximately 7.0% of OOIP, in the first flooding sections), as
compared to the amount of oil recovered from plug 3. It is also
worth mentioning that the negligible increase in oil recovery from
plug 4, by SFW may be the oil trapped into the porous media due to
mechanical entrapment or lag jamming effect [51].

Another interesting point that is directly apparent from Fig. 13,
is that the higher amount of oil recovered from the oil-wet core
samples (plug 3 and 4) than the water-wet plug (1 and 2). It implies
that in the water-wet core plugs, the ultimate oil recovery is lower
(i.e., Sor is more), as compared to the oil-wet plugs. The principal
reason for that may be the higher tendency of oil droplets to
become isolated in larger pores of the water-wet porous media.

An additional important subject that needs to be discussed is the
emulsification performance during surfactant-NPs flooding. So, in
order to investigate the effect of the presence of silica NPs on
emulsion stability, solutions containing surfactant (0.03 wt%) and
surfactant (0.03 wt%)+silica (0.1 wt%) solutions in SFW were pre-
pared. Then, a constant volume of each solution (10 cm?) was
mixed with 10 cm® of crude oil and stirred for about 3 h on a Heater
Stirrer Alfa D-500. A common technique for emulsion stability
measurement is the centrifuge method, which was employed in
this study. To this end, the mixtures of the oil-surfactant and oil-
surfactant-NPs were placed in separate buckets of centrifuge and
were centrifuged using different speeds (rpm). As the rpm
increased, the amount of water released from the mixture raised.
Comparing the amount of water released from the mixtures,
revealed that the presence of silica NPs could efficiently reduce
emulsion stability. As can be deduced from Fig. 14, the presence of
0.1 wt% silica NPs could reduce emulsion stability and causes an
increase in water separation up to 7.5 cm® by centrifuging at the
speed of 10000 rpm.

To be more specific, due to the hydrophilicity and high activity of
silica NPs, these NPs can pass through the water-oil interfacial film
and enter the water phase. So, the density of the aqueous phase
increases, which facilitates oil-water separation and interfacial film
rupturing. Thus, further to the mentioned advantages concerning
the application of silica NPs in combination with LABSA surfactant,
destabilizing the formed emulsions is another competitive
advantage.

4. Conclusions

A comprehensive experimental work on the combination of
LABSA surfactant and SiO, NPs for EOR purposes was conducted at
various flooding scenarios and initial wettability conditions. The
effects of different concentrations of SiO, NPs on oil-water IFT and
wettability of the carbonate rocks, in the presence of a constant
concentration of LABSA were investigated. The results of contact
angle measurements showed that the LABSA surfactant rendered
the carbonate thin sections water-wet, and the presence of SiO, NPs
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Table 4
Static adsorption amounts of LABSA surfactant on carbonate rocks.
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Sample number Material content in DIW

(Final/initial) ratio of surfactant concentration

LABSA (wt%) Si0, (wt%) Crushed rock (g)
1 0.03 0 3 0516
2 0.03 0.05 3 0.692
3 0.03 0.1 3 0.869
4 0.03 0.2 3 0.882
80 Nomenclature
70
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Fig. 13. Oil recovery vs injected PV of the aqueous solutions in different core flooding SFW Synthetic formation water
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facilitate the process of wettability alteration. Also, the IFT was
reduced to the minimum value of 2.2 mN/m in the presence of
0.03 wt% LABSA, and 0.1 wt% SiO, NPs. Furthermore, it was
observed that, adding 0.1 wt% NPs could reduce the adsorption of
surfactant on the rock surfaces by approximately 75%, compared to
the absence of NPs. The results of core flooding experiments
revealed that both the IFT reduction and wettability alteration are
effective mechanisms in EOR; however, modification of wettability
state (changing towards water-wetness) plays a more dominant
role in recovering oil during surfactant nanofluid flooding tests.
Overall, the utilized EOR solution, containing 0.03 wt% LABSA sur-
factant and 0.1 wt% silica NPs has significant potential in EOR from
carbonate plugs, especially when applied in the secondary mode of
core flooding.
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