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Low salinity water is an emerging enhanced oil recovery (EOR) method that causes wettability alteration
towards a favorable state to reduce residual oil saturation, while water alternating gas (WAG) is a proven
EOR process that enhances oil recovery by controlling mobility of both water and gas. Therefore,
combining the two EOR processes as low salinity water-alternating CO2 EOR injection (LSWA CO2) can
further improve oil recovery by promoting the synergy of the mechanisms underlying these two
methods.

Core flooding experiments, contact angle, interfacial tension (IFT), and CO2 solubility measurement in
oil and brine were conducted to investigate the viability and performance of LSWA CO2 in sandstone
reservoirs. A favorable wettability alteration, along with IFT reduction and mobility control, are the
mechanisms that contribute to residual oil mobilization efficiencies during the LSWA CO2 EOR process. In
addition, LSWA CO2 core flooding experiments result in a significant incremental oil recovery.

Three smart waters were tested in our research, to examine the impact of changing cationic compo-
sition on oil recovery. The solutions are designed brines as NaCl (SW1), MgCl2 (SW2), and KCl (SW3). Of
the three solutions, SW1 yields the highest incremental oil recovery and highest IFT reduction. In
addition, it results in a favorable wettability alteration towards a more water-wet state.

In all cases, introducing CO2 to the brine/oil system shows a great advantage in terms of enhancing
wettability modification, promoting IFT reduction, and controlling the displacement front of the injected
fluid through mobility control.

© 2019 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Low salinity/Smart waterflooding is considered to be a tertiary oil
recovery technique, inwhich the composition of the injected brine is
modified to achieve the appropriate condition for oil recovery
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enhancement. Low salinity water (LSW) is usually obtained by
diluting high salinity water, while smart water is prepared by
selecting active determining ions which are believed to increase oil
recovery. Low salinity waterflooding was first recognized in 1990 b y
Morrow [1] during experimental work on the effect of the CBR (i.e.
crude oil, brine and rock) system on wettability. Different laboratory
works have proven that LSW successfully improves oil recovery. For
example, the increase in oil recovery from a sandstone reservoir due
to injection of low salinity brine was up to 40% as reported by
McGuire et al. [2]. LSW has many advantages such as low costs, it is
environmentally friendly, and is a simple process to implement
compared to chemical EOR methods. It can be used either as a sec-
ondary mode or a tertiary mode or with other EOR techniques, such
as the polymer flooding and miscible WAG process [3].

The mechanism behind low salinity water flooding has been
extensively investigated by many researchers. Since 1990, several
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Table 1
Composition of synthetic brines.

Salt type FB (ppm) Smart1 (ppm) Smart2 (ppm) Smart3 (ppm)

NaCl 5000 e e

MgCl2.6H2O e 5000 e

KCl e e 5000
TDS 50,000 5000 5000 5000
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mechanisms of LSW have been proposed, such as fines migration of
detached mixed-wet clay particles with absorbed residual oil drops
[4], rock dissolution [5,6], saponification [2,7], cation exchange
[8e11], and double layer expansion [12e14]. A combination of
these methods leads to the most accepted mechanism, which is
wettability alteration [8,15e17]. It has been observed that injection
of LSW changes the end points of relative permeabilities [18,19],
causing higher relative permeability of the oil and lower relative
permeability of the water which indicates that the system has been
changed toward water wetness.

The WAG process includes injection of gas into the reservoir,
followed by water which acts as a chasing fluid. The number of
WAG cycles, slug size, and WAG ratio are determined by the oper-
ators. It involves two steps: initially, gas is injected into the reser-
voir which reacts with the existing crude oil causing oil swelling
and reduction in viscosity, thereby increasing the mobility of the
oil. Therefore, oil will be displaced from the pores by the gas that
cannot be reached by water. Injection water also improves the oil
recovery due to the enhancement of viscous force in pores. WAG is
used to control water mobility by stabilizing the displacement front
during water injection and reducing viscous fingering [20]. In
addition, the WAG process reduces the gas override effect during
gas injection [21]. Therefore, both microscopic and macroscopic
sweep efficiencies are improved through this process.

There are three main WAG parameters that determine the effi-
ciency of this process on oil recovery: WAG slug size, WAG ratio,
and WAG cycles. For WAG slug size, the amount of the injected
water and gas should be specified carefully, for example injecting
too much gas affects the macroscopic efficiency negatively due to
the bypassing of unswept sections in the reservoir. The most used
or preferred WAG ratio is 1:1, as found in the literature [20]. The
performance of different WAG ratios depends on many factors
including fluid/rock interaction and their properties. Therefore, the
best way to select WAG ratio is to carry out an optimization test. In
most cases, the number of WAG cycles has a positive effect on oil
recovery, which means that increasing the number of WAG cycles
causes an increase in oil recovery.

Although the WAG process increases oil recovery significantly, it
has the problem of late production which is economically unprofit-
able. Therefore, a new hybrid approach for enhanced oil recovery has
been proposed, combining the LSWmethodwith theWAGprocess to
promote synergy of the mechanisms underlying these methods.
Low-salinity, water alternating gas is a new EOR technique which
combines the benefit of CO2 WAG injection and LSW flooding to
further enhance oil recovery and increase residual oil mobilization.
Also, it uses the advantages of both methods to overcome the chal-
lenges associated with LSW and CO2 WAG. It is economically viable
since less CO2 is required, compared to continuous CO2 injection and
no expensive chemicals are needed. In addition, the CO2 produced
can be re-injected and stored in the reservoir.

Teklu [22] conducted experimentalwork to prove the efficiency of
LSWA CO2 on oil recovery in different carbonate and sandstone
samples. A clear reduction in the contact angle was observed at
differentwetting states, fromastrongoil-wet state towater-wet state.
Moreover, they reported that introducing CO2 to the sea water at at-
mospheric pressure and room temperature, reduces IFT between oil
and water and an even further reduction was obtained at reservoir
pressure and temperature, as reported by Yang et al. [23]. Also, a core
flooding experiment was performed on low permeability sandstone
core after two weeks of aging. The injection sequence was seawater
followed by LSW followed by immiscible CO2. An additional 38.5% of
oil was recovered by immiscible CO2 flooding after the LSW flooding.

In 2016, Kumar et al. [24] conducted core flooding tests in the
immiscible condition on low permeability sandstone, saturated by
heavy oil (API¼ 29). They injected LSW (5000 ppm NaCl solution)
alternating immiscible CO2 with 1:1 WAG ratio. More than 65% of
oil in place was recovered after the process.

Another recent work on LSWA CO2 injection in sandstone was
conducted by R. Ramanathan [25]. Core flooding tests were per-
formed on aged Grey Berea sandstone. They examined the effect of
brine salinity in the WAG process by using SW (TDS¼ 54,670 ppm)
and NaCl solution (TDS¼ 5000 ppm). They found that approxi-
mately 76.1% total oil in place was recovered during injection of SW
alternating immiscible CO2. In contrast, LS alternating immiscible
CO2 resulted in 97.7% recovery. Teklu et al. [26] showed that a
hybrid EOR process produced incremental oil up to twenty-five
percent beyond seawater flooding at core-scale.

A literature review of laboratory works and simulation studies
proved the efficiency of LSW,miscible CO2-WAG and immiscible CO2-
WAG on different core characteristics and working conditions.
However, there is no comprehensive study on the effect of smart
water on LSWA CO2 injection, especially for sandstones. Only the
effect of dilution was observed in this process, while the impact of
changing ionic composition on the performance of LS-immiscible-
WA CO2 has not yet been studied. It would be economically worth-
while to perform further investigation and experimental work to
confirm the efficiency of the smart water, alternating gas injection
technique on the improvement of oil recovery before field imple-
mentation. In this paper, a comprehensive study is performed to
investigate the best scenario for LSWACO2 injection in sandstone and
also the mechanism of LSWA CO2 injection to increase oil recovery.
Core flooding tests have been carried out to study the performance of
different smart brines during the LSWA CO2 EOR approach. Different
studies on topics such as contact angle measurements, IFT mea-
surements, and CO2 solubility in brine and crude oil have been un-
dertaken to analyze the mechanism of the proposed method.

2. Material and methodology

2.1. Rock and fluids

The formation brine (FB) was from a sandstone field in Oman.
Smart brine samples were provided as per Table 1.

The density of the brines were obtained using an Anton Par
densitometer (model DMA 4500M) and the viscosity was measured
using a Cannon Fenske viscometer at a temperature of T¼ 60 �C and
atmospheric pressure. Table 2 summarizes the brine properties.

Light oil was provided from the same field with an API of 43,
molecular weight of 209.4, and composition shown in Table 3.

Berea sandstone cores were used for the experiments. Table 4
summarizes the properties of the cores used. Porosity was
measured using a Helium porosity meter while permeability was
found using a gas permeability meter.

2.2. Methodology

2.2.1. CO2 solubility in oil and brine
The solubility of CO2 in crude oil and at different brine salinities

was measured under room temperature and a pressure of 500 psi.
The schematic diagram of the experimental apparatus used is
illustrated in Fig. 1. It consists of a high pressure CO2 cylinder which



Table 4
Properties of the Berea sandstone cores.

Core# Sample
diameter
(cm)

Sample
length (cm)

Bulk volume
(ml)

Dry weight
(g)

Porosity, %

1 3.81 7.52 85.73 179.48 21.07%
2 3.81 7.5 85.51 179.11 20.57%
3 3.8 7.41 84.04 175.43 20.85%

Table 2
Brine properties.

Brine Density (g/cm3) Viscosity (cp) PH

FB 1.136 0.707 4.12
SM1 0.999 0.479 6.50
SM2 0.977 0.490 6.49
SM3 1.101 0.452 5.90
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is connected to an oil piston accumulator. The piston accumulator
contains 50ml of oil or 100ml of brine, pressurized with 500 psi
CO2 gas. The pressure decay was recorded over a 30min period. The
final pressure and temperature were recorded when the system
reached an equilibrium state. The CO2 solubility in oil and different
brine salinities was calculated using mass balance and ideal gas
equations, where the solubility of CO2 in oil (Xco2) was defined as
the ratio of the total mass of CO2 dissolved in 100 g of the original
oil:

xco2 ¼ mdis
moil

� 100 (1)

Wheremoil is themass of the oil sample in grams (roVo;i), andmdis is
the mass of CO2 dissolved in oil in grams and calculated as:

mdis ¼ mCO2;i �mCo2;f (2)
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Where:
mCO2;i and mCO2;f are the initial and final mass of CO2 in grams,
Pi and Pf are the initial and final pressure in psi,
Ti and Tf are the initial and final temperature in Kelvin,
R is the universal gas constant (8.314 J/mol K),
Z is the g as compressibility factor,
VCO2 is the volume of CO2 in cm3,
MCO2 is the CO2 molecular weight (44.01 g/mole),
Vo;i is the initial oil volume in cm3.
2.2.2. Core flooding experiment
The schematic setup of the core flooding system is shown in

Fig. 2. It consists of a core holder (to hold 1.500 diameter core plugs
up to 7500 psi), a syringe pump to inject fluid, three piston accu-
mulators to hold injection fluids (oil, brine and CO2), a constant
temperature air bath to hold the temperature up to 200 �C, a back
pressure regulator to maintain system pressure up to 5000 psi, a
hydraulic hand pump to apply confining pressure to the core
holder, a precise Isco syringe pump (model 500D) to inject at a
constant flow rate at high pressure, and differential pressure
Table 3
Composition of the crude oil.

Carbon# Wt.% Carbon# Wt.%

C12 23.719 C26 0.738
C14 35.215 C28 0.506
C16 21.474 C30 0.376
C18 6.998 C32 0.302
C20 7.006 C36 0.142
C22 2.371 C40 0.112
C24 1.039
transducers installed in the inlet and outlet of the core holder to
record injection and production pressures. A burette was used to
collect the fluid produced at the outlet.

Core samples were soaked in formation brine under vacuum for
one day, to build up ionic equilibrium. Then, the weight of the wet
cores was measured after saturation. The porosity and pore volume
were calculated by dry andwet weight and the density of formation
brine at reservoir temperature. Cores were held in the core holder
at reservoir temperature for one day. Then, formation brine was
injected at rates of up to 0.24 cc/min to ensure 100% brine satura-
tion. The pressure drop was checked at each injection rate until it
reached a steady state condition. The slope of the pressure drop
versus injection rate was used to obtain absolute permeability by
Darcy's law as follows:

Q ¼ 60kAðDPÞ
14:69� 1000mL

(3)

Kabs ¼ Slope� 14:69� 1000� mL
60A

(4)
where;
Q¼ Flow rate in cc/sec
Kabs¼Absolute Permeability in mD
A¼ Cross sectional Area in cm2

DP¼Differential Pressure in psi
m¼ Brine viscosity in cP
L¼ core length in cm

The calculated porosity, fluid permeability and pore volume are
outlined in Table 5.

Cores were flooded by formation brine to ensure 100% water
saturation, followed by crude oil to obtain initial oil saturation Swi.
Then, the cores were aged in crude oil for one month at a reservoir
temperature of 60 �C, to restore initial wettability.
2.2.3. Contact angle (CA) measurement
Contact angle measurement was performed on sandstone discs

to determine wettability alteration by different brine solutions.
Fig. 1. Schematic of CO2 solubility in oil measurement apparatus.



Fig. 2. Schematic diagram of core flooding setup.

Table 5
Core flooding test basic parameters.

Core#1 Core#2 Core#3

Total volume (cm3) 85.73 85.51 84.04
Cross sectional area (cm2) 11.4 11.4 11.3
Porosity (%) 21.07 20.57 20.85
Permeability (kabs) 88.61 90.35 90.19
Pore volume (PV) 16.64 16.94 16.56
Swi 0.439 0.419 0.423
Soi 0.561 0.581 0.577
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Initially, three discs were polished using sandpaper to obtain
smooth surfaces. Then, each disc was soaked in formation brine for
2 h. Thereafter, theywere aged in crude oil at reservoir temperature
for three weeks to restore original wettability. Prior to CA mea-
surement, the discs were washed in toluene and methyl cyclo-
hexane to remove the oil from the surface and then they were
soaked in different brines for two weeks. The device used to
measure the angle between oil droplet and the aged disc surface at
different locations is shown in Fig. 3.

A Spinning Drop Tensiometer (SDT) was used to measure the
interfacial tension in the oil/brine systems.

3. Results and discussion

This section presents the results of core flooding, CO2 solubility
in oil and brine, IFT, CA and Z-potential. Our results were studied to
provide a comprehensive analysis of the mechanisms underlying
the CO2 LSWAG process.
Fig. 3. Schematic diagram of the contact angle measurement system.
Three core flooding experiments were performed on three
similar Berea sandstone core samples, to minimize variations in
experimental conditions. The connate water saturation was ob-
tained by material balance. The end-point relative permeability to
oil at connate water saturation was found at four injection rates
(1.50 cc/min, 1.25 cc/min, 1.00 cc/min and 0.75 cc/min) in order to
achieve consistency in Kro during the three experiments. Table 6
shows the saturation and permeability values obtained from the
experiments. After 30 days of aging in oil at 60 �C, each core was
flooded by a base brine of 50,000 ppm salinity at an injection rate of
0.24 cc/min. During the initial stage of water flooding, the pressure
drop across the core started to build up steadily and then stabilized
at around 3.60 psi after water breakthrough. The value of residual
oil saturation after water flooding (Sorw) was found from the ma-
terial balance for each experiment.

Five injection rates were used to determine the end-point
relative permeability to water at residual oil saturation (0.24 cc/
min, 0.44 cc/min, 0.68 cc/min, 0.84 cc/min and 1.08 cc/min), to
ascertain the consistency in Krw during each experiment. The re-
covery factor for all experiments is shown in Table 6.
3.1. Tertiary CO2- LSWAG

Three different smart waters were used to test the effects of
monovalent and divalent cations on oil recovery in the Tertiary CO2
LSWAG approach. 5000 ppm NaCl, 5000 ppmMgCl2 and 5000 ppm
KCl samples were used. All experimental conditions were similar,
maintaining a confining pressure of 1000 psi, a back pressure of 500
psi and a reservoir temperature of 60 �C to obtain immiscible CO2
injection conditions, since the MMP of CO2 on used oil was found to
be greater than 2000 psi.
3.1.1. Experiment 1
Core #1 was used for this experiment (see Table 5). The pore

volume was calculated to be 16.64 cc. The flood sequence was:
formation brine of 50,000 ppm salinity followed by immiscible
CO2-alternating-5000 ppm NaCl low salinity water (LS1). The in-
jection rate during high salinity waterflooding was 0.24 cc/min, to
mimic Darcy velocity of 1 ft/day in the reservoir. CO2 and LS1 were
Table 6
Secondary water flooding results.

Exp.# Kabs (mD) Swc (Sor)wf RFwf (OOIP)

1 88.6 0.44 0.380 0.322
2 90.3 0.42 0.408 0.297
3 90.2 0.42 0.399 0.309



Fig. 4. Oil recovery (solid line) and pressure drop (dashed line) across the core in Exp. 1.
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injected alternately, at a rate of 0.5 cc/min and slug size of 0.5 PV for
each cycle. Three WAG cycles were performed and followed by a
1 PV continuous CO2 injection.

Fig. 4 shows oil recovery (RF) and pressure drop (DP) across the
core as a function of the pore volume injected. During water-
flooding, 32% of oil was recovered during the first 1 PV water in-
jection. No more oil recovery was observed after an additional
1.5 PV injection. The first slug of CO2 and LS1 recovered 4% and 11%
OOIP, respectively. The second slug of CO2 recovered 2% OOIP and
the second slug of LS1 recovered another 3% OOIP. The third cycle of
injection yielded 3% OOIP and 1% OOIP was recovered during the
last continuous slug of CO2. The last additional slug of CO2 was
injected to make sure that the residual oil saturation was reached
and no more oil recovery would be obtained by this process. A total
recovery of 55.4% oil in place was obtained after a total 5.6 PV in-
jection in the secondary and tertiary flooding stages.
Fig. 6. Oil recovery (solid line) and pressure drop (dashed line) across the core in Exp. 3.

Table 7
Summary of the three conducted tests.

Test Slug No. Slug Type Incremental Oil
Recovery (%OOIP)

Total Oil
Recovery (%OOIP)
3.1.2. Experiment 2
The conditions for this experiment were similar to Experiment 1

but it was performed on core #2. The calculated pore volume was
16.94 cc. The sequence of flooding was: 50,000 ppm high salinity
water followed by immiscible CO2-alternating-5000 ppm MgCl2
(LS2) with the injection rate similar to Experiment 1. Fig. 5 presents
the oil recovery and pressure drop. 29.7% OOIP was recovered
during waterflooding. The injection was terminated after 2.5 PV of
water injection was achieved as no additional oil was produced.
Three 1:1 WAG cycles were conducted with a total slug size of 1 PV
in each cycle. The first slug of CO2 recovered 1% OOIP while the first
slug of LS2 produced 8% of OOIP. The second slugs of CO2 and LS2
injection yielded 3% and 1% OOIP, respectively. An incremental oil
recovery of 2% OOIP was recovered during the third cycle. The last
continuous slug of CO2 yielded 1% OOIP and therewas no further oil
production. Overall recovery was 45% OOIP after both
Fig. 5. Oil recovery (solid line) and pressure drop (dashed line) across the core in Exp. 2.
waterflooding and the WAG processes.

3.1.3. Experiment 3
The same procedure was applied to core #3. The brine used in

the WAG process was 5000 ppm KCl (LS3). During 2.5 PV of
waterflooding, the recovery factor was 30.9% OOIP, while 12.6%
additional oil was obtained during the three cycles of immiscible
CO2-alternating-LS3 injection. Fig. 6 shows oil recovery and pres-
sure drop across the core. Table 7 presents the results of the three
tests in more detail. Our results show that oil recovery increases by
23%, 15.3% and 13% during the injection of 3 PV for SW1, SW2 and
SW3, respectively. Therefore, our works prove the effectiveness of
this hybrid process on oil recovery.

There was a continuous fluctuation in pressure drop across the
core during immiscible CO2-alternating-low salinity water injec-
tion in all three experiments. SEM images and XRD show clear
evidence of fines migration due to the presence of a high per-
centage of loose kaolinite clay, which tends to be mobilized during
the injection of low salinity water, leading to a higher pressure
drop. Fig. 7 illustrates the kaolinite particles, taken from SEM
images.

3.2. Effect of CO2 solubility in oil and brine on oil recovery
improvement

Injection of CO2 (either continuously or alternating with other
fluids) efficiently enhances oil recovery, particularly in light to
medium oil reservoirs, due to reductions in oil viscosity, better
NaCl-CO2 1 CO2 4 4
LS1 11 15

2 CO2 2 17
LS1 3 20

3 CO2 1 21
LS1 2 23

MgCl2-CO2 1 CO2 1 1
LS2 8 9

2 CO2 3 12
LS2 1 13

3 CO2 1 14
LS2 1 15

KCl-CO2 1 CO2 2 2
LS3 3 5

2 CO2 1 6
LS3 4 10

3 CO2 1 11
LS3 2 13



Fig. 7. SEM image showing kaolinite particles.

Table 8
Calculated mobility ratio during injection of LSWACO2.

Test Mobility ratio

CO2-SW1 0.96
CO2-SW2 1.21
CO2-SW3 1.11

Fig. 9. Results of pressure decay test of CO2 solubility in different brines.

Table 9
Measured CO2 solubility in different brine compositions.

Brine composition Molality (mole of CO2/Kg of brine)
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controlled mobility, increased oil swelling, minimized gravity
segregation, and wettability alteration. Our results show that CO2
stabilizes the displacement front of the water by mobility control
during LSWACO2 injection. Table 8 shows the mobility ratio during
three core flooding tests. The values of mobility ratio, M, are close to
1 which represents stable displacement.

A pressure decay test was conducted tomeasure the solubility of
CO2 in oil. CO2 was injected into an oil accumulator at a pressure of
500 psi. Then, it was terminated, pressure declined due to the
solubility of the gas in the liquid. This pressure decay was recorded
over time until it reached a stabilized state. Fig. 8 shows recorded
pressure versus time for the oil/gas test. The solubility of CO2 in oil
was calculated using ideal gas and mass balance as shown in
Equations (1) and (2). The molar solubility of CO2 (mole of CO2/
mole of oil) was 0.348.

Solubility of CO2 in oil increases at higher pressures. In our test,
CO2 was subcritical, since the working temperature was 22 �C
which is less than the critical temperature of CO2 (Tc¼ 31.1 �C). The
experimental conditions were chosen in order to confirm that CO2
is soluble in crude oil in the gaseous phase, rather than the liquid or
supercritical phase. Our results agree with Al-Riyami's works [27].
She used a similar oil composition and API and found that CO2

solubility in oil is around 0.412mol of CO2/mole of oil.
Fig. 8. Pressure decay during CO2 solubility in oil test.
CO2 solubility was also measured in different brine composi-
tions, in a similar way to the case of oil (by pressure decay testing).
Fig. 9 represents the obtained pressure decay trend for different
brine salinity at a temperature of T¼ 22 �C and initial pressure of
P¼ 520 psi. It is obvious that CO2 solubility increases as brine
salinity decreases. A similar observation was obtained by Mosavat
and Torabi [28]. They interpret this drop in CO2 solubility as being a
‘salting out’ phenomenon. The salting-out effect states that, as the
number of free ions in pure water increases, the number of water
molecules available to interact with CO2 decreases. This occurs
because free ions undergo a hydration process with the existing
water. As the radius of the ions increases, the hydration process
increases and CO2 solubility decreases. In our case, Mg2þ has the
smallest radius, followed by Naþ and Kþ. Consequently, the
maximum solubility of CO2 in brine was obtained by SW2. The
measured CO2 solubility for different brine salinities is shown in
Table 9.
3.3. Effect of different brine salinity and CO2 on wettability
alteration

The wetting state of a rock surface is affected by temperature,
brine salinity, pH of the connate water and injected brine, miner-
alogy of the rock surface, crude oil content in the reservoir, and gas
in solution. In our tests, a reduction in pH was observed during
increasing solubility of CO2 in different brines, as shown in Table 10.
High salinity brine 0.338
5000 ppm NaCl 0.703
5000 ppm MgCl2 0.775
5000 ppm KCl 0.888

Table 10
PH of brines before and after CO2 injection at a temperature of T¼ 22 �C and a
pressure of P¼ 520 psi.

Sample number Brine pH Reduction in pH

1 HS (50,000 ppm) 4.12 0.15
2 HS-CO2 3.97
3 NaCl (5000 ppm) 6.50 2.63
4 NaCl-CO2 (5000 ppm) 3.87
5 KCl (5000 ppm) 5.90 2.25
6 KCl-CO2 (5000 ppm) 3.65
7 MgCl2 (5000 ppm) 6.49 2.93
8 MgCl2-CO2 (5000 ppm) 3.56



Table 11
Values of CA and wettability alteration index for different treatments.

Sample
number

Brine Initial contact
angle after aging
in the base brine

Original contact
angle after aging
in the oil

Final contact
angle after
treatment

WI

1 HS
(50,000 ppm)

51.24 118.19 71.43 0.70

2 HS-CO2 51.24 114.33 42.12 1.14
3 NaCl

(5000 ppm)
51.24 133.85 36.44 1.18

4 NaCl-CO2

(5000 ppm)
51.24 118.78 33.34 1.27

5 KCl
(5000 ppm)

51.24 109.45 41.95 1.16

6 KCl-CO2

(5000 ppm)
51.24 122.33 43.58 1.11

7 MgCl2
(5000 ppm)

51.24 126.21 52.37 0.98

8 MgCl2-CO2

(5000 ppm)
51.24 101.23 35.26 1.32
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Eight brine samples were collected to study the contact angle
(CA) between rock, brine and oil and to analyze the effect of gas
injection on wettability alteration. Disc of samples initially were
saturated with base brine to obtain initial wetting state. The
average initial contact angle of the used samples was around 51.24�

which reflects a preferentially water-wet state. Then, they were
aged in crude oil at 60 �C for two weeks to restore original wetta-
bility. After two weeks of aging in crude oil, contact angle increases
towards an intermediate state due to partial adsorption of the polar
components of crude oil on clay surfaces. The CA values are shown
in Table 11. However, the contact anglewas reduced towards amore
Fig. 10. Captured photos of CA after
water-wet state after aging in different brine samples. Fig. 10 and
Table 11 show CA values after aging in different brines. A sample of
the initial CA was shown in Fig. 11Fig. 11 Comparing the wettability
index (WI) (Fig. 12 and Table 11) helps us to better understand
wettability alteration by LS and CO2. Wettability index was defined
as

WI ¼ qoriginal � qfinal
qoriginal � qinitial

(5)

where,

qoriginal is the obtained CA after aging samples in crude oil.
qinitial is the obtained CA after aging samples in base brine.
qfinal is the obtained CA after aging samples in different brine
salinities.

Hence, WI equal to one means that the treatment changes the
wettability to the initial water wet condition before aging with oil.
WI greater than one means more water wetness compared to the
initial condition.

The decrease in CA after aging in different brine samples is due
to themulticomponent ion exchange mechanism (MIE). Cations are
exchanged based on their different affinity towards clay surfaces.
The relative replacement power of cations at room temperature is
stated by Ole Martin Valderhaug [26] as:

Liþ<Naþ<Kþ<Mg2þ<Ca2þ<Sr2þ<Ba2þ<Hþ<Al3þ

Although Mg2þ has the highest affinity towards clay surfaces,
compared to Kþ and Naþ, it has a lower wettability alteration index
aging in different brine samples.



Fig. 11. A sample of captured photo of CA after aging in oil as the initial condition.

Table 12
IFT values between crude oil and brine samples before and after introducing CO2.

Brine Sample IFT (mN/m)

HS (50,000 ppm) 22.57
HS-CO2 18.22
NaCl (5000 ppm) 17.93
NaCl-CO2 (5000 ppm) 13.66
KCl (5000 ppm) 19.00
KCl-CO2 (5000 ppm) 16.73
MgCl2 (5000 ppm) 20.08
MgCl2-CO2 (5000 ppm) 13.95
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(as Mg2þ tends to form a bridge with the crude oil, unlike Kþ and
Naþ). Bridging with crude oil mainly occurs in the presence of a
divalent cation, such as Mg2þ and Ca2þ. Since HS solution has a high
concentration of divalent ions, the bridging process is more prev-
alent, therefore it shows the lowest WI value. WI even gets higher
when the pH of the brine solutions was lowered in the presence of
CO2. Presence of Hþ promotes the MIE mechanism, since the af-
finity of Hþ towards clay surfaces is higher than Mg2þ, Kþ, and Naþ.

The monovalent NaCl solution gave the highest oil recovery
compared to KCl and MgCl2 solutions. This can be interpreted by
the MIE mechanism as Naþ replacing and substituting the divalent
ions and Mg2þ and Ca2þ cations. Therefore, the maximum reduc-
tion in residual oil saturation by immiscible CO2-aternating low
salinity water was obtained by NaCl solution. The reduction in Sor
was 12.90%, 8.85% and 7.25% for LS1, LS2 and LS3 giving an addi-
tional recovery of 23.0%, 15.3% and 12.6% OOIP, respectively.
Monovalent KCl solution yielded the least oil recovery during the
tertiary flood. The only reasonable attribution is that the formation
clay may not have readily accepted Kþ, as it did with Naþ. A similar
conclusion was obtained by Kumar et al. [8].

3.4. Effect of different brine salinity and CO2 on IFT measurement

As the IFT between injected brine and oil reduces, capillary
pressure decreases, enhancing oil displacement. Eight experiments
were performed to investigate the effect of reducing brine salinity,
changing cation type, and changing pH due to the presence of CO2
on IFT. IFT between each sample and crude oil was measured at a
temperature of 60 �C and the results are shown in Table 12.

High salinity brine and MgCl2 solution have the highest IFT, as
these brines contain divalent ions that disturb the hydrogen bond
Fig. 12. Wettability index alteration before and after gas injection.
between the negatively charged, polar component of crude oil and
the partially positively charged hydrogen atom in the water mol-
ecules. Disruption of the hydrogen bond at the oil/brine interface
occurs due to the salting-out effect, which reduces the solubility of
organic components in water and increases IFT. During the salting-
out mechanism, the solubility of a nonelectrolyte substance in
water decreases when the salt concentration increases in the brine.
Introducing CO2 has an advantage in reducing IFT between CO2
saturated brine and crude oil. However, changes in the IFT of smart
brines are not noticeable, which means that IFT alteration is not a
dominant mechanism in this process.
4. Conclusions

Low salinity water-flooding is an emerging EOR technique that
mainly influences the interactions occurring in crude oil-brine-rock
(CBR) systems. TheWAG process is awell-accepted and proven EOR
method which plays an important role in stabilizing the displace-
ment front of the injected fluid through mobility control, thereby
enhancing oil recovery. Therefore, combining the two processes as
low salinity water-alternating-CO2 injection can further enhance oil
recovery by promoting the mechanisms underlying each process.
Our research focussed on studying the performance of LSWA CO2
on oil recovery in sandstone reservoirs and the impact of using
smart water instead of diluted brine on oil recovery enhancement.

Different laboratory tests were performed to prove the viability
of LSWA CO2 on oil recovery and to come up with clear justification
regarding the mechanisms behind this EOR technique. Three smart
brine solutions (besides high salinity brine) were used to study the
effect of changing the type of cation dissolved in low salinity water;
these were: 5000 ppm NaCl (SW1), 5000 ppm MgCl2 (SW2), and
5000 ppm KCl (SW3). The following conclusions can be drawn,
based on the results obtained:

(1) Tertiary low salinity water-alternating immiscible CO2
(LSWA CO2) injection produced significant incremental oil
recovery. SW1 resulted in higher additional oil recovery
compared to SW2 and SW3.

(2) HS and SW1 yielded lower CO2 solubility in brine, thus
higher CO2 solubility in the crude oil which promotes oil
swelling and oil viscosity reduction.

(3) A favorable wettability alteration was achieved by SW1 and
SW3 followed by SW2. SW1 and SW3 contain monovalent
cations that tend to replace divalent cations, that are initially
presented in the connate water, to achieve thermodynamic
equilibrium at the brine/rock and brine/oil interfaces.

(4) Injection of CO2 showed a positive effect on oil recovery
during LSWAG injection in sandstones. It controlled the
displacement front of the injected fluid through mobility
control. Also, further wettability alteration was obtained
with CO2 injection.



H. Al-Abri et al. / Petroleum 5 (2019) 58e6666
(5) Dissolution of CO2 in the studied smart water lowered the
interfacial tension between CO2-saturated brine and crude
oil but the dominant mechanisms for the LSWA CO2 tech-
nique are wettability alteration due to multicomponent ionic
exchange (MIE) and partial miscibility of CO2.
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