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a b s t r a c t

In low salinity polymer flooding (LSPF), an advanced hybrid method for enhanced oil recovery (EOR), less
attention has been given to the impacts of potential determining ions on polymer behavior in carbonate
reservoirs. Therefore, seawaters spiked with divalent ions were used with sulfonated polyacrylamide
(SPAM) polymer to investigate the effects of potential determining ions on SPAM performance in
wettability alteration, polymer adsorption, carbonate surface charge, viscosity enhancement, emulsion
type, and oil recovery. Among divalent anions and cations, only excess amounts of Mg2þ in a smart
water-polymer solution could alter the wettability from oil-wet to neutral-wet and make the rock/brine
zeta potential positive. Additionally, higher SPAM adsorption onto carbonate surfaces was observed as
Mg2þ concentration was doubled, driven by interactions between sulfonate groups (eSO3

�) and the
positively charged rock surface. Conversely, excess SO4

2- impeded interactions between eSO3
e and

positively charged carbonate rock species, reducing SPAM adsorption. At 5000 ppm SPAM concentration,
excess divalent ions increased solution viscosity due to the shielding effect, with the highest viscosity
achieved by doubling Mg2þ concentration. However, at 10,000 ppm SPAM concentration, only SO4

2-

improved viscosity, while Ca2þ and Mg2þ reduced the viscosity of smart water-polymer solutions. As for
emulsions produced by smart water-polymer solutions, the presence of SPAM in smart water led to the
production of water-in-oil (W/O) emulsions and increased the mean droplet size of water droplets due to
the salt-out effect. According to the results obtained from calcite-coated micromodel flooding experi-
ments, the ultimate oil recovery for SW þ SPAM (5000 ppm) was 34.2%. Also, a two-fold increase in the
Mg2þ concentration rose the oil recovery by 6.5%.

© 2024 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-NC-ND license (http://

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

1. Introduction

Carbonate reservoirs arewell known for their heterogeneity and
wettability conditions [1e4]. Indeed, the wetting state of these
reservoirs is mainly oil-wet, inducing negative capillary pressure
[5,6]. Also, high-permeable fractures are connected to low-
permeable matrix blocks, making the carbonate reservoirs more
complex [7,8]. Owing to these two attributes, the injected water
cannot overcome the capillary pressure when conventional water

flooding is applied. In this regard, the fluid flow from the fractures
into the matrix blocks does not take place, and considerable
amounts of oil are trapped in the porous media. Therefore, it is
paramount to explore an injection fluid that outperforms the water
flooding in oil production from carbonate reservoirs. More specif-
ically, following primary and secondary recovery methods,
approximately 30% of the original oil in place (OOIP) can be pro-
duced [9,10]. As a result, nearly two-thirds of OOIP remains in the
pores and throats of porous spaces. To extract the bypassed/
unswept oil, tertiary or enhanced oil recovery (EOR) methods are
used as a key strategy to boost oil production [11,12].

Numerous chemicals are typically used in EOR, including alka-
line, polymer, surfactant, nanoparticle, etc [13e20]. Although these
materials can boost the amount of oil recovery to a great extent,
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they may pose environmental threats. Additionally, chemical-EOR
techniques are not feasible when it comes to economic issues. In
recent years, tuned seawater flooding has caught the attention of
myriad researchers [21,22]. This is because not only is it less
detrimental to the environment, but also it is cost-effective [23,24].
Tuned seawater is classified as low salinity water and smart water,
obtained by reducing the brine salinity and increasing the ionic
composition of the brine, respectively [25,26]. Based on bench-
scale and field pilot studies, it has been proved that altering the
brine composition of seawater can raise oil recovery in carbonate
reservoirs [27,28]. When it is utilized as an injected fluid, an equi-
librium associated with the crude oil-brine-carbonate rock system
is disrupted [29e31]. Consequently, the injected fluid can move
from the high-permeable fractures and enter low-permeable ma-
trix blocks by overcoming capillary pressures, increasing the
amount of oil recovery. According to the literature, the chief
mechanism of tuned seawater flooding is wettability alteration;
however, there is no agreement on the reasons that account for
alteration in the wetting state of carbonate rock. In general, rock
dissolution, multi-component ion exchange, and double layer
expansion may be responsible for the wettability alteration by
tuned seawater flooding [32e37].

Due to tuned seawater flooding, the microscopic sweep effi-
ciency can be enhanced. Nevertheless, since having a viscosity
lower than crude oil, smart water or low salinity water flooding
leads to inadequate macroscopic displacement efficiency, and the
carbonate reservoirs may not be sufficiently swept. Researchers
have recently added water-soluble polymers to tuned seawater
flooding to tackle the poor sweep efficiency problem. Indeed,
adding polymer can improve water viscosity and reduce mobility
ratio, thereby leading to a more piston-like displacement. Thus,
viscous fingering is minimized, and more amount of oil is produced
[38,39].

Multiple studies have been performed on the different aspects
of tuned seawater-polymer flooding. In terms of wettability alter-
ation, using partially hydrolyzed polyacrylamide (HPAM) and two
different brines, Souayeh et al. [40] reported that the homogeneous
oil-wet calcite surface could become strongly water-wet as poly-
mer concentration and its molecular weight (MW) increased. They
also revealed that the lowest contact angle was achieved in HPAM
solution containing 100-time diluted formation water. Li et al. [41]
prepared sulfonated polyacrylamide (SPAM) with high MW in the
seawater at both ambient and elevated temperatures, indicating
that the oil-wet carbonate rock surface was rendered neutral-wet
at two different polymer concentrations, and the contact angle
further decreased as SPAM concentration increased. Moreover,
Alsofi et al. [42] reported that adding SPAM at 2000 ppm to 10-time
diluted seawater positively affected wettability alteration, making
the carbonate rock surface neutral-wet. However, they found that
the presence of polymer in the diluted seawater could not decrease
the contact angle when the calcite surface in place of carbonate
reservoir rockwas used. Utilizing core samples mainly composed of
calcite (�99%) and low salinity brines comprised of NaCl/CaCl2 or
NaCl/Na2SO4 along with 300 ppm of HPAM, Lee et al. [43]
concluded that the wettability of samples could change from oil-
wet to water-wet as low salinity-HPAM solutions were flooded,
and SO4

2� could lead to more contact angle reduction compared to
Ca2þ. Also, Amiri et al. [44] studied the wettability alteration of oil-
wet quartz chips when HPAM was applied at various concentra-
tions in seawater, 10-time diluted seawater, and double-
concentrated seawater. They showed that increasing HPAM con-
centration in seawater and double-concentrated seawater could
not change the quartz wettability. In contrast, they observed that
only the combination of 10-time diluted seawater and HPAM at
1000 ppm led to neutral-wet condition. As can be observed, the

mentioned previous studies have not comprehensively examined
the influence of potential determining ions and polymers on
wettability alteration of carbonate rocks during smart water-
polymer flooding. Previous studies primarily focused on investi-
gating the impacts of polymer concentration, dilution degree, and
MWon wettability alteration. Moreover, in the study conducted by
Lee et al. [43], the brines consisted of only two salts, which differs
significantly from the injection brines used in EOR processes that
typically comprise a blend of salts, such as NaCl, CaCl2, MgCl2, and
Na2SO4. Consequently, a clear understanding of how divalent ions,
in conjunction with polymer, can detach oil molecules and render
carbonate rocks more water-wet remains elusive. This knowledge
gap is particularly significant since one method of creating a smart
water solution involves adjusting divalent ion concentration in
seawater or diluted seawater.

Regarding polymer adsorption during tuned seawater-polymer
flooding, Kakati et al. [45] observed that low salinity water
reduced the amount of polyacrylamide (PAM) adsorbed on the sand
surface as opposed to seawater. In addition, Lee et al. [43] used
simplified low salinity brines with a total dissolved solid of
6000 ppm and 300 ppm of HPAM to explore the polymer adsorption
during core flooding tests. They showed that increasing concentra-
tion of Ca2þ or SO4

2� in low salinity-HPAM flooding could decrease
polymer adsorption on the calcite surface according to values of
mobility and permeability reduction factors. Additionally, Unsal et al.
[46] utilized HPAM with two different brines and reported that
polymer retention declined with decreasing salinity from 6392 to
785. On the contrary, Souayeh et al. [40] obtained the opposite result
and observed that low salinity brines resulted in an increase in
polymer adsorption. They reported that HPAM adsorption on calcite
surface increased to 27.8 and 50.3 mg/g as formation brine was
diluted 10 and 100 times, respectively. The reviewed studies mainly
focused on the effects of salinity and HPAM polymer concentration
on adsorption, and the study done by Lee et al. [43] did not directly
measure HPAM adsorption using low salinity brines containing only
two salts. Therefore, the specific interactions between potential-
determining ions and SPAM polymers require deeper investigation
to discern the adsorption phenomenon of polymer on carbonate
rocks. This could provide valuable insights into optimizing smart
water-polymer flooding processes for enhanced oil recovery.

With regard to viscosity enhancement, Unsal et al. [46]
compared the viscosity of HPAM solutions in high salinity and low
salinity brines. They showed that low salinity brine led to a higher
viscosity than high salinity brine at low shear rates and vice versa.
They further demonstrated that introducing Ca2þ and Naþ into a
low salinity-polymer solution decreased the viscosity. Alsofi et al.
[42] reported that the SPAM viscosity was improved in low salinity
brine at different concentrations when seawater was diluted 10
times. In addition, Kakati et al. [45] evaluated the viscosity of PAM
solutions at 70�C using varied low salinity brines. They observed
that 10-time diluted seawater resulted in a 36% enhancement in the
viscosity at a shear rate of 18 s�1. Likewise, Alfazazi et al. [47] found
that the viscosity of solutions containing HPAM and low salinity
brines could be improved by reducing the salinity of seawater. Lee
et al. [43] examined the impact of low salinity brines comprised of
NaCl, Na2SO4, and CaCl2 on the viscosity of HPAM solutions. In this
regard, they showed that the presence of Ca2þ could decrease the
viscosity slightly, although increasing the concentration of SO4

2�

marginally improved the viscosity of the low salinity-HPAM solu-
tion. Tahir et al. [48] also reported that the viscosity of HPAM so-
lution increased as Na2SO4 concentration was doubled in 10-time
diluted seawater. Moreover, Hern�andez et al. [49] studied four
high MW polymers with diluted seawater solutions to determine
the amount of polymer required to reach a target viscosity. With
decreasing brine salinity, they showed that less amount of polymer
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was required to achieve the target viscosity. It should be noted that
Lee et al. [43] explored the impact of Ca2þ and SO4

2- on the per-
formance of low salinity-polymer flooding; nevertheless, they uti-
lized brines that were only composed of NaCl/CaCl2 or NaCl/Na2SO4.
Indeed, seawater is comprised of numerous salts, and the influence
of potential determining ions in the presence of various mono-
valent and divalent ions should be investigated to elucidate their
actual roles. Also, Tahir et al. [48] only examined the viscosity
enhancement as the excess amount of SO4

2- was present in low
salinity-polymer solutions. Therefore, there is still much to be
discovered about how potential determining ions affect the vis-
cosity of tuned seawater-polymer solutions, and this knowledge
can aid in tailoring brine compositions for maximum viscosity
enhancement.

Concerning rock surface charge in tuned seawater-polymer
solutions, Souayeh et al. [40] reported that increasing HPAM
concentration in low salinity brines induced more negative
charges on the calcite surface. Lee et al. [43] performed zeta po-
tential experiments using low salinity brines with 300 ppm of
HPAM and concluded that the calcite surface had a negative
charge in the presence of SO4

2- and Ca2þ. They also showed that
increasing concentrations of SO4

2- and Ca2þ resulted in an increase
and a decrease in the absolute zeta potential values, respectively.
Furthermore, Amiri et al. [44] measured the silica nanoparticle/
brine zeta potentials and used seawater, 10-time diluted seawater,
and double-concentrated seawater alongside HPAM. They
revealed that HPAM in different brines could react with silica
surfaces and reduce its negative charges, making the zeta poten-
tial more positive. Past studies have revealed a research gap
concerning the influence of SPAM polymers and their interplay
with potential determining ions on carbonate rock surface charge.
While previous research has centered around the effects of HPAM
polymers and certain potential determining ions on calcite surface
charge, as well as SPAM polymers and diluted seawater on silica
surface charge, a more comprehensive understanding of SPAM-
ion interactions and their impact on carbonate surface charge is
necessary.

Relating to oil recovery improvement owing to tuned
seawater-polymer flooding, using core flooding experiments in
sandstone, Abdullahi et al. [50] reported that the ultimate oil re-
covery rose by 7.3% when low salinity brine was utilized in HPAM
solution instead of high salinity brine. Moreover, Souayeh et al.
[40] conducted forced imbibition into limestone cores at 75�C and
reported that low salinity-HPAM and high salinity-HPAM in-
jections increased the oil recovery to 71% and 69%, respectively.
Pi~nerez Torrijos et al. [51] performed low salinity-HPAM flooding
in sandstone cores as secondary and tertiary stages to examine the
oil recovery factor. According to their results, the combination of
HPAM and diluted seawater could be only efficient in enhancing
the amount of oil recovery when utilized in the tertiary mode,
increasing oil recovery by 22%. Furthermore, Alsofi et al. [42]
found that 10-time diluted seawater-SPAM injection into car-
bonate reservoirs outperformed either low salinity water flooding
or polymer flooding. At room temperature (25�C), Lee et al. [43],
performed flooding experiments into the calcite cores, revealing
that increasing SO4

2- concentration in simplified low salinity-
HPAM polymer solution can yield additional oil recovery of
12.3%. It can be deduced from previous studies that there is a
potential research gap regarding the lack of clarity on how po-
tential determining ions in smart water-polymer solutions may
affect oil production. This knowledge would enable the develop-
ment of more effective and tailored strategies for enhanced oil
recovery during smart water-polymer flooding.

Overall, the potential of engineered/smart water, obtained by
increasing potential determining ion concentration in seawater,
remains largely unexplored in tuned seawater-polymer flooding.
Specifically, little attention has been given to the combination of
engineered seawater and SPAM polymer for enhancing oil recovery
from carbonate reservoirs. Additionally, the roles of potential
determining ions in wettability alteration, polymer adsorption,
viscosity of solutions, and carbonate rock surface charge need
further clarification when combining smart water and SPAM
polymer. In other words, the effects of Ca2þ, Mg2þ, and SO4

2� ions
on various EOR aspects in the presence of SPAM polymers require
further investigation. This study aims to bridge knowledge gaps in
smart water-polymer flooding for carbonate reservoirs, focusing on
the impacts of potential determining ions. The primary goal is to
unveil the underlying mechanisms when combining seawater
enriched with potential determining ions and SPAM polymer for
EOR purposes. Additionally, this study investigates the influence of
these ions on SPAM behavior during rock/brine interactions. Ulti-
mately, it seeks to determine which potential determining ion in
seawater can positively affect the SPAM solution for EOR applica-
tions. To this end, different smart waters with two polymer con-
centrations were prepared, and contact angle, viscosity, adsorption,
and rock/brine zeta potential, and emulsion formation experiments
were conducted. In addition, a calcite-coated micromodel was
applied to assess the ultimate oil recovery by smart water-polymer
flooding and investigate the phenomena at the pore scale. It is
worth mentioning that previous studies only utilized core flooding
to evaluate oil recovery enhancement during tuned seawater-
polymer flooding. Simply put, no study has so far flooded tuned
seawater-polymer solution into a calcite-coatedmicromodel for the
EOR purpose. Fig. 1 illustrates the schematic of experimental pro-
cedure used in this study.

2. Material and methods

2.1. Oil

A heavy crude oil sample used in this research was taken from
one of the Iranian oil fields located southwest of Iran. In order to
remove solid particles as well as water and gases dissolved in the oil
sample, we first centrifuged the oil and then filtered it through the
filter paper (5 mm). Table 1 presents the properties of crude oil.

2.2. Brine

Different salts, provided by Merck (Germany), were utilized to
prepare seawater resembling Persian Gulf seawater with a total
dissolved salinity (TDS) of 47,208 ppm. Also, five smart water so-
lutions were synthesized, including SW2Mg, SW2Ca, SW2SO4,
SW2Mg2SO4, and SW2Mg2Ca. For example, SW2Mg signifies that
the concentration of MgCl2 in smart water is 2 times the concen-
tration of MgCl2 in seawater; SW2Mg2SO4 denotes that both con-
centrations of MgCl2 and Na2SO4 have doubled as compared to their
concentrations in seawater. It is important to note that in the
context of this study, the term “smart water” refers to seawater that
has been modified by increasing the concentration of potential
determining ions. Table 2 shows the composition of formation
brine (FB), seawater (SW), and smart water solutions alongside
ionic strength values. In this study, the base fluid was distilled
water with surface tension and pH of 71.8 ± 0.7 mN/m and 7.15,
respectively. In addition, for preparing smart waters, the procedure
introduced by Maghsoudian et al. [34] was applied. In this regard,
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the order of adding salt to the distilled water was as follows to
increase the stability of varied smart waters:

CaCl2 / MgCl2 / NaCl / KCl / Na2SO4 / NaHCO3

2.3. Polymer

A SPAM polymer with a MW of 2 million daltons and a sulfo-
nation degree of 25% was used in this study, purchased from SNF
Floerger (France). Fig. 2 illustrates the molecular structure of the
SPAM polymer. As can be seen, there are negatively charged sul-
fonate groups on the SPAM backbones. According to the literature
[52], SPAM, as opposed to HPAM, is more salt tolerant, and its
viscosity is less susceptible to divalent ions. Thus, we selected this
type of polymer for our research. To prepare smart water-polymer
solutions, two SPAM concentrations, 5000 and 10,000 ppm were
chosen. These selections are because this SPAM is categorized as a
lowMW polymer. Thus, it should be utilized at high concentrations
to effectively improve the viscosity of injected fluid so as to increase
heavy oil recovery.

To prepare the smart water-polymer solution, the desired
smart water was prepared by dissolving the required salts in a

beaker containing distilled water. Next, SPAM powder was slowly
added to the desired smart water while simultaneously being
stirred using a magnetic stirrer at 700 rev/min for 10 min at room
temperature. This speed of the stirrer was selected to avert fish-
eye formation and polymer agglomeration, which could have a
negative effect on the complete hydration of SPAM. Then, the
solution was stirred for additional 48 h at 300 rev/min to obtain
the well-dissolved SPAM solution. It should be noted that the
stability of all smart-water polymer solutions was checked by
using a qualitative method at two different temperatures. As
shown in Fig. S1 (See supporting information), no precipitation or
color change can be seen, illustrating that the hybrid solutions
have stability after 45 days.

2.4. Rock properties and preparation

In order to conduct the contact angle test, we utilized a car-
bonate core taken from an outcrop in the southern regions of Iran.
Table 3 presents the results of the X-ray fluorescence (XRF) analysis.
As can be seen, CaO makes up a more significant percentage of the
sample (above 50%), inferring that the core used in this study was a
carbonate rock.

Fig. 1. Schematic of experimental procedure.

Table 1
Crude oil properties.

Viscosity (cp) @ 25 �C Density (gr/cc) TBN (mg KOH/g oil) TAN (mg KOH/g oil) Asphaltene (wt%) Resins (wt%) Aromatics (wt%) Saturates (wt%)

530 0.93 1.2 0.8 14.1 15.1 36.7 34

Table 2
Composition of various brines.

Brine Naþ (ppm) Ca2þ (ppm) Mg2þ (ppm) SO4
2�(ppm) Kþ (ppm) HCO3

�(ppm) Cl� (ppm) Ionic strength (mmol/l) Total dissolved solids (ppm)

Formation brine ¼ FB 69,813.8 17910.9 786.1 0 1804 0 121,706.2 3938 212,021
Seawater ¼ SW 11,999.9 439.8 3484 3110.25 453.3 166.35 27,554.4 1028 47,208
SW2Mg 11,999.9 439.8 6968 3110.25 453.3 166.35 37,719.4 1457 60,857
SW2Ca 11,999.9 879.6 3484 3110.25 453.3 166.35 28,332.6 1061 48,426
SW2SO4 13,488.65 439.8 3484 6220.5 453.3 166.35 27,554.4 1124 51,807
SW2Mg2Ca 11,999.9 879.6 6968 3110.25 453.3 166.35 38,497.6 1490 62,075
SW2Mg2SO4 13,488.65 439.8 6968 6220.5 453.3 166.35 37,719.4 1553 65,456
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To prepare the samples for the tests, we obtained thin sections
with a thickness of about 2 mm after placing the core in a special
chamber and cutting it. Following the thin sections being polished,
they were washed using toluene (Dr. Mojallali Industrial Chemical
Complex Co., �99%) and methanol (Merck, �99.9%) in Soxhlet
extraction. The sections were subsequently placed in an ultrasonic
bath for 2 h and then dried in an oven for one day to clean the rock
surface from contamination. Next, for two days, the sections were
saturated with FB. Eventually, to make the sections oil-wet, they
were immersed in the crude oil for 30 days at 90�C. As can been
from Fig. S2 (See supporting information), the rock chips were
made oil-wet.

2.5. Contact angle measurements

Oil-wet thin sections were aged in the smart water-polymer
solutions for 60 days at 70�C to determine the effects of potential
determining ions and SPAM on wettability alteration. The sessile
drop technique, as shown in Fig. 3, was also adopted tomeasure the
contact angle values. Precisely, the treated thin section was put in a
glass cell filled with distilled water, and a drop of oil was placed on
the surface of the thin section by a needle. After 5 min, when the
drop reached equilibrium on the surface, it was photographed
under a microscope. Finally, using image analysis software (Dig-
imizer), we obtained contact angle value between the oil and the
rock surface. Then, the contact angle between water and the rock
surface was determined using the following equation, where qoil is
the oil-surface contact angle, and qwater is the water-surface contact
angle.

qwater ¼180� � qoil (1)

If qwater is between 0� and 30�, the carbonate surface is strongly
water-wet, and if qwater is between 30� and 75�, the carbonate
surface is weakly water-wet. Neutral-wetness occurs when qwater is
between 75� and 105�, and oil-wetness occurs when qwater exceeds
105� [54]. It should be noted that qwater was reported for each brine
as a contact angle value to assess the water-wetness of carbonate
surface. Each contact angle test was conducted three times, and the
average of these tests was reported as the final value to minimize
error. Also, all contact angle tests were performed at 26�C.

2.6. Zeta potential measurement

The zeta potential of rock/brinewas measured by Zetasizer (ZEN
3600, UK) to evaluate the impact of smart waters along with SPAM
on the surface charge of carbonate rock. In this respect, 0.125 g of
carbonate powders with an average size of 50 mmwere mixed with
20 mL of solution in a beaker for each experiment. Afterward, the
beaker was shaken at atmospheric conditions using a shaker for
72 h. After that, desired time was given to have a clear suspension
with the deposited powders at the bottom. Then, a syringe with a
fine needle was applied to separate the suspension from the
powders, and the separated fluid was filtered to eliminate rock
particles. In the final stage, the filtered solution was put in the
vessel of the Zetasizer to assess the zeta potential values. It should
be pointed out that each test related to zeta potential was per-
formed three times at 28�C, and an average value was reported.

2.7. Static adsorption experiment

In this study, static adsorption tests were performed to examine
the SPAM adsorption on the carbonate rock in different smart
waters. In this regard, 2 g of crushed rock and 20 mL of smart water
were mixed in a test tube. Then, the test tube was shaken at room
temperature using a shaker for 72 h to reach the maximum poly-
mer adsorption. Afterward, the test tube was left still for several
hours until a transparent smart water-polymer solution was ob-
tained, and powder particles settled at the bottom. Next, a sample
was taken from the transparent solution, and the SPAM concen-
tration following adsorption was determined by utilizing UVeVis
spectrophotometer (Optizen 3220UV, Korea) at a wavelength of
230 nm. It should be noted that this wavelength was chosen since
the maximum absorbance of smart water-polymer solutions
occurred. A calibration curve was obtained from known polymer
concentrations to find unknown polymer concentrations in smart
water-SPAM solutions. Eventually, the following equation was
employed to calculate the adsorption of SPAM on the carbonate
rock, where q displays the SPAM adsorption (mg/g), Ci is the initial
SPAM concentration (mg/L), Cf denotes the final SPAM concentra-
tion (mg/L) measured by UVeVis spectrophotometer, V shows the
volume of smart water-polymer solution (l), and W signifies the
weight of crushed rock (g).

q¼
V �

�
Ci � Cf

�
W

(2)

2.8. Microfluidic experiment

A glass micromodel that became calcite-coated was utilized to
witness the effect of smart water-polymer flooding on the amount
of oil recovery and discover pore scale phenomena. Table 4 illus-
trates the physical features of the calcite-coated micromodel.

The glass micromodel was naturally made up of silica (SiO2). In
other words, it did not bear a resemblance to carbonate rock.
Therefore, we made the glass micromodel calcite-coated to have
porous media resembling carbonate rock. As described by Wang
et al. [55] and Ghalamizade Elyadrani et al. [29], we used a method

Table 3
XRF of carbonate rock.

Formula SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO TiO2 MnO P2O5 SO3 L.O.I

% 4.57 0.2 0.09 51.49 0.3 0.025 1.1 0.006 0.003 0.095 0.128 42.083

Fig. 2. Molecular structure of SPAM [52].
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in which nanocrystalline layers of CaCO3 are formed on the pores
and throats of micromodel. In this method, firstly, the micromodel
was rinsed with a solution made of ammonium hydroxide (Merck,
28e30%) and hydrogen peroxide (Dr. Mojallali Industrial Chemical
Complex Co., 35%). Next, 1 M sodium hydroxide solution was
injected at a specified rate for 30 min, and distilled water was used
to wash the micromodel after injection. A 20 mL solution was
prepared by mixing chloroform (Merck, 99.8%) with distilled water
in a 1:1 ratio. Then, a chloroform/silane solution was made by
slowly adding 2 mL of N-(Trimethoxysilylpropyl)ethylenediamine
(Gelest, 35% inwater) to the prepared solution, and its pH valuewas
adjusted to 1.5 by utilizing hydrochloric acid (Merck, 37%). After-
ward, using a pump, the air was injected into the porous spaces of
the micromodel after it was saturated with the chloroform/silane
solution for 15 min, and this step was repeated three times. The
0.05 M CaCl2 and ethanol (Scharlau, 99.9%) solutions were used to
wash and clean the micromodel, followed by drying at 60�C. When
themicromodel was cooled down, 0.05M CaCl2 was pumped into it
and stayed for 10 min, followed by the air injection. Afterward,
0.05 M Na2CO3 solution was injected into the micromodel and
remained for 10min, and the air was then pumped into it to remove
the solution. It is also noteworthy that the injections of CaCl2 and
Na2CO3 solutions were redone five times to ensure the adequate
thickness of calcite in the pores and throats of micromodel. In the
final stage, distilled water was pumped into the micromodel to
wash it. Then, it was dried overnight at 60�C.

For seven days, to render the micromodel oil-wet, it was satu-
rated with oil at 90�C. It should be noted that the micromodel was
made oil-wet before each flooding test. Next, smart water-polymer
flooding was performed in the oil-saturated micromodel, and the
photos were shot at different intervals by a Canon 700D camera
with a Canon EF 50 mm f/1.8 STM lens. Afterward, the amount of oil
recovery was calculated using Adobe Photoshop CS6. A flow rate of
0.05 mL/h was used for each flooding experiment to preclude tur-
bulence behavior in porous media [56]. Fig. 4 displays the sche-
matic of the flooding setup and the micromodel pattern.

2.9. Rheological measurement

A rotational viscometer (Anton Paar QC viscometer, Germany)
was applied to elucidate the effect of varied smart waters on the
viscosity of SPAM solutions. In this respect, 18 mL of smart water-
SPAM solution was poured into the special cup, and the viscosity
was measured by inserting a CC27 spindle. It is worth mentioning
that all the viscosities were captured at a constant shear rate of

1000 s-1. Additionally, the viscosity measurement was carried out 5
times for each solution, and the average value was reported.

2.10. Emulsion preparation and droplet size measurement

Emulsification can play a crucial role in EOR and water treat-
ment [57]. Thus, we examined the ability of hybrid fluids to produce
emulsions. In this respect, oil was poured into a beaker. Then, smart
water was added to the beaker drop by drop while stirred by a
magnetic stirrer at 800 rpm for 60min. Finally, the smart water and
oil mixture was put in a test tube, and different samples were taken
from the middle of the tube. Each emulsion sample was put in a
glass slide, and a high-resolution microscope (USB Digital Micro-
scope, China) took images from different parts of the slide. After-
ward, Image J software was utilized to measure the mean droplet
size for prepared water-in-oil (W/O) emulsion by analyzing the
taken images. It should be noted that the smart water and oil were
mixed in a volume ratio of 1:2. Also, for each smart water reported
in Table 2, the emulsion was prepared three times, and the average
value was reported as the mean droplet size.

3. Results and discussion

3.1. Impact of divalent ions on viscosity of smart water-polymer
solution

Fig. 5 shows the viscosity of smart water-polymer solutions for
two SPAM concentrations.

As can be seen, the viscosity of SW was found to be 6.8 cP at a
SPAM concentration of 5000 ppm. Also, the viscosity for SW2Mg,
SW2Ca, SW2SO4, SW2Mg2SO4, and SW2Mg2Ca was 8.2, 7.7, 7.5, 7.5,
and 6.9 cP, respectively. Obviously, viscosity increases slightly as
divalent cations and anions concentrations are increased to 2 times
of their initial concentrations in SW. This result is not in line with
previous studies [43,46] showing that increasing Ca2þ and Mg2þ

concentrations leads to a reduction in the polymer viscosity.
Indeed, in this study, as 5000 ppm of SPAM was dissolved in
seawater, all the intrinsic electrical charges on polymer molecules
were neutralized by monovalent and divalent cations. Therefore, as
the concentration of divalent ions increased, there were no elec-
trical charges left that could be affected by the excess amount of
Ca2þ, Mg2þ, and SO4

2-. As a result, adding each divalent ion to the
SWonly marginally improved the solvent viscosity. In addition, this

Fig. 3. Schematic of contact angle test.

Table 4
Micromodel properties.

Pore volume (cm3) Permeability (mD) Porosity (%) Length (cm) Width (cm) Average depth (cm)

0.25 920 41 6 6 0.005

Fig. 4. Schematic of flooding setup with micromodel pattern.
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marginal enhancement in the viscosities of SPAM solutions can be
attributed to chain overlap and entanglements due to the high
concentrations of divalent ions. In other words, the presence of
Ca2þ and Mg2þ in the solution can neutralize negatively charged
sulfonate groups of SPAM, resulting in a coiled conformation. The
coiled chains can lead to entanglements and increased viscosity.
This is because the reduction in electrostatic repulsion between
different chains, also caused by divalent ions, allows the chains to
approach each other more closely. This increased proximity pro-
motes chain overlap and entanglements, thereby boosting the
viscosity.

Among studied smart waters, SW2Mg resulted in a higher vis-
cosity improvement. This is because the initial concentration of
MgCl2 in SW is relatively high (13,649 ppm). In other words, the
concentration of Mg2þ is higher than that of Ca2þ and SO4

2-; thus,
more solvent viscosity enhancement can be observed when Mg2þ

concentration is doubled in SW. In accordance with the present
study, Rashidi et al. [53] revealed that increasing Naþ concentration
beyond a specific salinity can contribute to a marginal rise in the
viscosity of a solution containing high MW SPAM polymer.

However, according to Fig. 5, the viscosity of smart water-
polymer solutions at 10,000 ppm SPAM concentration showed
opposite results as the concentrations of divalent ions increased.
The viscosity for SW was 14.3 cP, and a 2 times increase in the
concentration of Ca2þ, Mg2þ, and SO4

2� resulted in a viscosity of
14.1, 14.4, and 15.7 cP, respectively. It can be inferred that although
the excess amount of SO4

2- in smart water-polymer solution
enhanced the viscosity, the rising concentration of Ca2þ and Mg2þ

lightly declined the SPAM viscosity. In comparison with the vis-
cosity results obtained by 5000 ppm polymer, all negative charges
on the SPAM structure are not shielded by the cations in SW with
10,000 ppm polymer. Accordingly, the extra amount of divalent
ions can have electrostatic interactions with the negatively charged
sulfonate groups on the SPAM molecules. Thus, each divalent ion
can affect the polymer viscosity.

Regarding divalent cations, when added to a smart water-
polymer solution, Ca2þ or Mg2þ can electrostatically react with
sulfonate groups to decrease the negative charges on the SPAM
backbones. This reduction causes the SPAM chains to transform
into spherical coils [58]. Consequently, SPAM molecules cannot
remain extended since fewer negative charges are present on the
polymer chains to repel each other, reducing the solution viscosity.
Nevertheless, concerning divalent anions, the extra amount of SO4

2-

can contribute to an increase in the viscosity of the smart water-

polymer solution. Indeed, SO4
2- ions have a negative charge, and

their presence near SPAM chains is likely to strengthen the repul-
sive forces between SPAM molecules. This, in turn, can boost the
SPAM hydrodynamic volume, thereby increasing the viscosity of
the smart water-polymer solution [59]. Also, as shown in Fig. 5, a 2
times increase in both concentrations of Ca2þ and Mg2þ in the
presence of 10,000 ppm SPAM reduced the viscosity from 14.4 to
13.5 cP. This is due to the fact that more amounts of negatively
charged sulfonate groups are bound to be neutralized with
increasing divalent cations concentrations. In consequence, the
shielding effect occurs, SPAM chains coil up, and the viscosity re-
duces [60,61]. Moreover, as the amounts of SO4

2- and Mg2þ were
doubled in the solution, the viscosity declined to 13.7 cP. Indeed,
since the initial concentration of MgCl2 (13,649 ppm) in seawater is
higher than that of Na2SO4 (4599 ppm), the excess amount of Mg2þ

suppresses the positive impact of SO4
2- on viscosity enhancement.

3.2. Impact of divalent ions on wettability alteration of carbonate
rock

Before conducting the contact angle test, we rendered the car-
bonate thin sections oil-wet. The average contact angle value for
oil-wet rock chips was 159.9�, indicating that the wetting state of
the thin sections became strongly oil-wet. Fig. 6 illustrates the
contact angle values for different smart water-polymer solutions.

At SPAM concentration of 5000 ppm, the contact angle for SW,
SW2Mg, SW2Ca, SW2SO4, SW2Mg2SO4, and SW2Mg2Ca was
133.2�, 104.8�, 123.1�, 127.2�, 99.1�, and 115.5�, respectively. As
evident, among divalent ions, only a 2 times increase in the con-
centration of Mg2þ could change the wettability to a neutral-wet
condition. In other words, the excess amounts of Ca2þ and SO4

2-

did not alter the oil-wet wettability, although spiking their con-
centrations decreased the contact angle values. The superior per-
formance of Mg2þ in reducing contact angles compared to Ca2þ and
SO4

2- can be attributed to the tendency of smaller ions to be more
present at the rock/brine interface [62]. Ions with higher charge
densities also enhance the solubility of surface-active agents at the
rock/brine interface [63]. As shown in Table 5, Mg2þ possesses a
smaller ionic radius and higher charge density, making it more
effective in contact angle reduction. The smaller ionic radius of
Mg2þ increases its likelihood of migrating from the water bulk to
the rock/brine interface, while its higher charge density enables
more effective interactions with oil molecules. These factors

Fig. 5. Viscosity of different smart water-polymer solutions at a shear rate of 1000 s-1.
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contribute to the detachment of oil molecules, thereby promoting a
more water-wet state compared to Ca2þ and SO4

2-.
In the case of increasing concentrations of two divalent ions

simultaneously in smart water-polymer solutions, it is apparent
that SW2Mg2SO4 has more capacity than SW2Mg2Ca to modify the
carbonate rock wettability, making it neutral-wet. The lowest
contact angle was obtained as the concentrations of Mg2þ and SO4

2-

were concurrently increased 2 times. In addition, as SPAM con-
centration rose to 10,000 ppm in SW, SW2Mg, SW2Ca, SW2SO4,
SW2Mg2SO4, and SW2Mg2Ca, the contact angle values of 129.1�,
94.3�, 115.3�, 122.5�, 91.5�, 107.9� were respectively obtained. It
should be noted that increasing SPAM concentration from 5000 to
10,000 ppm resulted in more reduction in the contact angle values
for all smart water-polymer solutions. However, the wettability
remained unchanged by increasing SPAM concentration. For
example, as for SW2Mg, although increasing SPAM concentration
reduced the contact angle value by 10.5�, it did not affect the
neutral-wet wettability condition.

According to the total acid and base numbers of crude oil used in
this study (as shown in Table 1), both carboxylic (-COO-) and amine
(-NHþ) groups are present as surface-active agents in oil. Therefore,
these surface-active agents can be adsorbed on the carbonate sur-
face in the course of making the thin sections oil-wet [64]. In the
presence of divalent ions alongside SPAM polymer, -COO- and
eNHþ can be detached from the surface, causing it to become less
oil-wet. In this regard, numerous mechanisms may contribute to
wettability alteration and contact angle reduction in the combi-
nation of smart water and SPAM polymer. As for SO4

2-, owing to its
intrinsic negative charge, it can directly interact witheNHþ via ion-

dipole interaction and detach oil molecules containing amine
groups from the carbonate surface [29]. Additionally, positive
charges of the carbonate surface are declined in the presence of
SO4

2-. In other words, sulfate ions can get adsorbed on the surface
through electrostatic forces and reduce the amount of positive
charge on the rock surface. As a result, -COO- can be released from
the carbonate surface and the wettability shifts toward less hy-
drophobic conditions [65]. Also, as the carbonate surface positive
charge declines, repulsive forces between divalent cations and the
surface are reduced. Thus, this reduction can facilitate the access of
Ca2þ and Mg2þ to the rock surface to detach oil molecules con-
taining carboxylic groups [66].

Regarding Ca2þ and Mg2þ, multi-ion exchange could be the
primary mechanism leading to wettability alteration [67]. Indeed,
when carboxylic groups get adsorbed on the carbonate surface, a
complex structure is formed between -COO- and Ca2þ. In the
presence of divalent cations, the Ca2þ/�COO- complexes can be
replaced by Mg2þ ions, and this, in turn, can make the carbonate
surface less oil-wet. In addition, due to their positive charge, Ca2þ

and Mg2þ are able to diminish the negative charges present on the
carbonate surface, leading to the detachment of eNHþ. Simply put,
divalent cations can react with negatively charged carbonate spe-
cies to render the surface more positively charged. Accordingly, the
attractive forces between amine groups and the carbonate surface
can be reduced, eNHþ is released from the surface, and the
wettability changes. Besides, the solubility of oil molecules con-
taining carboxylic groups can be enhanced in the aqueous phase
since divalent cations are likely to interact with -COO- [68]. As a
consequence, the detachment of carboxylic groups from the car-
bonate rock occurs. Furthermore, divalent cations can form ion-pair
with SO4

2� ions [29,66]. Upon adsorption of SO4
2� on the rock

surface, the positive charge is reduced, and divalent cations,
including Mg2þ and Ca2þ, are more likely to approach the surface.
As a result, Mg2þ and Ca2þ ions can directly interact with negatively
charged oil components on the carbonate surface to release them.

SPAM polymer has negative charges on its backbones owing to
the presence of sulfonate groups (eSO3

-). It is proposed that the

Fig. 6. Effect of different smart water-polymer solutions on contact angle values.

Table 5
Ionic radius and charge density of divalent ions.

Ion type Ionic radius (nm) Charge density (C/mm3)

SO4
2- 0.231 5

Ca2þ 0.100 52
Mg2þ 0.072 120
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SPAM can reduce the contact angle values via the adsorption on the
carbonate surface and decline the surface rock positive charge. In
other words, interactions between eSO3

- on the SPAM structure
and the positive charge on the carbonate rock make the polymer
get adsorbed. As a result, the amount of positive charge diminishes,
and oil molecules with carboxylic groups can be separated from the
carbonate surface, rendering it less oil-wet. Moreover, it is possible
that the charge-charge interactions allow eSO3

- to interact directly
with oil molecules containing amine groups and detach them from
the carbonate surface. As illustrated in Fig. 6, the excess amount of
Ca2þ, Mg2þ, and SO4

2- decreased the contact angle by 10.1�, 28.4�,
and 6�, respectively, as the smart water was combined with
5000 ppm SPAM. It is clear that a 2 times increase in the concen-
tration of SO4

2- underperformed as opposed to that of Ca2þ and
Mg2þ. Also, the same trend can be seen for smart waters containing
10,000 ppm SPAM. It is worth mentioning that the addition of each
divalent ion to the smart water-polymer solution can positively or
negatively affect the performance of SPAM in contact angle
reduction. In the case of SO4

2-, as stated earlier, it can decrease the
positive charge on the carbonate surface, which could hinder the
adsorption of some SPAM molecules. To put it differently, the
higher the amount of SO4

2- is, the more negative the carbonate
surface charge will be, resulting in a reduction in the SPAM
adsorption. Thus, the excess amount of SO4

2- does not aid the SPAM
in changing the rock wettability. Conversely, the extra amount of
Ca2þ and Mg2þ can facilitate the SPAM adsorption on the rock
surface, shifting the wettability toward a less oil-wet state. This is
because divalent cations are capable of inducing more positive
charges on the carbonate surface. Hence, more negatively charged
SPAM molecules might be adsorbed on the surface to separate oil
molecules from it.

3.3. Impact of divalent ions on rock/brine zeta potential

In this study, the rock/brine zeta potential values were
measured to witness the effect of different smart water-polymer
solutions on the carbonate surface charge, and Fig. 7 shows the
obtained results. It should be highlighted that positively and
negatively charged species at the carbonate rock surface, including
Ca2þ, CaHCO3

þ, CaOHþ, HCO3
-, and CO3

2-, affect the surface charge
[69]. Based on the concentrations of these charged species, the
carbonate surface can have a positive or negative charge. When the
positively charged surface sites dominate the carbonate surface, the
surface charge becomes positive and vice versa. The presence of
divalent ions and polymer can either decrease or increase the
concentrations of the mentioned charged species, changing the
rock/brine zeta potential value.

In the absence of SPAM polymer, the zeta potential of 2.4 mV
was obtained for SW because the sum of divalent cations concen-
trations is higher than the concentration of SO4

2-, according to

Table 2. Additionally, when the SPAM was added to SW at a
5000 ppm concentration, the zeta potential decreased from 2.4 to
-12.1 mV, indicating that the presence of this polymer could induce
a more negative charge on the carbonate surface. Also, increasing
SPAM concentration to 10,000 ppm led to a further reduction in
zeta potential value. The reason for this reduction in the presence of
polymer could be that SPAM can react with Ca2þ, CaHCO3

þ, and
CaOHþ at the surface to neutralize them. As a result, the positively
charged sites decrease, making the carbonate surface charge more
negative.

In addition, at 5000 ppm SPAM solution, a two-fold increase in
the concentration of Ca2þ, Mg2þ, and SO4

2- altered the zeta po-
tential value from -12.1 to�10.8, 4.2 and -19.6mV, respectively. The
excess amount of Ca2þ andMg2þ can reduce the negative charge on
the carbonate surface; However, adding SO4

2- to the smart water-
polymer solution leads to more negative zeta potentials. Indeed,
the divalent cations tend to interact with HCO3

- and CO3
2-, and

consequently, the negative surface charge declines, leading to
positive zeta potential. As for SO4

2-, positively charged sites can be
neutralized by sulfate ions, and this, in turn, makes the zeta po-
tential more negative. It should be noted that Mg2þ acted better in
rendering the carbonate surface more positively charged. This is
because more amount of Mg2þ is present in smart water-polymer
solutions compared to Ca2þ. Thus, as the Mg2þ concentration is
increased 2 times, more negatively charged sites can be influenced,
thereby changing the zeta potential to more positive values. To be
more specific, the initial concentrations of Mg2þ and Ca2þ in SWare
3484 and 439.8 ppm, respectively. Doubling the concentration of
Mg2þ yields a higher resulting concentration (6968 ppm) than
doubling the concentration of Ca2þ (879.6 ppm). Thus, the higher
Mg2þ concentration in SW2Mg disrupts the balance between
divalent anions and cations, leading to a significant Mg2þ adsorp-
tion on the carbonate surface. This can be attributed to the stronger
interactions within the stern layer and enhanced chemical in-
teractions between negatively charged surface species and Mg2þ

ions. Consequently, the site density of negatively charged species
on the surface is likely reduced as the substantial presence of Mg2þ

ions neutralizes these negatively charged species, resulting in
positive zeta potential values. In contrast, the concentration of Ca2þ

in SW2Ca is insufficient to compete with SO4
2� and SPAM polymer

and make the zeta potential positive.
As opposed to SW þ 5000 ppm SPAM, the zeta potential was

found to be -17.5, 1.1, and -26.2 mV for SW2Ca, SW2Mg, and
SW2SO4, respectively, with increasing polymer concentration to
10,000 ppm. It is obvious that the positive charge of the carbonate
surface can be diminished by rising SPAM concentration in SW
spiked with divalent ions. In the case of increasing divalent ions
concurrently in 5000 ppm of SPAM, the zeta potential decreased to
0.8 and 5.9 mV for SW2Mg2SO4 and SW2Mg2Ca, respectively. As is
evident, the carbonate surface becomes more positively charged as
Ca2þ and Mg2þ concentrations increase. This is because the site
density of negatively charged species is more declined as Ca2þ and
Mg2þ ions are added to the solution simultaneously.

3.4. Impact of divalent ions on SPAM adsorption

According to the studies of Sodeifian et al. [70] and Zhang and
Seright [71], above a concentration of 3000 ppm, SPAM polymer
is in a concentrated regime in which the adsorption on the rock
does not depend on the polymer concentration. In other words,
increasing SPAM concentration in the concentrated region does
not change the polymer adsorption. Therefore, since selected
SPAM concentrations were 5000 and 10,000 ppm in this study,
we only measured the SPAM adsorption at 5000 ppm concen-
tration. Fig. 8 shows the adsorption of SPAM in the presence ofFig. 7. Effect of different smart water-polymer solutions on rock/brine zeta potential.
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different smart waters. For SW, the adsorption of 6.3 mg/g was
obtained. A two-fold increase in the concentrations of Ca2þ and
Mg2þ raised the adsorption to 6.7 and 9.2 mg/g, respectively.
Besides, as the concentration of SO4

2- was increased 2 times, the
adsorption was reduced to 5.2 mg/g. Thus, as compared to
divalent anions, the excess amounts of divalent cations can lead
to an increase in the adsorption of SPAM. Additionally, as the
excess amount of SO4

2- was added to SW2Mg, the SPAM
adsorption declined from 9.2 to 7.1 mg/g, indicating that sulfate
ions could prevent some SPAM molecules from getting adsorbed
on the carbonate rock. Nevertheless, there was a significant in-
crease in the SPAM adsorption with the addition of Ca2þ to
SW2Mg, raising it to 16.6 mg/g.

Generally, two prime mechanisms may account for SPAM
adsorption on the carbonate rock, involving hydrogen bonding and
electrostatic interactions [72,73]. Firstly, hydrogen bonds can be
created between oxygen or nitrogen atoms in SPAM chains and
hydrogen atoms of charged species on carbonate rock, causing the
SPAM molecules to adsorb. Secondly, owing to the presence of
eSO3

- on SPAM chains and charged sites at the carbonate surface,
the negatively charged SPAM molecules can be attracted to the
Ca2þ, CaHCO3

þ, and CaOHþ via electrostatic attraction forces. As a
result, the SPAM adsorption on the rock occurs. Among these two
mentioned mechanisms, the electrostatic interactions could be
affected positively or negatively by the presence of divalent ions, as
shown in Fig. 9. As for divalent cations, Ca2þ and Mg2þ tend to
neutralize the negatively charged sites at the carbonate surface and
make the surface charge more positive. Therefore, SPAMmolecules
are more likely to readily reach the carbonate surface and get
adsorbed on it due to reduced repulsive forces between negatively
charged sites and eSO3

-. As illustrated in Fig. 8, the addition of
divalent cations to SW can increase the adsorption of polymer to a
great extent, and this is because Ca2þ and Mg2þ have enough ca-
pacity to facilitate SPAM adsorption on the carbonate rock by virtue
of rendering the carbonate surface charge more positive. This
explanation is in line with the zeta potential results, indicating that
divalent cations reduce the negative charge of carbonate rock.

In the case of divalent anions, the adsorption of SPAM on the
carbonate surface can be diminished since the extra amount of
SO4

2- disrupts the interactions between eSO3
- from the SPAM

backbones and positively charged species from the carbonate sur-
face. To put it differently, the number of positively charged sites on
the carbonate surface declines with increasing concentration of
SO4

2- in smart water-polymer solutions. Hence, the carbonate sur-
face charge becomes more negative, and the SPAM adsorption re-
duces. This is due to the fact that repulsive forces between SPAM
molecules and the carbonate surface heighten, and, as a result, less
amount of polymer has a chance to be adsorbed on the surface via
the mechanism of the electrostatic interactions. It is apparent that
this mentioned effect of SO4

2- is the reason for the reduced amount

of adsorbed SPAMmolecules in SW2Mg2SO4 as opposed to SW2Mg.
It should be noted that the zeta potential results in this study
approved the SO4

2- effect on the carbonate surface charge.

3.5. Impact of smart water-polymer solutions on W/O emulsion

In this study, the emulsion experiment was performed to
discern the effects of various smart waters and SPAM polymer on
W/O emulsions. Fig. 10 shows the mean droplet size for different
smart water-polymer solutions. As can be seen, the mean droplet
size for SW without SPAM polymer was 0.048 mm. As the SPAM
concentration increased to 5000 and 10,000 ppm in SW, the mean
droplet size was 0.115 and 0.131 mm, respectively. Thus, the pres-
ence of SPAM polymer and increasing its concentration can
heighten the size of water droplets in W/O emulsions. In general,
the size of water droplet in W/O emulsions is highly dependent on
the presence of surface-active agents of oil at oil/brine interface
[74]. To be more specific, as more surface-active agents come to the
interface, the droplet size decreases and the emulsion has more
stability. On the contrary, there can be less repulsive forces between
water droplets when the surface-active agents migrate from the
interface to the balk of oil. As a result, the emulsion droplet size
becomes larger, and the stability can be impaired. It should be
highlighted that asphaltene and resin are surface-active agents
present in the oil due to their molecular structures. In other words,
these two oil components comprise heteroatoms and non-polar
hydrocarbons making them act like surface-active agents [75].
According to the open literature, both positive and negative polar
sites are present on the structures of surface-active agents. In terms
of polar sites activity, negatively charged sites on asphaltene and
resin are far more active than positively charged sites at fluid/fluid
and rock/fluid interactions [76]. As stated earlier, the presence of
SPAM polymer in SW increased the mean droplet size of water in
W/O emulsion. This can be due to the fact that SPAM molecules
have negative charges and cause some asphaltenes to leave the oil/
brine interface. Thus, the size of water droplets increases. In other
words, the negative polar sites of asphaltenes and negatively
charged polymer molecules repel each other at the interface. As a
result, some asphaltenes get back to the oil phase, making thewater
droplet size larger in W/O emulsions. Additionally, a salt-out effect
may take place as SPAM polymer is added to SW. To put it differ-
ently, according to the salt-out effect, the solubility of surface active
agents at the oil/brine interface decreases in the water phase, and
these agents tend to move back to the oil phase [77e79]. Thus, in
SW, negatively charged SPAM polymers at the oil/brine interface
may hinder the solubility of asphaltenes and resins into the brine
and cause the surface active agents to migrate from the interface,
thereby increasing the water droplet size.

As the concentration of Ca2þ increased two times in SW, the
mean droplet size decreased to 0.092 and 0.114 mm for SPAM
concentrations of 5000 and 10,000 ppm, respectively. Indeed,
doubling the Ca2þ in SW can attract more asphaltene molecules to
the interface, resulting in more reduction in the water droplet size.
Moreover, it is possible that doubling the concentration of Ca2þ in
SPAM solution may lead to a salt-in effect. In this regard, the excess
amounts of Ca2þ can enhance the solubility of polar oil components
at the oil/brine interface and decrease the size of water droplets in
the produced emulsions [80,81]. In contrast, a two-time increase in
the concentration of Mg2þ or SO4

2� led to an increase in the mean
droplet size. As forMg2þ, since high amounts of Mg2þ are present in
the SW, the salting-out effect could happen at the oil/brine inter-
face by doubling its concentration. Indeed, the solubility of oil
components (e.g., asphaltenes) decreases as the concentration of
Mg2þ is doubled. Thus, the asphaltenes tend to migrate from the
interface to the oil phase. Consequently, the droplet size becomesFig. 8. Effect of different smart waters on SPAM adsorption.
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larger due to decreased asphaltene molecules at the interface. Also,
increasing SO4

2- concentration in SW can diminish the presence of
asphaltenes at the interface. This is because the asphaltenes are
depleted at the interface owing to the repulsive forces between
SO4

2- ions and negatively charged oil components. Therefore, the
size of water droplets in W/O emulsion increases. In the case of
increasing concentrations of two divalent ions simultaneously in
smart water-polymer solutions, it is apparent that larger droplets
can be seen for SW2Mg2SO4 compared to SW2Mg2Ca. According to
Table 2, the ionic strength of SW2Mg2SO4 is greater than that of
SW2Mg2Ca. As a result, the salting-out effect is more significant in
SW2Mg2SO4, leading to a larger mean droplet size. The images of
produced emulsions for different hybrid solutions are illustrated in
Fig. S3 (See supporting information).

3.6. Impact of smart water-polymer flooding on EOR

The calcite-coated micromodel flooding was conducted for SW,
SW2Mg, and SW2Mg2SO4. Indeed, since among studied solutions,
only SW2Mg and SW2Mg2SO4 altered the wettability to neutral-
wet conditions, they were chosen for flooding experiments, and
their results were compared with SW. Besides, 5000 ppm of poly-
mer concentration was used to perform flooding tests, and we
omitted the smart water-polymer solutions that contain
10,000 ppm of SPAM. This is because it may not be economically
feasible to use 10,000 ppm SPAM for the EOR purpose. Apart from
an economic point of view, it is crystal clear that high polymer
concentration can result in the injectivity problems [82].

Following flooding experiments, the amount of oil recovery was
obtained at different injected pore volumes, and the results are
presented in Fig. 11. As can be seen, the ultimate oil recovery was
found to be 34.2%, 36.5%, and 40.7% for SW, SW2Mg2SO4, and
SW2Mg, respectively. The highest oil recovery was achieved as the
concentration of Mg2þ was increased 2 times. Compared to SW, the
reason for the 6.5% increase in the oil recovery is that SW2Mg has
the highest viscosity value among studied solutions and shifts the
carbonate wettability toward a more water-wet condition. There-
fore, it has more potential to overcome capillary forces in the pores
and throats of the micromodel, resulting in less residual oil satu-
ration. Also, as both Mg2þ and SO4

2- concentrations rose in the SW,
the oil recovery marginally improved (2.3%). It should be
mentioned that SW2Mg and SW2Mg2SO4 lead to a neutral-wet
condition regarding wettability alteration. However, SW2Mg2SO4
has a lower viscosity; thus, it has less capacity to improve
displacement efficiency relative to SW2Mg. Table 6 displays the
breakthrough time for the hybrid fluids used for micromodel
flooding. In SPAM concentration of 5000 ppm, the breakthrough
time for SW, SW2Mg2SO4, and SW2Mgwas found to be 111,116, and
127min, respectively. Indeed, SW2Mg postponed the breakthrough
time more than SW and SW2Mg2SO4. This could be rooted in the
fact that since the hybrid fluid of SW2Mg can alter thewettability to
neutral-wet conditions and has higher viscosity, it can better
overcome capillary pressure, penetrating into the pores and
throats. As a result, the breakthrough time of SW2Mg increases.

The macroscopic and microscopic images of the micromodel
following 1 pore volume of injected fluid are presented in Fig.12. As
for SW (Fig. 12(a)), the fingering problem can be seen. However,
according to Fig. 12(b) and (c), SW2Mg and SW2Mg2SO4 reduce the
viscous fingering effect, making the oil displacement more piston-
like. To put it differently, the fronts of SW2Mg and SW2Mg2SO4
showedmore piston-like motion, leading tomore oil production. At
the pore scale, oil-in-water (O/W) emulsions are seen for SW,
SW2Mg, and SW2Mg2SO4 injections. In SW2Mg flooding, the
number of large O/W emulsion drops increases, whereas SW in-
jection shows numerous small-scale O/W emulsions. Not surpris-
ingly, no water-in-oil (W/O) emulsions are present in the pores and
throats of the micromodel.

Regarding wettability alteration, in some parts of the pore walls
for all injections, it can be witnessed that oil layers are not present,

Fig. 9. Schematic of SPAM adsorption on the rock in the presence divalent ions.

Fig. 10. Mean droplet size of produced emulsions by smart water-polymer solutions.
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making the pores water-wet. This observation contradicts the re-
sults of the contact angle test. In other words, contact angle ex-
periments revealed that the wettability could change to neutral-

wet conditions by using smart water-polymer solutions. However,
the micromodel flooding showed that the pores and throats of the
micromodel became water-wet in some areas. This contradiction
may lie in the fact that real reservoir rock, composed of different
minerals, was used in the contact angle tests, which might have
different effects on changing the wettability compared to pure
calcite. In other words, the micromodel was made calcite-coated by
growing pure calcite layers on the pores. Thus, the presence and
absence of other minerals in the rock thin sections could lead to
varied results regarding wettability alteration. In this regard, Alsofi
et al. [42] used pure calcite pellet and carbonate rock to evaluate
wettability alteration as low salinity water and polymer were
combined. They showed that the wettability changed to neutral-
wet and water-wet states for the reservoir rock and calcite pellet,
respectively. In this study, to better understand the mentioned
contradiction, we first made calcite chips comprised of high
amounts of CaCO3 oil-wet and then assessed the wettability alter-
ation. As is shown in Table 7, the wettability of used rock chips
changes from oil-wet to water-wet in SW, SW2Mg, and
SW2Mg2SO4. Therefore, it is sensible that some pores in the
micromodel becomewater-wet as they are coated with pure calcite
layers.

It is imperative to analyze the results of contact angle, rock/brine
zeta potential, and polymer adsorption experiments concurrently
to gain a deeper understanding of the impacts of potential deter-
mining ions on SPAM performance during smart water-polymer
flooding. As can be seen from Figs. 6e8, a double increase in

Fig. 11. Amount of oil recovery versus pore volume of injected smart water-polymer
solution.

Table 6
Breakthrough time for hybrid fluids used in micromodel flooding.

Hybrid Fluid Breakthrough Time (minutes)

SW þ 5000 ppm SPAM 111
SW2Mg2SO4 þ 5000 ppm SPAM 116
SW2Mg þ 5000 ppm SPAM 127

Fig. 12. Macroscopic and microscopic images of micromodel at 1 pore volume of injected smart water-polymer solution: (a) SW, (b) SW2Mg, and (c) SW2Mg2SO4.
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Mg2þ concentration in the SPAM solution can render the carbonate
surface positively charged. This positive surface charge can influ-
ence both polymer adsorption and wettability alteration. Indeed,
the positive carbonate surface charge can increase the adsorption of
SPAM due to the enhanced electrostatic attraction forces, and, as a
result, the surface can become more hydrophilic. However,
increased adsorption of SPAM on the carbonate rock due to the
adjustment of Mg2þ concentration may result in a loss of SPAM
polymer during smart water-polymer flooding. This loss can, in
turn, adversely affect the sweep efficiency and viscosity. The
calcite-coated micromodel flooding experiments in this study
suggest that SPAM adsorption might not be problematic regarding
viscosity reduction, as SW2Mg flooding leads to higher oil pro-
duction than SW in the presence of SPAM. For future studies, it is
highly recommended to perform core flooding tests to examine
both polymer adsorption and degradation in the reservoir condi-
tions because the results of flooding in this research did not
demonstrate the adverse effect of tuning Mg2þ concentration on
ultimate oil recovery. It should be highlighted that while adjusting
SO4

2� concentration made the carbonate surface more negatively
charged and reduced SPAM adsorption, the oil-wet wettability did
not shift. Thus, tuning SO4

2- concentration in SPAM solution may
not be a decent option to increase oil recovery.

4. Conclusions

For the first time, seawaters, spiked with potential determining
ions, were combined with SPAM polymer to boost EOR. In this re-
gard, contact angle, zeta potential, viscosity, static adsorption,
emulsion formation, and calcite-coated micromodel flooding

experiments were carried out. The following are the main results of
these tests:

(1) In the presence of SPAM polymer, the reduction in contact
angle values followed the order: SO4

2- < Ca2þ < Mg2þ.
Although increasing SPAM concentration in smart water-
polymer solutions led to a reduction in contact angle
values, the overall wetting conditions of the carbonate rock
remained unchanged.

(2) Among the studied potential determining ions, only the
excess amount of Mg2þ in smart water-polymer solutions
could shift the wettability from oil-wet to neutral-wet.

(3) The addition of SPAM polymer to SW induced a more
negative charge on the carbonate rock. This is because SPAM
molecules, due to their negative charges, tend to neutralize
the positively charged species of carbonate surface (Ca2þ,
CaHCO3

þ, and CaOHþ), and the rock/brine zeta potentials
become more negative.

(4) Doubling the concentrations of Ca2þ and Mg2þ increased
the adsorption of SPAM on the carbonate rock. Neverthe-
less, the addition of SO4

2� to the smart water-polymer so-
lution rendered the carbonate surface charge more
negative. As a result, the repulsive forces between SPAM
molecules and the carbonate surface increased, reducing
the adsorption value.

(5) At a SPAM concentration of 5000 ppm, adding potential
determining ions to the solutions marginally enhanced the
viscosity due to the shielding effect and the chain entan-
glements. However, at the higher SPAM concentration
(10,000 ppm), the excess amount of SO4

2� could enhance the

Table 7
Effect of smart water-polymer solutions on the wettability of calcite surface.

Initial wettability condition (oil droplet)

Contact angle, degree 124 ± 3
Smart water Contact angle, degree Oil droplet shape
SW 56.3 ± 2

SW2Mg 28.7 ± 2

SW2Mg2SO4 35.4 ± 2
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viscosity from 14.4 to 15.7 cP, although the divalent cations
reduced the viscosity values.

(6) The presence of SPAM polymer in smart water increased the
meanwater droplet size in W/O emulsions owing to the salt-
out effect. Among divalent ions, only increasing Ca2þ con-
centration in a smart water-polymer solution diminished the
mean droplet size.

(7) The ultimate oil recovery (at 5000 ppm of SPAM) was found
to be 34.2%, 36.5%, and 40.7% for SW, SW2Mg2SO4, and
SW2Mg, respectively. These values indicate that it is possible
to adjust the concentrations of potential determining ions in
seawater-polymer solution and increase the amount of oil
recovery.

(8) For future studies, it is highly recommended to elucidate
the impacts of potential determining ions on the perfor-
mance of cationic and nonionic polymers during smart
water-polymer flooding. Based on this study, the most
effective approach to boost oil recovery from carbonate
reservoirs and improve the performance of anionic poly-
mers (e.g., SPAM) for EOR purposes is to optimize Mg2þ

concentration in the seawater-polymer solution. In addi-
tion, it would be beneficial to conduct core flooding tests
that examine both polymer adsorption and degradation
under reservoir conditions. This recommendation is made
because the current study's findings did not show any
adverse effects of adjusting Mg2þ concentration on ultimate
oil recovery, highlighting the need for further exploration of
these factors.
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