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Up to now, a large number of studies revealed that smart waterflooding is a cost-effectivemethod by considering
the effect of potential determining ions (PDI) on enhanced oil recovery (EOR) in the carbonated reservoir. Cur-
rent research studied the symbiotic effect of different ions concentration (SO4

2−, Mg2+, and Ca2+) template in
smart water with a constant salinity (40,572 ppm) to justify effective mechanisms at macro and micro scale in
a coated carbonatedmicromodel system. A set of experimental tests such as X-ray diffraction (XRD), compatibil-
ity, zeta potential, interfacial tension (IFT), and contact angle (CA) were conducted to determine the type of rock
and examine the effect of ions on oil/brines/rock interaction, combined with carbonated coated micromodel
flooding tests to determine the optimum smart water solution. Zeta potential tests revealed that the excess
amount of SO4

2− and Mg2+ changed the surface charge into highly negative and positive ones, respectively.
Two times excess amount of SO4

2− (SW2S) had a key role to alter the wettability by measuring CA from 40° to
147°, however, no considerable relation amongoil/brines interactionwas observed for the IFT reduction. Findings
corroborated that Ca2+ and SO4

2−were themajor components for desorbing the carboxylic group from the calcite
surface at room temperature. The carbonated coated micromodel flooding results showed that SW2S led to
higher ultimate oil recovery (~38%), reconfirmed that wettability alteration was the main mechanism and re-
sulted in better pore-scale performance by less amount of residual oils and discontinuities around the carbonated
coated grains.

© 2020 Published by Elsevier B.V.
1. Introduction

Importance of the enhancements in the oil recovery has been in-
creased because of limitednumbers of the oil reservoirs. As a fact, the re-
covery factors of sandstone reservoirs are dominant than carbonates
due to the presence of harsh conditions in the carbonated reservoir
[1,2]. Therefore, finding an appropriate method to augment enhanced
oil recovery (EOR) is one of the most vital steps in the oilfield develop-
ment plans, especially in the carbonated reservoir. Smart waterflooding
has become one of themost essential EOR processes due to their poten-
tial benefits in the oil recovery enhancement compared to the conven-
tional sea water (SW) injection [1]. Adjusting/optimizing of different
types of salts by changing in their concentrationwhich resulted in alter-
ing the initial equilibrium of porous media is well-known as smart
water and it can be applied in secondary and tertiary recovery process
[3,4]. It has a great potential to effect on the rock/fluid and fluid/fluid
r (S. Kord), tamsilian@scu.ac.ir
mechanisms in oil reservoirs toward the more water-wet condition
and optimize the ultimate oil recovery in the porous medium [5–7].
Changing the waterflood salinity/chemistry can increase oil recovery
from carbonate reservoirs by 5–25%; however, the main mechanisms
that participated in this method are still unclear [6,8–10].

A large number of hypotheses and mechanisms have been recom-
mended to explain the effect of the smart water injection on the oil pro-
duction, including the increase in pH to in-situ saponification, change
the surface charge, and decrease the interfacial tension (IFT) [11–14],
fines migration [15,16], multicomponent ionic exchange (MIE) [17,18],
double-layer expansion (DLE) [19–21], and wettability alteration
[22–25]. The present literatures proposed the wettability alteration as
themost effectivemechanism [2,6,26], however, side effectsmechanisms
such as surface ion exchange, surface charge change, and DLE consider-
ably impacted at the pore-scale [2,27,28]. Studying on the wettability al-
teration mechanisms based on the effect of existing ions in the aqueous
solution was initiated in the 2000s which became the cornerstone for
the further development by researchers [2,22,29]. For the first time in
2005, Hoegnesen et al. investigated the impact of changes in the ionic
composition of the carbonate reservoir resulting from the smart water
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injection. In this study, researchers used sea water with 33,000 ppm con-
centration as a base fluid where the concentration of SO4

2− ion was
changed as a potential determining ion (PDI) at various temperatures
(70–130 °C). They observed that spontaneous imbibition rate increased
at higher levels of temperature and SO4

2− concentration [30]. In the fol-
lowing, a large number of studies were carried out on symbiotic and indi-
vidual impacts of various divalent ions on proposed mechanisms such as
wettability alteration by measuring fluid-solid contact angle (CA)
[5,7,17,23,26,31–33], IFT reduction [25,34–36], DLE [21,37–39], rock dis-
solution [5,37,40,41], and change the surface charge (zeta potential)
[14,26,42] in carbonated rocks at both room and high temperature. Find-
ings illustrated that there were several mechanisms participated in smart
waterflooding in carbonated reservoirs; although the wettability modifi-
cation into water-wet state for the ultimate oil recovery could be the
main cause during smartwater injection. However, this alteration and re-
lated mechanisms is still unclear and needs more discussions.

Up to now, in experimental scalemost researches have been focused
on the core scale by conducting core flooding and spontaneous imbibi-
tion experiments [2,6,25,27,43–46] and there is no investigation of the
smart water effects through the pore-scale like the glassmicromodel vi-
sualization. Other side, most of the pore-scale micromodel investiga-
tions have been implemented for the sandstone reservoirs under a
range of temperature and salinity because ofmicromodel characteristics
mainly similar to the sandstone [1,47–51]. Ding et al. in 2019, a series
micro and macroscopic experiments implemented in chalk rock by ap-
plying μ-CT images. Results demonstrated that decreasing the Ca2+ con-
centration was more effective than excess amount of SO4

2− in the
wettability alteration state into water-wet [52]. In 2020, Mohammadi
and Mahani conducted a visually test on the etched carbonated
micromodel (Spar calcite) to evaluate the impact of low salinity
waterflooding (LSW) after the high salinity water injection. Their re-
sults visually showed that LSW had a great potential to increase the ul-
timate oil recovery by considering wettability alteration mechanism in
the micromodel [53].

Current researches evidently imply that low salinity/smart
waterflooding can lead to the additional oil recovery. Therefore, two sa-
lient features, the cost-effectiveness and easy accessibility, would make
this process a promising candidate for an enhanced oil recovery. Al-
though, carbonated rocks still suffer from lack of sufficient mechanistic
analyses at pore-scale and rock complexities. Furthermore, the uptake
of underlying chemical and physical interaction in individual and sym-
biotic effect of ions to better understanding mechanisms requires
more specific investigation to determine the most effective and appro-
priate smart water solution. In this paper, the influence of symbiotic be-
havior of different ions concentration (SO4

2−, Mg2+, and Ca2+) on the
compatibility, surface charge, wettability alteration, and IFT reduction
was investigated. For the first time, the carbonated coated glass
micromodel was applied to investigate about the underlying pore-
scale mechanisms of smart water solutions in a carbonated reservoir.
The outcomes of this research would be lucrative to determine an ap-
propriate concentration of divalent ions during the smartwaterflooding
in the coated carbonated micromodel at both micro and macroscopic
scale. Herein, firstly, the determination of oil properties and brines' cal-
culation were performed. Next, the smart water preparation,
micromodel manufacturing, and XRD test were conducted. Finally, a
set of experimental tests including compatibility, IFT, zeta potential
(pure calcite and smart water solutions), and CA experiments alongside
the flooding experiments in a carbonate coated micromodel were car-
ried out to determine the optimum smart water solution.

2. Materials and methodology

2.1. Materials

Six different kinds of salts dissolved in deionized water including
NaCl, KCl, CaCl2, MgCl2(6H2O), Na2SO4 and NaHCO3 provided by the
Merck Company (Germany) with 99% purity were used to prepare syn-
thetic smart water solutions. Synthetic sea water was prepared based
on the Persian Gulf sea water components and the total dissolved salin-
ity (TDS) of 40,572 ppm. Nine types of smart waters were synthesized
with the same TDS of SW. For instance; double concentration of Mg2+

denoted by the symbol of SW2Mg in the smart water was compared
to the SW at the constant concentrations of Ca2+ and SO4

2−. Specifica-
tion of all brines used in this study are given in Table 1. The order of
adding salt into DIW was so important since it could increase the final
stability up to 10 times higher than the other methods. Therefore, the
process started with divalent cation brine (CaCl2 and MgCl2. 6H2O),
and sequentially continued by adding NaCl, KCl, Na2SO4, and NaHCO3

[23]. Moreover, formation brine (FB), a slight amount of Sr2+

(1460 ppm), NO3
− (153 ppm), and Li (5 ppm) included, was used to car-

ried out the compatibility tests, the composition is listed in Table 2.
The crude oil sample was prepared from one of the southern Iranian

oilfields. The polarity of the crude oil referred to the heteroatoms such
as sulfur, nitrogen, and oxygen existing in the functional groups of acidic
and basic organic molecules in the crude oil such as the asphaltene and
resins. Using afiltration paperwith an average pore diameter of 5mmin
addition to a vacuum pump allowed the solid particle to be removed
from the sample. The chemical specification analysis of the sample is
listed in Table 2. Viscosity, density, and asphaltene content were mea-
sured using Cannon Fenske viscometer (size=200, Cannon Instrument
Company, USA), DMA45 digital densitometer (Anton Paar, Austria), and
modified method of standard IP143 method [54], respectively.

2.2. Methodology

The micromodel patterns and characteristics presented in Fig. 1a, b
and Table 3 including single fracture, and double permeability solidma-
trix, was designed to examine the impact of the smart waterflooding in
a porousmedium. Themicromodel developed in this study consisted of
two glass plates with 6 mm thickness, 140mm in length, and 60mm in
width designed by well-known and high technology software.

Themicromodel setup included a camera (EOS70D, Canon, Japan) to
capture high-quality pictures, a precise differential pressure to measure
the pressure for the absolute permeability determination, a high accu-
racy syringe pump (SP102 HSM, Fanavaran Nano-Meghyas, Iran) to
control the fluids flow through the micromodel medium, and a light
source for a better insight at the pore scale. After each flooding test,
the glass micromodel was cleaned by the toluene, next by acetone and
distilled water flush and finally became post-flushed by HCl acid to re-
vert the glass micromodel into the initial condition (water-wet)
[55–57]. To consider the actual operation in thefield consisting capillary
number, turbulent flow, and feasibility in the experimental study, the
importance of the viscous forces referring to capillary forceswas charac-
terized using the classical macroscopic capillary number, NCa =
ηwater × vinj / γ, where γ= 22.1 dyne/cm showing the interfacial tension
between the crude oil and deionized water, and ηwater = 1 mPa·s and
vinj = Q/bd, Q (mL/h) is the injection rete for displacing phase, b and d
are the characteristic injection velocity for an average depth b (μm)
and a pore-throat size d (μm), respectively. The injection rate of the
displacing phase would be optimum to be in the specific range of capil-
lary numberwhich is 10−4 to 10−6 for carbonated reservoirs [58]. Since
the flow regime thought the porous media and in themiddle of the res-
ervoirwas laminar, the injection rate (Q) and the capillary numberwere
selected as 0.05 mL/h and 3 × 10−5, respectively. During the entire in-
jection tests, the flow was set at a constant rate and the micromodel
was placed horizontally under the ambient conditions. All the flooding
processes were performed as the secondary flooding and without the
pre-flush. The flooding process stopped after 2 pore volume (PV) injec-
tionswhere the operation timewas approximately 32 h. In the presence
fracture, the aqueous solutions phase displaced automatically oriented
to move into the direction of the fracture route due to the zero-
capillary pressure. Hence, the displacing fluid depleted the wetting



Table 1
Brine composition in synthetic smart water.

Brines Na+

(ppm)
K+

(ppm)
Cl−

(ppm)
Mg2+

(ppm)
Ca2+

(ppm)
SO4

2−

(ppm)
HCO3

−

(ppm)
Concentration
(ppm)

pH Ionic strength (mmol/l) Density
(g/mL)

FB 72,698 303 115,375 585 5950 168 396.50 195,475 + 1618 7.3 6446 1.1106
SW 12,290 280 22,652 1530 460 3210 122 40,572 8 1291 1.0053
SW0Mg 14,893 280 21,579 0 460 3210 150 40,572 7.96 1311 0.9960
SW0Ca 13,037 280 22,365 1530 0 3210 150 40,572 8.01 1304 1.0018
SW0S 12,867 280 25,285 1530 460 0 150 40,572 7.75 1357 0.9953
SW2Mg 10,179 280 23,233 3060 460 3210 150 40,572 7.56 1278 1.0006
SW2Ca 12,035 280 22,447 1530 960 3210 150 40,572 7.92 1286 1.0059
SW2S 12,205 280 19,527 1530 460 6420 150 40,572 7.96 1233 0.9986
SW4Mg 5464 280 24,888 6120 460 3210 150 40,572 7.14 1246 0.9966
SW4Ca 11,033 280 22,529 1530 1840 3210 150 40,572 7.35 1267 0.9946
SW4S 11,544 280 13,768 1530 460 12,840 150 40,572 8.09 1108 0.9979
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phase in the channel completely, then the fluid started to transfer from
the fracture to the matrix led to better displacement procedures be-
tween the twomatrices. To calculate the ultimate recovery factor during
the displacement procedure, the image processing technique was im-
plemented. A dinolite camera (AM-413ZT model, 200×, 1.3 M pixel,
Taiwan) was used to investigate about the pore-scale phenomena and
mechanisms.

The glass micromodel was made of 90% silica (SiO2), where its min-
eralogy was very similar to the properties of sandstone rock. Coating
with carbonated powders was applied as a new approach to alter the
porous media properties and make it analogous to the carbonated sur-
face. In this regard, the first stepwas to prepare a suspension of calcium
carbonated powder suitable for the injection, avoiding critical deposits
in the glass micromodel. An injection process had to be contrived for
the actual powder coating of the pore network, requiring several tests
before establishing an optimized and successful protocol. Finally, the
suitable concentration of the dilute suspension of CaCO3 powder was
found as 2 wt% which resulted in avoiding the pore plugging and
obtaining a homogeneous powder distribution in the pore network. In
the following, the suspension injected into the glass micromodel by a
general syringe at a high injection rate to postpone the powder precip-
itation. As a final step, drying procedure performed in the oven at 100 °C
for five days where the selected temperature did not let any clay degra-
dation [59]. Moreover, carbonate powder settled in the micromodel
space inside the pores and on the glass surface. Powder distribution
was almost constant during injection due to very low flowrate
(0.05 mL/h) and low viscosity of the injection phase. The results ob-
tained after the coating procedure are displayed in Fig. 1c.

To make the carbonate coated micromodel into oil-wet medium, it
was saturated with the crude oil for 48 h before each test. Fig. 1d, e,
and f show how the micromodel and coated grain became oil-wet
after 48 h aging with crude oil. In this study, contact angle method
was used to show the change in the properties of the micromodel sur-
face. The low-thickness calcite powder was pressed onto the glass sur-
face to provide a very smooth and uniform layer. It was then placed in
a furnace to keep the powder on the glass surface. Fig. 1g, h, and i dem-
onstrates carbonated coated micromodel before and after aging with
crude oil and after 168 h aging with SW2S as an appropriate smart
water solution, respectively.Moreover, Fig. 1j, k, and l shows carbonated
coated micromodel snapshot from surface roughness before and after
Table 2
Crude oil properties.

Properties Density [g/mL] API Acid number [mg KOH/g oil] S
[w

S

Value 0.87 33 2.9 4
aging and after aging with SW2S, respectively. Results illustrated the
layer of carbonated powder precipitate changed the properties of the
original quartz minerals. During each experiment, images were cap-
tured from the micromodel using a high-resolution camera (AM-
413ZT model, 200×, 1.3 M pixel, Taiwan).

To minimize the uncertainty of glass micromodel and pore network
properties determination, carbonated core sampleswere provided from
one of the Iranian south oilfields to conduct the wettability alteration
experiments. Core sample was given in the cylindrical form with 9 cm
length and 2 cm in diameter. To prepare the thin slices for CA test, a
core trimming machine was employed to cut the core samples into
the horizontal slices. Soxhlet extraction was also used for the cleaning
process by toluene to extract the hydrocarbon and later methanol to re-
move the salts. Then, all cleaned core samples were dried in an oven (~
80 °C, 7 days). The slices were shaved and polished to reach a flat
smooth surface which were aged in the same oil sample at 80 °C for
4 weeks to reach the oil-wet condition. The diameter and thickness of
the rock slices were almost 1 cm and 3 mm, respectively. D8 Bruker
X-ray diffraction (XRD) (Germany) device was used to determine the
rock type of carbonated slices.

2.3. Measurements

2.3.1. Compatibility test
Various types of cations and anions ions in the smart water solutions

may result in undesirable precipitation. Hence, two different types of
compatibility experiments were carried out for the smart water solu-
tions. The first experiment was implemented for all smart water solu-
tions at high temperature (80 °C) to check the ions precipitation. For
this purpose, 10 mL of smart water solutions were poured in the sealed
tube tests and kept them in oven for onemonth. The secondone focused
on the behavior of smart water solutions in the presence of FB at high
temperature (80 °C) after one month. In the following, 5 mL of smart
water and 5 mL FB added to sealed tube and put them on the oven.

2.3.2. Zeta potential test
Calcite slice was crushed into fine powders and then soaked by de-

ionized water in sealed bottle to determine point of zero charge (PZC).
As well as, different pH values were adjusted by adding NaOH and HCl
for above and under 7, respectively [2]. In the following, the sample
ARA
t%]

Viscosity [mPa·s]

aturates Aromatics Resins Asphaltene

9.2 37.6 8.1 4.63 40.28



Fig. 1. a) Glass micromodel pattern, b) micromodel main characteristics, c) microscopic images of carbonated powder coating in glass micromodel (A and B before coating, C and D after
coating), d) glass micromodel snapshot before aging and e) glass micromodel snapshot after 48 h aging with oil, f) surface coated grain still completely oil-wet after 32 h water injection,
g) carbonated coatedmicromodel snapshot before aging, h) carbonated coatedmicromodel snapshot after 48 h aging with oil and i) carbonated coatedmicromodel snapshot after 168 h
aging with SW2S, j) carbonated coated micromodel snapshot from surface roughness before aging, k) carbonated coated micromodel snapshot from surface roughness after aging, and
l) carbonated coated micromodel snapshot from surface roughness after 168 h aging with SW2S.
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Table 3
Glass micromodel specification.

Parameters Value Unit

Pore volume 0.787 cm3

Porosity 53 %
Permeability 549 MD
Average depth 160 μm
Length 140 mm
Width 60 mm
Pore throat in high permeable zone 200 μm
Pore throat in low permeable zone 100 μm
Fracture length 60 mm
Fracture width 600 μm
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was smoothly stirred for 48 h, after which the mixture was filtered by
applying 0.45 μm filter papers under a vacuum pump. In the case of
zeta potential experiment of smart water solutions, the crushed pow-
ders were applied for a solid/liquid solution by combining 0.125 g of
the calcite powder to 20 mL of smart water solutions in a 25 mL sealed
bottle [60]. The sealed bottle was put on a multi-wrist shaker for condi-
tioning in ambient condition for 72 h. The conditioned suspensions
were allowed to settle at room temperature for a minimum of 1 h
until a clear suspension was visually seen through the tube. Then, the
fine particles suspended in mixture were drained by a spinal needle
and filteredwith a 5 μm syringe filter to provide final sample and trans-
ferred into a standard cuvette for zeta potential tests. All zeta potential
experiments were carried out at room temperature by applying a
Micromertrics zeta potential analyzer (HORIBA, Japan). Each sample
measurement was repeated 3 times to determine the mean value with
±4% standard error deviation bar.
2.3.3. Contact angle test
The contact angle method was used for the evaluation of the wetta-

bility alteration mechanism and checking the interaction of different
fluidswith rock slices, affecting capillary pressure, relative permeability,
waterflooding behavior, and electrical properties [61]. After preparing
the rock slices, all were immersed in oil for 40 days at 60 °C temperature
while being kept in the oven. The effects of different brines on the wet-
tability alteration were assessed using the sessile drop method under a
simple and accurate setup in the ambient condition capturing the image
of drop shape by a Dino-Lite Edge digitalmicroscope (AM-413ZTmodel,
200×, 1.3 M pixel, Taiwan). A specific cross section was allocated for
each contact angle test. Contact angle was recorded in 5 steps, initial
condition (0 h), 24, 48, 72, and 168 h after agingwith aqueous solutions.
To generate trustworthy data, the angle recording time interval was set
15 min for all tests. Each CA test was repeated three times to report the
mean value. Moreover, the contact angle valueswere reported from the
inside of the oil droplets.
Fig. 2. Compatibility test for a) smart water solutions after two months in ambient condition a
temperature (80 °C).
2.3.4. Interfacial tension test
The IFT value was calculated using the accurate image processing

software. The rising bubble pendant drop method was also applied to
measure the IFT value between different types of smart water and
crude oil. The VIT 6000 apparatus (Fars Enhanced Oil Recovery Com-
pany, Iran) was carried out for IFT measurements at room temperature.
Each IFT test was repeated four times to assess the stability of IFT values
for different types of smart water and the mean IFT value was reported
with the error bar deviation.
3. Results and discussion

3.1. Compatibility analysis

By visual analysis, it was clear that all of the ions were compatible in
the aqueous solution and no significant precipitation was observed at
80 °C after one month, presented in Fig. 2a. These results confirmed
that the priority of adding salts was an appropriate procedure which
was completely eliminated the salt precipitation problem during the
smart waters preparation.

Fig. 2b shows smart water solutions combined with FB at 80 °C. No
precipitation was observed in the lower concentration of divalent cat-
ions and anion. Besides, the amount of precipitated solid material for
SW4Mg and SW4Ca was negligible in the presence of formation brine.
However, in the case of SW4S, the precipitation value was considerable
compared to the other types of smartwater. Findings illustrated that the
optimum concentration for SO4

2− was more essential than enhancing
the concentration which could be control reservoir scaling during
smart water flooding [62], especially in the presence of formation brine.
3.2. Wettability alteration measurement

Fig. 3 provides the results of the quantitative analysis with XRD and
zeta potential performed on the powdered sample. Since therewas only
one sharp peak inside Fig. 3a, it could be concluded that the prepared
sample had no impurities and the rock sample consisted of only one el-
ement (calcite, about 99%). The negatively charged acidic components
of the crude oil were usually adsorbed onto the positively charged
basic carbonate surface to create the Ca2+-carboxylate complex on the
rock surface where the wettability alteration occurred toward the
more oil-wetness regions [12,63]. Results from zeta potential experi-
ments demonstrated charge properties of calcite particles and sug-
gested which ions from smart water solutions had more positive
impact on adsorb and substitute charge according to pH values. Based
on the results from Fig. 3b, PZC for the calcite powder was around
pH⁓8.9 [40,64]. Besides, all pH smart water solutions were approxi-
mately between 7 and 8.1 (Table 1).
nd b) four times excess divalent ions in sea water combined with formation brine at high
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Fig. 3. a) XRD pattern of calcite sample from an Iranian carbonate reservoir and b) zeta potential of pure calcite fine particles in deionized water at room temperature.
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3.2.1. Effect of divalent cations on zeta potential
Fig. 4 illustrates the zeta potential of high purity calcite powder in

the presence of different brines solution. SW had a negative charge
(−6.35mV) related to the ratio of divalent anion and cations concentra-
tion. The SO4

2− concentrationwas 2 times higher thanMg2+ and 6 times
higher than Ca2+ in SW (3210, 1530, 460 ppm, Table 1), confirming the
negative value of SW on the calcite surface charge.

The calcite powder was aged in 10 different types of smart water so-
lution. Adding calcite powder in solutions form a stern layer of adsorbed
ionswhile the hydrated ions stayed in solution. Therefore, different ions
concentrations in aqueous solutions created a various double layer ex-
pansion area, led tomodify calcite surface charge based on the different
amounts of divalent and monovalent ions. According to results from
Fig. 4, the highest zeta potential values were related to excess amount
of divalent cations of SW4Mg (8.18 mV), SW4Ca (5.04 mV), and
SW2Mg (4.36 mV), respectively. Increasing the concentration of Mg2+

had a significant effect on changing the surface charge from negative
to highly positive, presenting a linear ascending relation between zeta
potential value and Mg2+ concentration. Both Mg2+ and Ca2+ were
known as alkaline earth metal from the Mendeleev's periodic table.
Therefore, Mg2+ had a weak base behavior and while a hydration
bond break and change into H+ and OH−, Mg2+ tend to interact with
OH− (due to high concentration) making more the acidic environment
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Fig. 4. Zeta potential of calcite fine particles aged in various brines including sea water (SW),
and pH decreased (Table 1). Furthermore, the same processwas true for
Ca2+, however, the rate of pH changewas lower compared toMg2+ due
to lower concentration and atomic number [65]. In case of SW2Ca, the
sum of divalent cations was lower than sum of divalent anions
(920+1530 b 3210 ppm) resulted in the higher pH (7.92) and negative
surface charge (−2.87 mV) compared to four times excess Ca2+. In
other side, SW4Ca had a great impact on altering the surface charge
andmade it positive (1530+1840 N 3210 ppm) and lowering pHnum-
ber (7.35). Based on the ratio of divalent cations and anion and pH
value, results demonstrated a considerable effect of Mg2+ ions concen-
tration on the behavior of SO4

2− ions to alter the original surface charges
of calcite into positive, while the excess amount of Ca2+ ions had lower
effect compared to Mg2+ on modifying the surface charge in the pres-
ence SO4

2−, especially in 2 times excess amount of Ca2+ [12,60].
3.2.2. Effect of divalent anion on zeta potential
Based on the results for SW4S, a linear descending relation was ob-

served among the excess amount of SO4
2− and surface charge. SO4

2− hav-
ing a strong acidic property interacted with H+ while hydration bond
breakdown to create more basic environment and increase pH
(Table 1). In two- and four-times excess amount of SO4

2−, the negatively
charge slightly and strongly increased compared to SW respectively
4.36

8.18

-0.94

-10.72

-16.96

g SW2Mg SW4Mg SW0S SW2S SW4S
-0.94

-

-

and different divalent ions concentrations (Ca2+, Mg2+ and SO4
2−) at room temperature.
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(−10.72 and− 16.96 mV versus−6.35 mV). This behavior completely
related to disturb the balance among divalent anion and cations
(12,840 N 1530 + 460 ppm) which resulted in highly adsorbing of
SO4

2− on the calcite surface due to higher interaction in stern layer and
better chemical interaction between positive surface charge (Ca2+)
and SO4

2−. This phenomenon probably decreased the surface rock wet-
tability alteration value in the presence of carboxylic groups and pro-
vided a critical condition to divalent cations, finally cations strongly
stick to the calcite surface instead of oil components [14,21]. It is note-
worthy to mentioned that, due to HCO3

− low concentration (150 ppm)
in sea water, the effect of HCO3

− monovalent anion was neglected.
To quantify effects of the smart water solutions on the carbonated

rock, the contact angle measurement was used. The effects of solutions
were evaluated based on the net changes in the contact angle and after
thewettability alteration in 168h. A total of 11 solutionswithout the ad-
dition of any chemicals were prepared to check the effects of the excess
amount of Ca2+, Mg2+, and SO4

2− on the wettability modification. Ac-
cording to Table 4, all slices underwent a similar shift toward the
strongly oil-wet condition. The high oil wetness of the carbonate rocks
referred to the impact of the oil acidity. Some slices showed higher oil
wetness in comparison with the rest of the slices which could be attrib-
uted to the high heterogeneity of the cross-sections.

Sea water was premised as the base water for analyzing the wetta-
bility alteration tests in the presence of different ion concentrations. In
following sections, the wettability alterations were measured at an ex-
cess concentration of Ca2+, Mg2+, and SO4

2−.

3.2.3. Effect of divalent cations on contact angle
Comparing net wettability changing by SW and DIW as a based

smart water solution showed that the net wettability alteration was
equal to 46° ± 2 versus 8° ± 0.4 after 168 h because of the existence
of monovalent and divalent ions (Fig. 5a). It was assumed that the par-
tial rock dissolution was occurred for DIW after 168 h, resulting in the
low speed and poor wettability change [35,66].

Fig. 5b exhibits the different amounts of Ca2+ concentration in the
sea water. It was found that an increase in Ca2+ concentration led to a
more water-wet carbonate surface. In the earlier time (0–72 h) the
pace of wettability alteration was slow (from 0° to 25°), however,
among the 72 to 168 h, a drastic shift occurred in contact angle change
(⁓65°). Confirming that four times excess amount Ca2+ had a great im-
pact on the altering surface bar into positive. Furthermore, maintaining
the rest of ions concentration, the Na+ concentration in SW4Ca get de-
creased the contact compared to SW. Lower Na+ ions concentration
compared to SW into stern layer led to a performance better for Ca2+

ion through the double-layer expansion mechanism to desorb the car-
boxylic groups from rock and change the wettability alteration into
more water-wet state [25,33].

Fig. 5c depicts the role of Mg2+ on the contact angle measurement.
Results suggested the Mg2+ ion played a role of the acid removal ele-
ment in the oil-wet surface and showed that the two times excess
amount of Mg2+ led to a higher wettability alteration (⁓76° ± 2)
whichwas corroborated zeta potential results. Based on the zeta poten-
tial results, four times excess amount of Mg2+ had better wettability al-
teration compared to SW2Mg, however, the amount of the wettability
change in SW4Mg was descending. Excess amount of Mg2+ in
SW4Mg, strongly disrupted the thermodynamic balance between diva-
lent anion and cations which resulted in creating an extra positive
charge on calcite surfaces and adsorbing SO4

2− near the carboxylic
groups. Moreover, decreasing the excessive Na+ ions concentration
Table 4
The initial contact angle of cross-sections at different brine solutions.

Solutions DIW SW SW0Ca SW2Ca SW4Ca

Initial CA 150° 145° 147° 140° 132°
effect on the behavior completely controlled the Ca2+ interaction with
oil components in stern layer and could not be able to desorb the car-
boxylic groups efficiently from calcite rock surface. Results demon-
strated that Mg2+ ions were capable to obliterate the strongly
adsorbed carboxylate groups from the surface grain by changing the
surface charge into positive and modify the wettability of rocks toward
a higher water-wet state in optimum concentration (SW2Mg). Besides,
decreasing the concentration of Na+ in SW2Mg compared to SW had a
great impact on the wettability modification and DLE mechanism dom-
inated in this condition. Although, decreasing the excessive amount of
Na+ and gradually increasing Cl− concentration in SW4Mg had a nega-
tive effect on the performance of Mg2+ and SO4

2−, simultaneously. This
behavior showed that the interaction of Ca2+ depended on themolecu-
lar size and ions activity. Ca2+ with higher reaction rate (higher atomic
number and bigger electronic layer) but due to themolecular size com-
pare to Mg2+ neededmore effective time to enter the chemical interac-
tion co-desorbed the carboxylic groups with SO4

2−, close to calcite
surface. In other words, excess amount of Ca2+ enhanced the positive
charge of rock surface and assisted with SO4

2− to release the crude oil
droplet as a function of time. As well as, Fig. 5b and c demonstrated
SW0Ca and SW0Mg, about four times higher concentration of Mg2+ in
SW thanCa2+ concentration, had approximately an equalwettability al-
teration. Therefore, it could be understanding that in the absence of
Ca2+, SO4

2− had an important role in activating a portion of Mg2+ ions
in the solution (due to hydration bond) and co-desorbing the carboxylic
groups from the rock surface. Other side, this behavior supported that
Ca2+ ions had much higher chemical activity compared to Mg2+ ions
even at quarter of Mg2+ ions concentration. It is noteworthy to bemen-
tioned that, a portion of Mg2+ ions entered to the chemical reaction in
the presence of SO4

2− ions because of its higher concentration and be-
came activated near the surface rock to desorb the surface-active agents
present in the crude oil.

3.2.4. Effect of divalent anion on contact angle
Fig. 5d shows the impact of excess SO4

2− ions concentration on the
wettability alteration during 168 h. Increasing SO4

2− ions concentration
resulted in a more water-wet carbonate surface. However, wettability
alteration for four times excess amount of SO4

2− was lower than that
of SW2S due to highly negative effect on the rock surface charge and
disturbing the thermodynamic balance around the rock surface by
Na+ and Cl− concentration decrease. The highest amount of wettability
alteration was recorded at SW2S with a value of 107° ± 3. Dwindling
the Cl− concentration and controlling the Na+ concentration created
an elegant chance for SO4

2− to access the rock surfaces. Based on this be-
havior, water film became thicker close to the surface due to the repul-
sive electrostatic forces between rock surface and the crude oil interface
which resulted in much better alteration into water-wet state and de-
sorb carboxylic groups. According to zeta potential measurements,
SW2S shift decreased the negative value of surface bar andmade a ther-
modynamic balance on the surface rock to a drastic change in the wet-
tability alteration in the presence of Mg2+, Ca2+, and an appropriate
concentration of monovalent ions [25]. In the case of the SW0S, the
comparison of the net wettability changes after the treatment with
and without SO4

2− revealed that SO4
2− was the most effective compo-

nent in removing the acidic groups from the rock surfaces. Generally,
multi ionic exchangewas an outcome of the interaction among divalent
cations, SO4

2−, and carboxylic groups. Based on the results, the weakest
wettability change occurred in the absence of SO4

2− ions (7° ± 0.15)
compared to divalent ions absence. This behavior confirmed that the
SW0S SW2S SW4S SW0Mg SW2Mg SW4Mg

139° 140° 147° 135° 126° 135°
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salinity after 168 h at room temperature.
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presence of SO4
2− ions in thebrine of calcite rocks as a catalyst to activate

divalent cations [1].
According to the outcomes, Fig. 6 demonstrates the main mecha-

nisms of individually divalent ions on the crude oil desorption from
the rock surface. Fig. 7a to g illustrates the sea water and different ions
concentration behavior (SW0S, SW2Mg, SW2S, SW4Ca, SW4Mg, and
SW4S) based on zeta potential and contact angle tests. In this study, it
Fig. 6. Schematic of divalent ions individually performance in the pres
was illustrated that an increase in the number of divalent ions depend-
ing on the ion's compatibility, zeta potential and appropriate ions con-
centration, which could lead to the effective wettability modification
of the carbonate rock surfaces toward a more water-wet state even at
room temperature. Indeed, the wettability alteration, a time-
dependent process, was caused by the desorption of negatively-
charged components within the crude oil. Potential determining ions
ence of each other on wettability alteration in ambient condition.



Fig. 7. Schematic of sea water and different divalent ions concentration effect according to zeta potential and contact angle results on crude oil desorption from the rock surface.
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(Ca2+, Mg2+, and SO4
2−) was the main reason of multicomponent ex-

change ions which was resulted in desorbed the carboxylic groups
from the calcite rock in the presence of divalent cations (Mg2+ and
Ca2+) and replaced it with SO4

2− [67,68]. The exclusion of Na+ and
Cl− ions from the brine solutions improved the roles of the rest of the
ions existing in the sea water especially for SW2S and SW4Ca. The pres-
ence of the divalent cations in the smart water after 168 h was vital for
an effective wettability alteration process. A different type of smart
water with a lower amount of Na+ and Cl− could perform better than
SWdue to the double layer expansion. However, the presence of mono-
valent ions in the vicinity of divalent ionswas a crucial factor for a better
wettability modification. It was well understood that Ca2+ and SO4

2−

were more effective thanMg2+ andmonovalent ions. Besides, immers-
ing the calcite rock slices in the brine solutions, it was observed that the
wettability change was very much fortified by adding the excess SO4

2−

concentration. However, the speed of the wettability alteration in ex-
cessMg2+ ionwas higher than the SO4

2− and Ca2+. It could be notewor-
thy to mention that the interplay between Ca2+, and SO4

2− was the key
factor for removing acidic components from the oil-wet surfaces at the
room temperature. The outcomes from wettability alteration tests for
smart water solutions supported that the sea water with two times ex-
cess SO4

2− concentration was the most effective and practical solution.
3.3. IFT measurement

The interfacial tension values between the oil and smart waters are
represented in Fig. 8. According to the previous studies, the IFT between
the high saline water and oil was high due to the existence of various
ions with high concentration, which resulted in decreasing fluid-fluid
interaction and increasing bypassed oil [2]. Refer to researchers' sugges-
tion to use selective ions for improving IFT reduction, it was essential to
measure this parameter in order to detect the appropriate smart water
solutions with a preferable impact. Keeping the constant salinity
concentration in all smart waters at 40,572 ppm, the kind of ion altered
in the sea water was the only changeable element for interfacial tension
measurements. IFT value for DIW and SW as a based comparative fluid
were 22.1 and 19.3 dyne/cm, respectively. Comparing the IFT results
for smart waters revealed that decreasing the number of divalent ions
caused in IFT increasing, especially in the case of Mg2+. This behavior
was taken from Mendeleev's periodic table that Mg2+ has smaller
atomic radius compared to Ca2+which is resulted in higher charge den-
sity. Hence, Mg2+ had effective chemical interaction with surface active
agent from crude oil (resin and asphaltene) [65]. According to the SARA
analysis of the oil phase, it was noticed that the oil sample was mainly
composed of saturating and aromatic components. Enhancing the con-
centration of MgCl2 and CaCl2 in aqueous solution motivated resin and
asphaltene molecules to transfer into the interface, while monovalent
ions such as sodium chloride did not intend to transfer the resin and
asphaltene contents [31]. On the other hand, the addition of SO4

2− had
a lower effect on the IFT value compared to divalent cations. SO4

2− pre-
ferred to participate in chemical interaction with rock surface (rock/
fluid) due to properties. To magnify the positive impact of Mg2+ and
Ca2+ on the IFT reduction it was necessary to reduce the amount of
Na+ and Cl−. Adding different salts to the system could change the nat-
ural surfactant distribution (including asphaltene and resin) at the
fluid/fluid interface along with electrostatic forces effects and conse-
quently, the IFT values changed. However, the IFT reduction for different
excess divalent ions in the presence of salinity was not impressive com-
pared to chemicals such as surfactants [6,69].
3.4. Carbonated coated micromodel flooding tests

To justify the recovery factor results and investigate the pore-scale
mechanisms, flooding tests for deionized water as a conventional
waterflooding process, sea water, and selected smart waters (SW2Mg,
SW4Ca, and SW2S) based on the compatibility, zeta potential, contact
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angle and IFT results were conducted. According to Fig. 9 to show the oil
recovery results, breakthrough started at earlier time after 0.22 pore
volume injection in all waterflooding injections. Because of the high
mobility ratio, the water fingering process happened in DIW flooding
caused an acceleration in the breakthrough time, the mobility ratio in-
creased and finally the water channeling phenomenon occurred. After
breakthrough point, the oil recovery value did not significantly change
and it was achieved as 26.2% by DIW flooding. Moreover, after 2 pore
volume injections, high amount of the residual oil around the surface
grain was observed.

The amount of recovery factor for SW, SW2Mg, SW4Ca, and SW4S
was 30.4, 32.9, 34, and 38%, respectively. The similar viscosity of sea
water and smart water solution with DIW, homogenous pattern, and
water channeling phenomenon occurred, all three reasons caused to
obtain the same breakthrough after 0.22 pore volume likeDIW flooding,
resulting in not considerably change in the oil recovery value after the
breakthrough time. However, the recovery factor for the value smart
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Fig. 9. Oil recovery factor after 2 PV injection of deionized water, se
waters was higher than that of DIW flooding due to the wettability al-
teration, higher IFT reduction, emulsification mechanism and also
lower discontinuity. It is essential to mention that, the difference in oil
recovery numbers are low meaning that the differences plotted in the
Fig. 9 between the cases are significant and hence are caused by differ-
ences in the water compositions used.
3.4.1. Effects of salts on residual oil in smart waterflooding
Having the higher final oil recovery for SW2S than that of the other

flooding agents with the same breakthrough in Fig. 9, microscopically
comparing the flooding patterns and residual oil in Fig. 10a, b showed
the less amount of residual oil around the carbonated coated grains
for the case of SW2Sflooding. This phenomenon resulted from the effect
of the injected fluid in the IFT reduction between the fluid/fluid interac-
tion and wettability alteration rock/fluid interaction, presenting the
below results in aforementioned sections:
1 1.2 1.4 1.6 1.8 2

Volume

DIW SW

SW2S SW2Mg

SW4Ca

a water and smart water solutions in glass coated micromodel.
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Zeta potential : SW4SbSW2SbSW0MgbSW0CabSWbSW2CabSW0S

bSW2CabSW4CabSW4Mg

Wettability alteration : SW0SbSW0CabSW0MgbSW4MgbSW4SbSW

bSW2CabSW2MgbSW4CabSW2S

IFT Reduction : SW0MgbSW0CabSW0SbSWbSW2SbSW2Ca
� SW4SbSW2Mg � SW4CabSW4Mg

3.4.2. Emulsification mechanism at pore-scale
Fig. 10c shows thewater trapping happened among the oil layers for

DIW, SW and SW4S solutions, defined as water in oil emulsion at the
pore-scale. The existence of surface-active materials like Mg2+, Ca2+,
resin, and asphaltene as the third component in an emulsification pro-
cess resulted in the IFT reduction between two phases and could stabi-
lize and increase the number of dispersed droplets. The water droplets
were dragged into the oil pool in the vicinity of the interface between
the two phases. Moreover, in constant rate better, smaller, and more
stable water in oil droplets occurred in higher capillary number areas
(bigger pore throat). Other side, the impact of emulsion droplet size dis-
tribution was expected to dominate the oil recovery flow mechanism
[70]. The water in oil emulsion coming from the presence of ions facili-
tated the flow of displaced phase in the invasion zone and improved the
final swept efficiency during 2 PV injections. No droplets occurred in de-
ionized water in both high and low permeable zone due to the absence
of ions, the emulsion droplet size in SWwas slightly bigger than that of
smart water which agreedwith theMaaref et al. results about the effect
of IFT and optimum divalent ions at the fluid/fluid interface on the
emulsion size droplet and the ultimate recovery [50].

3.4.3. Fingering mechanism and discontinuity phenomenon at pore-scale
Results from Fig. 10d revealed a direct impact of the pore throat size

on the discontinuity thickness. The number of interruptions and
fingering intensities in smaller pore throat areas was higher than the
bigger pore throat. This effect interrupted the displacing fluid, which re-
sulted in decreasing the final oil recovery. The discontinuity in the ma-
trix resulted from the fingering problem during the flooding process
where was lower for the aqueous solutions in the high permeable
areas due to the lower capillary number. The non-wet phase preferred
to move through the lower capillary pressure-pore throats, a better
flow distribution was yielded to increase the fluid flow duration into
the larger pore throats areas. Consequently, it provided enough time
for the aqueous solutions to be in contact with the oil phase to affect
the IFT reduction value and wettability alteration. Therefore, the num-
ber of discontinuities decreased in the high permeable zone. Generally
speaking, the fingeringmechanism distribution had a significant impact
on raising the number of discontinuities in the porous media with dif-
ferent pore throat sizes. Besides, the thickness of residual oil among
most of the grains in the presence of salinity became thinner after 2
PV injections due to the effective interaction between the salinity, pow-
der grain, and crude oil.

4. Conclusion

This study was outlined the symbiotic effects of different ions con-
centration (SO4

2−, Mg2+, and Ca2+) as smart water solutions on
Fig. 10. a) Distribution of the aqueous solutions (DIW, SW, and SW2S) and crude oil inmicromo
residual oil amount around grain after 2 PV injection in glass micromodel, c) evidence of wat
SW2Mg, SW4Ca, and SW2S after 2 PV injection in coated micromodel (all tests at room tempe
carbonated reservoir mechanisms including compatibility, surface
charge by zeta potential, wettability alteration, and IFT reduction at
macro andmicro scale. A coated carbonatedmicromodelwas developed
to evaluate the effects of selected smart water on the ultimate oil recov-
ery and the pore-scale mechanisms. According to the experimental
analyses, the wettability alteration was the most effective mechanism.
Next, three smartwater solutions, SW2S, SW4Ca, and SW2Mg alongside
DIW and SW were selected for the micromodel flooding tests. It was
found that the SW2S had the best performance through the flooding
procedure compared with other aqueous solution by checking residual
oil, water in oil emulsifications, and number and diameters of disconti-
nuity. The essential findings were summarized as follows:

• All of the saline waters were compatible with smart water solutions
andnoprecipitationwas observed at 80 °C. The outcomes represented
that the order of the addition of different salts into deionized water
was important avoiding any precipitation. However, four times excess
amount of SO4

2− slightly precipitated in the presence of formation
brine at 80 °C.

• The influence of divalent ions on surface charge was investigated by
zeta potential experiments. Results depicted as much as the excess
amount of divalent cations and anions high, the process of changing
the surface charge into positive and negative values took more inten-
sive. The zeta potential values comparison outlined as below:

SW4SbSW2SbSW0MgbSW0CabSWbSW2CabSW0SbSW2CabSW4CabSW4Mg

• Higher potential in the wettability alteration was achieved by using
two times excess amount of SO4

2− in the seawater after 168 h. Results
represented that optimum divalent and monovalent ions concentra-
tion could be more effective to desorb the carboxylic group from the
rock surface. The effect divalent ions concentration in the brines on al-
tering wetting state compared as below:

SW0SbSW0CabSW0MgbSW4MgbSW4SbSWbSW2CabSW2MgbSW4CabSW2S

• IFT results revealed that using the saline waters reduced the IFT for all
cases and excess amount of divalent cationswere found to have a bet-
ter impact on IFT reduction. However, no considerable relation among
fluid/fluid interaction and smart water solutionwas observed. The ac-
tivity of brine solutions in IFT reduction were given below:

SW0MgbSW0CabSW0SbSWbSW2SbSW2Ca � SW4SbSW2Mg
� SW4CabSW4Mg

• Based on experimental results, SW2S, SW2Mg, and SW4Ca were se-
lected as the suitable smart water solutions for smart waterflooding
in coated carbonatedmicromodel. SW2Sproducedmore oil compared
to DIW, sea water and other smart waters, attributed to the lower re-
sidual oil and better performance on microscopic mechanisms. The
final ultimate recovery was in the following order:

DIWbSWbSW2MgbSW4CabSW2S
del during six different time steps of 0, 0.1, 0.2, 0.3, 0.6, and 2 PV, b) effect of salinity on the
er in oil emulsification in smart waterflooding, d) thickness of discontinuity in DIW, SW,
rature).
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