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Abstract. Although wettability alteration has been shown to be the main control mechanism of Low Salinity
and Smart Water (LS-SmW) injection, our understanding of the phenomena resulting in wettability changes
still remains incomplete. In this study, more attention is given to direct measurement of wettability through
contact angle measurement at ambient and elevated temperatures (28 �C and 90 �C) during LS-SmW injection
to identify trends in wettability alteration. Zeta potential measurement is utilized as an indirect technique for
wettability assessment in rock/brine and oil/brine interfaces in order to validate the contact angle measure-
ments. The results presented here bring a new understanding to the effect of temperature and different ions
on the wettability state of dolomite particles during an enhanced oil recovery process.
Our observations show that increasing temperature from 28 �C to 90 �C reduces the contact angle of oil droplets
from 140 to 41 degrees when Seawater (SW) is injected. Besides, changing crude oil from crude-A (low asphal-
tene content) to crude-B (high asphaltene content) contributes to more negative surface charges at the oil/
brine interface. The results suggest that the sulphate ion (SO2�

4 ) is the most effective ion for altering dolomite
surface properties, leading to less oil wetness. Our study also shows that wettability alteration at ambient and
elevated temperatures during LS-SmW injection can be explained by Electrical Double Layer (EDL) theory.

1 Introduction

Over the last 10 years, a great deal of research has been con-
ducted to clarify the effect of ion species and injection water
salinity on ultimate oil recovery [1–4]. Laboratory studies
and field experiments have shown that ultimate oil recovery
from sandstone reservoirs can be increased when the salin-
ity of injection water is decreased or the injection water
composition is manipulated using divalent ions [5–18]. How-
ever, Low Salinity Effect (LSE) in carbonates and the
underlying mechanisms leading to trapped oil mobilization
have been less investigated compared with sandstones.

In every waterflooding stage across the world, the salin-
ity of injection water is different and depends mainly on the
nearby water resource, which varies from one field to
another. For example, Persian Gulf seawater is used for
waterflooding the Iranian and Arabian oil fields, while
North Sea water is typically considered for the waterflood-
ing of Northern fields. Furthermore, produced water, recog-
nized as wastewater, and aquifer water are often injected
into oil reservoirs. Variations existing in the concentrations
of monovalent and divalent ions in the injection fluid can

cause rather complex chemical interactions between not
only the injection fluid and reservoir minerals, but also
the injection fluid and crude oil phase. Some of the divalent
ions are called Potential-Determining Ions (PDIs). PDIs are
more reactive towards rock surfaces, so that they can
adhere to the rock surface and directly affect rock surface
charges.

In general, injection water chemistry can be adjusted in
order to reach a desired wettability state towards more oil
recovery. The adjustment of water chemistry can be con-
ducted either by diluting the injection water, which is called
Low Salinity Water (LSW), or by changing the concentra-
tion of effective divalent ions, such as Sulphate ions (SO2�

4 ),
Magnesium ions (Mg2þÞ, and Calcium ions (Ca2þ), which
produces what is called Smart Water (SmW). The contri-
bution of this study to this area of water chemistry adjust-
ment lies in the improved understanding of how wettability
changes occur in carbonate oil reservoirs and which of the
ions included in this study is most responsible for that
process.

Carbonate reservoirs are the main focus of this research
because incremental oil recovery in carbonates are not yet
well explored. In addition, most of the oil left behind in
carbonate oil reservoirs occurs principally because of the* Corresponding author: m_sharifi@aut.ac.ir
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oil-wet nature of these reservoirs. Several laboratory studies
have shown a positive LSE in carbonates [1, 19–21] how-
ever, there are only a few cases demonstrating a negligible
LSE [22, 23] . Traditionally, the LSE has been investigated
through coreflooding and spontaneous imbibition experi-
ments illustrating further oil recovery [19–21, 24–34]. In
addition, the LSE has been studied through other experi-
mental means such as contact angle measurement [35],
nuclear magnetic response [36] and a very limited amount
of experimental work on zeta potential/surface charges
[37–39]. Therefore, this study discusses the LSE in dolomite
reservoirs by continuously observing the contact angle of oil
droplets and measuring the surface charges of dolomite
particles in different SmW receipts.

The principal differences in this work compared with
previous studies are as follows:

� The effect of individual divalent ions through contact
angle and zeta potential measurements is evaluated at
fixed ionic strength.

� The effect of temperature on dolomite surface charges
through zeta potential measurements is systemati-
cally investigated.

� The effect of crude oil physical property such as
asphaltene content on the charge of oil/brine interface
and the wettability state of dolomite minerals is
examined.

The key factor controlling the wettability state of
carbonate particles is the stability of the thin brine film
coating the particle’s surface [40]. The most important
parameter in thin brine film when two oil/brine and
rock/brine interfaces approach one another and contribute
to Electrical Double Layer (EDL) expansion is the disjoin-
ing pressure (P). The concept of P was first introduced by
Derjaguin et al. [41]. Disjoining pressure arises from
London-van der-Waals forces, PLVA, EDL forces, PEDL,
and structural forces, PS, and is defined as:

P ¼ PLVA þPEDL þPS: ð1Þ
Hirasaki [42] extended this concept to wettability states

of oil/brine/rock systems through contact angle measure-
ment as a function of the thickness of the thin brine film.
Any adjustment to salinity and ion content of injection
water generally influences the stability and thickness of
the thin brine film and consequently the wettability state
of oil/brine/rock systems.

The electrical properties of dolomite/water interface
have remained a matter of controversial debate due to
the fact that dolomite-surface reactions appear to be more
intricate than those involving silicates or even calcites.
Besides, the carbonate surface charge can be affected by
ionic strength, pH [37–39], and temperature [43]. In Iranian
oil fields, the formation brines are strongly saline, particu-
larly in carbonate formations, hence the rock surface
charges are fairly expected to be positive due to the high
Ca2+ concentration [44, 45].

PDIs such as SO2�
4 , Mg2+, and Ca2+ can significantly

affect the interactions at the rock/brine interface which
directly influences the EDL in carbonate reservoirs

[27, 37–39, 46]. Increased temperature also plays an impor-
tant role as it results in an increase in the reactivity of ions
towards rock surface. Furthermore, it has been observed
that Mg2+ is able to substitute Ca2+ on the carbonate sur-
face at elevated temperatures above 90 �C [46]. Rao [47]
demonstrated that temperature plays a role in determining
the wettability state in carbonate reservoirs, since high-
temperature carbonate reservoirs turned up to be more
water wet in comparison to low-temperature carbonate
reservoirs.

The aim of this study is, first, to evaluate the effect of
ion content of injection water on wettability alteration
and understand how the PDIs can behave differently at
higher temperatures. Second, this study tries to gain insight
into how crude oil type could influence wettability
alteration during SmW and Low Salinity Smart Water
(LS-SmW) injection. Finally, an attempt is made to clarify
the role of temperature in wettability alteration and
whether temperature can make a difference in the perfor-
mance of PDIs towards dolomite surfaces. To achieve these
aims, contact angle measurements were employed at ambi-
ent and elevated temperatures for SmWs and LS-SmWs
which are reported in the first part of this work. In
Section 3.3, the zeta potential measurements of the brine
samples used to validate the contact angle results are pre-
sented. Finally, all the wettability results acquired in this
study are reported in Wettability Shift Index (WSI) format,
presented in Section 3.4, because this makes it easier to
compare results and allows us to find a more evident rela-
tionship regarding the surface charge data.

2 Material and methods

2.1 Brine

To provide the brine samples in the laboratory, Seawater
(SW) and Formation Water (FW) were prepared by com-
bining different amounts of pure salts with deionized water.
FW was utilized to soak the rock slices to restore the wet-
tability towards initial wettability state as will be described
in Contact Angle section (i.e. Sect. 2.4). SW was prepared
based on the composition of Persian Gulf water and FW
composition was provided from one of the Iranian oil reser-
voirs. In Table 1, SW-4S represents seawater four times
spiked with sulfate concentration. Three expressions are
used in this study to refer to the brines. When the brine
salinity is lower than SW, LSW is used, and if the ion
content of a brine is different compared with SW, it referred
to as SmW, and finally if both ion content and salinity of
injection water are changed, the prepared brine is called
LS-SmW. All brines were filtered through 0.43 lmMillipore
filter and vacuumed in order to reduce the dissolved air
prior to the tests. The compositions of the utilized brine
samples are listed in Tables 1 and 2.

2.2 Rock characterization

The rock samples used in this experimental work were
obtained from a carbonate outcrop in the southwest of Iran.
The following figures show the results of an X-Ray
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Diffraction test of the rock samples. Figure 1 of the support-
ing document (sf.1) shows that the majority of the rock
samples are dolomite.

2.3 Crude oil

Two different crude oil samples were provided from
two Iranian oil fields in the southwest of Iran. The physical
properties of crude oil samples are shown in Table 3. It is
apparent that the main difference in the properties of
crude oil samples is their asphaltene content; crude-B
(asphaltenic crude oil) contains 30 times more asphaltene
compared to crude-A (non-asphaltenic crude oil).

2.4 Contact angle

The contact angle of oil droplets on the dolomite surface
was measured at ambient and elevated temperatures of
28 �C and 90 �C, respectively, using Drop Shape Analysis
apparatus (sf.2 of supporting document). All contact angle
tests were repeated two times in order to check the accuracy
of the tests and to minimize the measurement error. The
measurement error was almost lower than ±5 degrees,
which was made possible by the high-resolution images
captured by the instrument and low surface roughness of
the rock slices which had been polished in the laboratory.
To rigorously evaluate wettability alteration processes on

the dolomite surfaces, the following in-house procedure
was followed:

1. The rock plates were carefully polished to eliminate
surface roughness effects.

2. The polished rock plates were washed in an ultrasonic
bath to remove surface contamination.

3. The washed rock plates were subjected to FW
(connate water) for 5 days at 90 �C in order to restore
the initial wettability state.

4. The first contact angle measurement of oil droplets on
the treated rock plates was conducted at predeter-
mined temperature conditions and was called the
initial contact angle (h0), corresponding to the most
water-wet state.

5. Now, the rock plates were aged in the crude oil
samples for 14 days to restore the original wettability
state. It should be stated that the time needed for the

Table 3. Physical properties of used crude oils.

Crude
oils

Acid
number

(mgKOH/g)

Asphaltene
content
(%)

Density
(gr/cm3)
at 90 �C

Viscosity
(cP) at
90 �C

Crude-A 0.14 0.20 0.84 2.35
Crude-B 0.10 6.00 0.87 3.30

Table 2. The composition of LSW and LS-SmWs used in this study.

Salt 10SW (ppm) 10SW-4S (ppm) 10SW-4Ca (ppm) 10SW-4Mg (ppm)

NaCl 2840 1177 2186 0
KCl 80 80 80 80
MgCl2 643 643 643 2186
CaCl2 138 138 552 138
Na2SO4 449 1796 449 449
NaHCO3 10 10 10 10
Salinity (ppm) 4160 3844 3920 2863
Ionic Strength (M/L) 0.083 0.083 0.083 0.083

Table 1. The composition of SmWs used in this study.

Salt FW (ppm) SW (ppm) SW-4S (ppm) SW-4Ca (ppm) SW-4Mg (ppm)

NaCl 141 314 28 400 11 772 21 859 0
KCl 628 800 800 800 800
MgCl2 2854 6430 6430 6430 21 862
CaCl2 40 287 1380 1380 5520 1380
Na2SO4 2588 4490 17 959 4490 4490
NaHCO3 2011 100 100 100 100
Salinity (ppm) 189 682 41 600 38 442 39 199 28 632
Ionic strength (M/L) 4.220 0.832 0.832 0.832 0.832
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rock plates to be restored is totally different from the
time a core plug requires. Furthermore, this time per-
iod strongly depends on some important parameters
such as temperature, connate water salinity, ion con-
tent, pH, and the physical properties of the aging
crude oil [44].

6. After the aging process, contact angle measurements
were performed to check if the rocks were completely
restored. The contact angle measurements of oil dro-
plets on the treated dolomite samples were assigned
as the original contact angle (hi) which were mostly
at oil-wet state.

7. The rock plates were subjected to specific brine solu-
tions and the contact angle of oil droplets was contin-
uously tracked over a period of 360 h. The final
contact angle indicated whether the brine could
change the wettability state of the rock plates or not.

8. Finally, an index was defined for each brine solution
which implied how much the wettability of each rock
plate had been altered by each brine solution as
follows:

Wettability Shift Index WSIð Þ ¼ hi � hf
hi � ho

: ð2Þ

A WSI close to 0 shows that the brine was not effective
enough to shift the wettability of the dolomite samples from
a strongly oil-wet state towards a less oil-wet state, while a
WSI of 1 demonstrates complete wettability alteration
towards a strongly water-wet state.

2.5 Zeta potential measurement

Zeta-potential measurements were conducted at ambient
and elevated temperatures (28 and 60 �C) and pH of 7.5,
by using Nano Zs (red badge) Zen3600 supplied by
Malvern. The dolomite powders were acquired by crushing
the rock sample into particles with a diameter size of
around 40 microns.

The rock suspensions were prepared by mixing the
dolomite particles with the brines at the ratio of 1%wt.
In order to measure the zeta potential of the oil droplets,
a volume ratio of 1:5 was used to emulsify the oil droplets
in the brine solutions. After preparing a stable emulsion,
the samples were subjected to an ultrasonic bath for around
30 min. The pH of the emulsions was adjusted to 7.5 by
applying HCl and NaOH of 0.1 M concentration. The pH
adjustment may be required several times due to buffer
characteristics of emulsions. After adjusting the sample’s
pH, they were stirred using a magnetic stirring device.

The electrophoretic mobility of suspended dolomite
particles and oil droplets was measured by the instrument,
then the zeta potential was calculated. The electrical field
applied to the emulsions/suspensions causes dolomite parti-
cles and oil droplets to move towards the electrode. Laser
Doppler electrophoresis is employed in calculating the par-
ticles’ mobility, then the potential is calculated using the
Smoluchowski equation [48]. All zeta potential measure-
ments were carried out three times and the average values
were reported as final zeta potentials. It should be noted

that the measurement error was different for each sample;
however, for the best case it was around ±3 mV (for
SW and dolomite particles) and for the worst case, it was
±8 mV (for SW-4Ca and dolomite particles).

3 Results and discussion

In this study, the effect of ionic content of injection water
and temperature on wettability alteration was mainly
addressed through contact angle measurement. Hence, in
this section, the contact angle data for dolomite samples
at ambient (28 �C) and elevated temperature (90 �C), when
SmWs and LS-SmWs are used, is presented.

The contact angle results are validated through surface
charge evaluations at ambient (28 �C) and elevated (60 �C)
temperatures. Finally, the crude oil and temperature effects
are discussed in terms of WSI, which is the best tool for
comparing the acquired results. This experimental work
tries to clarify the role of each divalent ion in wettability
alteration during LS-SmW and SmW injection at ambient
and elevated temperatures.

3.1 Effect of divalent ions on contact angle
at ambient temperature

In this section, the effectiveness of PDIs of SO2�
4 , Mg2+, and

Ca2+ towards wettability alteration of strongly oil-wet
dolomite plates were investigated through contact angle
measurements. It is worth mentioning in this section that
all contact angle measurements were conducted at ambient
temperature (28 �C). Figure 1 shows the contact angle of oil
droplets of crude-A for the period of 360 h when SmW and
LS-SmW were injected into the systems. As can be seen in
Figure 1a, with a fourfold increase in the calcium and mag-
nesium concentration of SW (i.e. SW-4Ca and SW-4Mg),
contact angles decrease from 165 to 119 and 133 degrees,
respectively. Furthermore, it is interesting to note that
while injecting SW solution could change the contact angle
of oil droplets to 140 degrees, the injection of SW-4S
(i.e. solution with increased SO2�

4 concentration) critically
affected the wettability alteration process towards more
water wetness, as evidenced by the shift in contact angle
from 164 to 102 degrees. Figure 1b shows the impact of
ionic content on the wettability alteration during LS-SmWs
injection, which is similar to those for SmWs. Once more,
SO2�

4 is shown to be the most effective ion, as 10SW-4S is
able to alter the wettability of the dolomite samples from
strongly oil-wet into strongly water-wet states (i.e., contact
angle decreases from 158 to 30 degrees). It is noteworthy
that diluting SW by 10 times (10SW) did not contribute
to wettability alteration towards water-wet state, although
it could change the wettability from strongly oil-wet to less
oil-wet state after 360 h. Hence, lowering injection brine
salinity (LSW) is not enough to overcome the attractive
forces between the dolomite surface and oil droplets.
Considering the ionic content of injection water, SO2�

4 is
potentially the most effective ion in SW which could change
the wettability of dolomite particles towards a less oil-wet
state. However, it is noticeable from these results, that
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adjusting the ion content of injection water for diluted
brines (10SW) is much more effective than the high salinity
brines, such as SW. While the contact angle change for
10SW-4S was shown to be around 128 degrees, the change
in contact angle of SW-4S was just 62 degrees approxi-
mately. The mechanisms behind the wettability alteration
achieved by modifying the ion content of injection water
will be discussed later in Section 3.3. For the sake of
completeness, the results obtained for contact angle
measurements of brines with crude-B are provided in the
supporting document (Figures sf3). It should be noted that
figures in sf3 demonstrate similar effectiveness of SO2�

4 in
changing the wettability of dolomite particles towards more
water-wet states when crude-B is used. All the results
obtained, including those for crude-B, are discussed in
terms of WSI in Section 3.4.

3.2 Effect of individual ions on contact angle
at elevated temperature

In this section, the effect of salinity and ion content of injec-
tion water on wettability alteration of dolomite particles at
the elevated temperature of 90 �C is shown. Figure 2

demonstrates the contact angle of oil droplets and dolomite
particles throughout 360 h for SmW and LS-SmW injection
at elevated temperature. From Figure 2a, increasing the
SO2�

4 concentration of SW solution (SW-4S) could shift
the wettability of dolomite plates from strongly oil-wet
(140 degrees) to strongly water-wet state (40 degrees).
Similar to the results obtained at ambient temperature,
Mg2+ and Ca2+ ions in high salinity brines (SW-4Ca and
SW-4Mg) were not able to effectively interact with the
dolomite surface as they could not considerably change
the wettability state. The interesting point that should be
highlighted here is that the wettability alteration due to
SW injection was extremely considerable at the elevated
temperature compared to the ambient temperature (i.e.
for elevated temperatures, the contact angle decreased from
141 to 41 degrees after 360 h). To find out the reason be-
hind this interesting behavior of the SW solution, zeta
potential measurements were performed. These are dis-
cussed in more detail in the next section. Figure 2b shows
that at elevated temperatures, modifying the ionic content
of diluted brines (LS-SmWs) is less effective since they were
less capable of changing the wettability of dolomite samples
at compared with SmW brines. In addition, reducing the
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brine salinity and obtaining 10SW solution, the contact
angle shifted from 150 into 115 degrees which is not compa-
rable with the performance of SW at elevated temperature.
When LS-SmWs were utilized as injection waters, in the
best case, 10SW-4S led to contact angle change from 165
to 82 degrees after 360 h. This shows that although adjust-
ing the ionic content of diluted brines (LS-SmWs) in
ambient temperature was fairly effective to change the
wettability of dolomite particles, this was not observed at
elevated temperature.

3.3 Surface charges evaluation

In order to evaluate the effect of each individual divalent
ion on the surface charges of dolomite particles and to
understand their roles in wettability alteration, the zeta
potential of dolomite particles in different ionic waters
was measured. Although the interactions at the oil/brine
interface were not the main focus of this study, due to the
paramount importance of interactions at this interface, a
restricted number of electrostatic measurements were con-
ducted. While several researchers have shown that the
surface charge of crude oil at a medium range of pH is neg-
ative, we measured the charges of oil droplets to understand
to what extent they are negatively charged. It should be
added that the zeta potential measurements were limited
to an elevated temperature of 60 �C due to the operating
specifications of the Zetasizer device. But, the trends in
the measured values helped to provide insight into the effect
of temperature on the zeta potential of dolomite and crude
oil droplets.

The zeta potential of dolomite particles and crude oil
droplets is shown in Figure 3. At ambient temperature of
28 �C, surface charges of dolomite particles in SW, 10SW,
and SW-4S aqueous solutions are entirely negative

(�3.5, �15.6, �19.3 mV, respectively), while they are
entirely positive when SW-4Ca and SW-4Mg (5.87 and
3.07 mV, respectively) are used. The negatively charged
surfaces can be explained by the high concentration of
SO2�

4 in SW and SW-4S, which results in SO2�
4 adsorption

and the formation of CaSO�
4 and MgSO�

4 complexes at the
dolomite surfaces. The negative surface charges at the
rock/brine and oil/brine interfaces cause electrostatic repul-
sion between the interfaces and contribute into more posi-
tive disjoining pressure. Hence, when SW, 10SW, and
SW-4S aqueous solutions are used as the injection brines,
due to EDL expansion, the wettability of the dolomites
shifts toward more water wet state that is well in line with
the contact angle results.

The positive surface charges of SW-4Ca and SW-4Mg at
pH of 7.5 can be explained by the high concentration of
Ca2+ and Mg2+ and the consequent adsorption of Ca2+

and Mg2+ ions onto the dolomite surface through the for-
mation of CO3Ca

+ and CO3Mg+ complexes. Moreover,
the positive and negative surface charges at the rock/brine
and oil/brine interfaces, respectively results in electrostatic
attraction leading to negative disjoining pressure. Less dis-
joining pressure also causes a reduction in thickness of thin
film and wettability of the system into oil wet state. There-
fore, for SW-4Ca and SW-4 Mg, due to electrostatic attrac-
tion between interfaces, the wettability should remain oil
wet state that was well approved by contact angle results.

From Figure 3, two distinct trends can be observed in
surface charges of dolomite particles and crude oil droplets
as influenced by temperature. In one hand, enhancing
temperature from 28 �C to 60 �C contributes to an increase
in negative the surface charges of SW, 10SW, and SW-4S
to �18.01, �22.5, and �30.2 mV, respectively. The inten-
sity of incremental negative zeta potential for the SW solu-
tion is two times that of the 10SW solution. This implies

SW 10SW SW-4S SW-4Ca SW-4Mg Crude A-SW Crude B-SW
T=28c -3.5 -15.6 -19.3 5.87 3.07 -18.5 -27.32
T=60c -18.01 -22.5 -30.2 34.6 37.6 -32.7 -48.2
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Fig. 3. Zeta-potential of crude oils in SW and dolomite particles emulsified in LSW and different SmW receipts at ambient pressure
and pH of 7.5.

M. Fattahi Mehraban et al.: Oil & Gas Science and Technology - Rev. IFP Energies nouvelles 74, 36 (2019)6



that the contribution of negative PDIs, such as SO2�
4 ions,

on surface charges of dolomite particles grows dramatically
when temperature increases from 28 �C to 60 �C. On the
other hand, increasing temperature results in a considerable
additional positive surface charge for SW-4Ca and SW-4Mg
(34.6 and 37.6, respectively) which is due to additional
Ca2+ and Mg2+ adsorption onto the dolomite surfaces, at
the higher temperature, in forms of CO3Ca

+ and CO3Mg+.
Consequently, in terms of wettability alteration theory,

increasing temperature causes an enhancement in PDI’s
adsorption on the dolomite surfaces. But, wettability state
of dolomites depends on the principal PDI in the solution,
which for SW solutions turns out to be the SO2�

4 ion. That
is why in SW, 10SW, and SW-4S solutions the negative
surface charges of dolomite particles grew when tempera-
ture was increased to 60 �C. On the opposite side, in
SW-4Ca and SW-4 Mg solutions which are free of SO2�

4 ,
the positive surface charges of dolomite particles grew dra-
matically at higher temperatures.

Figure 3 also demonstrates that both crude oil samples
were negatively charged in SW at ambient temperature
(the surface charges of crude-A and crude-B in SW solution
were �18.5 and �27.32 mV, respectively). Noteworthy is
that crude-B was more negatively charged, which might
stem from the different origins of these two crude oil types.
It shows that at the same pH, the concentration of deproto-
nated negatively charged species like carboxylic acids
(R–COO–) at the oil/water interface is greater for crude-
B than crude-A. Although the carboxylic acids can be
found in crude oil composition, they are mainly found in
the structure of asphaltenes and resins [49].

As temperature was raised from 28 �C to 60 �C, the zeta
potential of crude-A and crude-B shifted towards more neg-
ative values of �32.7 and �48.2 mV, respectively. This
indicates that increasing temperature leads to more adsorp-
tion of deprotonated negatively charged species with low
pka such as carboxylic acid into the oil/water interface.
Hence, it can be concluded that at higher temperatures,
due to higher negative charges at the oil/water interface
and the rock/brine interface of SW, 10SW, and SW-4S
solutions, the wettability should shift towards a more
water-wet state. On the other hand, the wettability should
go towards a more oil-wet state for SW-4Ca and SW-4Mg

as the surface charges at the rock/brine interface became
more positive.

3.4 Temperature and crude oil effects through
WSI evaluation

In this section, the amount of wettability alteration of
dolomite particles due to SmW and LS-SmW injection
has been studied through WSI measurement. The aim of
this section is to compare different injection water scenarios
by assessing the temperature and crude oil effects on the
wettability alteration process.

Figure 4 represents temperature effect on wettability
alteration during SmW and LS-SmW injection in dolomitic
carbonate rocks. Two clear trends can be observed here.
First, as temperature increases, the SmW and LS-SmWs
effects become evidently more effective when SW,
SW-4SW, SW-4Mg, 10SW, 10SW-4S, and 10SW-4Mg are
injected. However, the increases in WSI of SW-4Mg and
10SW-4Mg at elevated temperatures are very small. This
can be explained by the zeta potential results (discussed
in Sect. 3.3) which showed that the increase in temperature
resulted in a critical enhancement in negative surface
charges of SW, 10SW, and SW-4S. Furthermore, referring
to the zeta potential of crude oil samples in low and
elevated temperatures (Fig. 3), it was observed that tem-
perature effect resulted in additional negative surface
charges even at the oil/brine interface. Therefore, at the ele-
vated temperatures, when both rock/brine and oil/brine
interfaces experience more negative surface charges, the
EDL is expanded by more electrostatic repulsion, and rock
wettability shifts further towards a strongly water-wet state
(Fig. 5a). Second, the wettability indices in Figure 4 also
show that the increase in temperature leads to the reduc-
tion in the SmW and LS-SmW effects as the WSI decreases
from 0.35 and 0.43 at ambient temperature for SW-4Ca and
10SW-4Ca, respectively, to 0.25 at elevated temperature.
This is not surprising since the zeta potential of SW-4Ca
indicated that an increase in temperature leads to more
positive surface charges for dolomite at the rock/brine inter-
face. It was also mentioned that the temperature effect
resulted in an increase in negative surface charges of oil dro-
plets at oil/brine interface. Hence, at elevated temperature,
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Fig. 4. Effect of temperature on the wettability state of dolomite particles, expressed in terms of WSI, for SmWs and LS-SmWs
at ambient and elevated temperatures, and atmospheric pressure.
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an increase in positive surface charges at the rock/brine
interface in conjunction with an enhancement in negative
surface charges at the oil/brine interface would result in
collapsing the EDL due to the more electrostatic attraction
between the interfaces (Fig. 5b) of SW-4Ca. It must be
emphasized that the performance of SW at the elevated
temperature was proved to be higher than SW-4S (0.97
vs. 0.93) which is in line with the zeta potential results
and in agreement with a previous study [27] as well.
Accordingly, it was observed that when temperature was
increased from 28 �C to 60 �C, the negative surface charges
of dolomite particles in SW solution increased sharply by
around �15 mV, while the shift in negative zeta potential
of 10SW and SW-4S was approximately �7 and �10 mV,
respectively. So, the spiky shift in negative surface charges
for SW solution might generate a shock in rock/brine
interface through which the EDL experiences greater elec-
trostatic repulsion.

Now, the role of crude oil type on the wettability
alteration of dolomite particles is examined through WSI
measurements at ambient conditions. As mentioned earlier
in Section 3.1, the contact angle results for crude-B with bri-
nes of different ionic content are provided in the supporting
document (sf.3). Figure 6 shows theWSI for different SmWs
and LS-SmWs when both crude-A and crude-B were uti-
lized. This Figure shows two different trends. First, shifting
from crude-A to crude-B contributes to an increase in WSI
of SW, SW-4S, 10SW, and 10SW-4S towards more water-
wet states. For example, the WSI of SW and SW-4S shifted

from 0.18 and 0.48 for crude-A into 0.41 and 0.84 for
crude-B. Again, the positive SmW and LS-SmW effects
can be explained by the zeta potential results. It was found
that crude-B is more strongly negatively charged at both
ambient and elevated temperatures compared to crude-A.
In addition, it was shown that the surface charges of dolo-
mite particles in SW, SW-4S, and 10SW were entirely
negative at ambient temperature and even more negative
at elevated temperatures. Besides, changing crude oil type
in a crude oil/brine/rock system, the interactions at the
rock/brine interface remain quite unchanged, whilst the
interactions at the oil/brine interface are completely influ-
enced so that zeta potential shifts towards more negative
values (Fig. 4). As a result, for crude-B, the surface charge
at the rock/brine interface remains unchanged, but the
oil/brine interface experiences more negative surface
charges. Hence, the more electrostatic repulsion results in
EDL expansion and consequently the wettability of dolo-
mite rock shifts towards a less oil-wet or a more water-wet
state (Fig. 7a) for SW, SW-4S, 10SW, and 10SW-4S.
Second, as crude oil is changed from crude-A to crude-B,
the SmW and LS-SmW effects become weakened when
WSI of SW-4Ca, SW-4Mg, 10SW-4Ca, and 10SW-4Mg fall
drastically. For instance, the WSI of 10SW-4Ca and 10SW-
4Mg reduce from 0.71 and 0.30 to 0.31 and 0.17, respec-
tively. The reason can be found in zeta potential results,
which showed that the zeta potential of dolomite particles
in SW-4Ca and SW-4Mg were thoroughly positive. Again,
the negative surface charges of crude-B are higher than

Fig. 5. The mechanism of wettability alteration through water injection, temperature effect (a) Rock is negatively charged in SW,
10SW, SW-4S, and 10SW-4S brines (f1) and also the charge at the oil/water interface is negative (f2). Increasing temperature causes
more negative surface charges at the both oil/brine interface (f

0
2) and rock/brine interface (f

0
1), therefore more electrostatic repulsion

exists when temperature increases and wettability shifts into more water-wet states. (b) Rock is positively charged in SW-4Ca (f1) and
also the charge at the oil/water interface is negative (f2). Increasing temperature causes more negative surface charges at the oil/brine
interface (f

0
2) and more positive surface charge at the rock/brine interface (f

0
1), therefore more electrostatic attraction exists when

temperature increases and wettability shifts into more oil-wet states.
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those of crude-A (oil/brine interface). Hence, for crude-B,
the surface charges at the rock/brine interface remain con-
stant and positive, but the surface charges at the oil/brine

interface become more negative. Consequently, the EDL
experiences more electrostatic attraction and gets collapsed
when crude oil changes to crude-B (Fig. 7b).
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Fig. 6. Effect of crude oil type on the wettability state of dolomite particles, expressed in terms of WSI, for SmWs and LS-SmWs at
ambient temperature and pressure (28 �C and 14.7 psi).

Fig. 7. The mechanism of wettability alteration through water injection, crude-oil effect (a) Rock is negatively charged in SW,
10SW, SW-4S, and 10SW-4S (f1) and also the charge at the oil/brine interface is negative (f2). Shifting to crude-B causes more
negative surface charges at the oil/brine interface (f

0
2) while rock/brine interface (f

0
1) remains unchanged, therefore more electrostatic

repulsion exists when crude-B is used and wettability shifts into more water-wet states. (b) Rock is positively charged in SW-4Ca,
SW-4Mg, 10SW-4Ca, and 10SW-4Mg (f1), and also the charge at the oil/water interface is negative (f2). Shifting to crude-B causes
more negative surface charges at the oil/brine interface (f

0
2) whilst the charge at the rock/brine interface (f

0
1) remains constant,

therefore more electrostatic attraction exists when crude-B is used and wettability shifts into more oil-wet states.
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4 Conclusion

In this study, the impact of the ionic content of injection
water and temperature on wettability alteration were inves-
tigated through contact angle measurements. To validate
the contact angle results, the zeta potentials of dolomite
samples in SmWs at ambient and elevated temperatures
were also measured. The most outstanding findings of this
experimental study, which shed light on the underlying
mechanism of wettability alteration during low salinity
and modified water injection, are summarized below:

� It was shown that for LSW (10SW and SW), SmW
(SW-4S), and LS-SmW (10SW-4S) injection, the
EDL expansion due to an increase in electrostatic
repulsion between rock/brine and oil/brine interfaces
plays a very important role.

� Using wettability and zeta potential assessments, it
was observed that SO2�

4 is the most effective ion
involved in the wettability alteration mechanism
during SmW injection.

� Adjusting the ion content of injection water at ambi-
ent temperature for low saline brines, such as 10SW, is
more efficient than higher saline brines, like SW.
However, our observations at elevated temperature
suggest that improving the ionic content of high saline
brines, like SW, is more effective than low saline
brines. This notwithstanding, SW is the most efficient
injection water receipt at elevated temperature not
only based on technical observations such as wettabil-
ity alteration response, but also based on the econom-
ical and easy method of preparation.

� The adsorption of ions which are already responsible
for the rock surface charge at ambient temperature
increases dramatically at elevated temperatures.

� Increase in temperature results in wettability shift
into more water-wet states for dolomite samples when
SW, 10SW, SW-4S, and 10SW-4S are used. On the
other side, the wettability of dolomite samples when
SW-4Ca and 10SW-4Ca were utilized shifts towards
more oil-wet states at higher temperatures.

� Crude oil composition can considerably affect the wet-
tability alteration during SmW and LS-SmW injec-
tion. This is an area which needs more careful studies.
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