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The reservoir rock is made up of different minerals which contribute to the overall
formation wettability. These minerals in their natural state differ in chemistry and
structure, and thus behave differently in an environment of varying composition and
salinity. These have direct implications for enhanced oil recovery due to water flooding,
or wettability alteration due to long-term exposure to brine. With the reservoir rock being a
complex system of multiple minerals, the control of wettability alterations becomes difficult to
manage. One of the dominantmechanisms responsible for wettability alteration is themineral
surface charge, which is dependent on pH, and fluid composition (salt type and salinity). For
the first time, the surface charge development of barite, dolomite, and feldspar minerals in
their native reservoir environments (accounting for the formation brine complexity) is
presented. Also, the effect of oilfield operations (induced pH change) on minerals’
surface charge development is studied. This was achieved by using the zeta potential
measurements. The zeta potential results show that barite and dolomite minerals possess
positively charge surfaces in formation water and seawater, with feldspar having a near-zero
surface charge. Furthermore, the surface charge development is controlled by the H+/OH−

(pH), electrical double-layer effect, as well as ion adsorption on the mineral’s surfaces. These
findings provide key insights into the role of fluid environment (pH, composition) and oilfield
operations on mineral surface charge development. In addition, the results show that careful
tuning of pH with seawater injection could serve as an operational strategy to control the
mineral surface charge. This is important as negatively charged surfaces negate wettability
alteration due to polar crude oil components. Also, the design of an ion-engineered fluid to
control the surface charge of minerals was implemented, and the results show that reduction
in the Ca2+ concentration holds the key to the surface charge modifications. Surface charge
modifications as evidenced in this study play a critical role in the control of wettability
alteration to enhance production.
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1 INTRODUCTION

The world’s economy is driven by crude oil, even in the wake of
renewable energies, and with the continuous growth of the
world’s population and energy demands, there is no better
time to increase the production to meet the demand than
now. Crude oil which is a major source of revenue to many
producing nations is found in carbonate and sandstone
formations, with carbonate formations holding about 60% of
the world’s proven reserves (Burchette, 2012). These formations
are made up of different minerals, with sandstone made up of
quartz and varying proportions of clay and feldspar
(aluminosilicate minerals with sodium, calcium, or potassium).
Carbonate formations are made up of calcite and dolomite (Cui
et al., 2014; Derkani et al., 2019). Production from these
formations is controlled by pressure, mineralogy, wettability,
and operational strategy, with these factors, intertwined
(Mohammed et al., 2021b). The formation wettability is a
major factor that controls fluid production and distribution
(Celik and Somasundaran, 1980; Kim et al., 1990; Standnes
and Austad, 2003; Sayyad Amin et al., 2010; Darabi et al.,
2012; Shiran and Skauge, 2012; Liang et al., 2019; Rezaei et al.,
2021). It is affected by several factors, one of which is the
formation mineralogy. This is because the formations are
made of multiple minerals which control the rock–fluid
interactions (Muhammed et al., 2022). In this context,
sandstone is typically water-wet, but a large spread is observed
in the contact angle dataset under a broad range of operating
conditions such as in CO2/rock/brine systems (Arif et al., 2019).
In the case of carbonate, a more diverse wetting behavior ranging
from water-wet to oil-wet or even mixed-wet is observed (Deng
et al., 2021). Thus, understanding the surface chemistry and the
surface charge of the associated constituent minerals of these
rocks is crucial.

Rock–fluid interactions which affect the rock wettability
include ion adsorption, ion exchange, and mineral dissolutions
(Afagwu et al., 2021). Also, these interactions are driven by the
individual’s mineral surface chemistry which includes their
surface charge and morphology. For example, barite which is
added to the drilling mud could interact with brine to cause
sulfate scale in the formation owing to fluid interaction. So, since
the reservoir formations have multiple crude oil contacting
minerals that contribute to the total formation wettability, it
has become a necessity to understand the behavior of the different
constituent minerals to ascertain their propensity to cause
problems, or wettability alterations.

Several works of literature have been reported about these
minerals (Syunyaev et al., 2009; Xue et al., 2019; Mady et al., 2021;
Sanati et al., 2021) and their interactions with molecules like
asphaltenes, surfactants, and polymers which are said to be
responsible for the rock wettability alterations. Sanati and
Malayeri (2021) reported Cetrimonium bromide (CTAB)
adsorption and the use of imidazolium-based ionic liquids to
reduce its adsorption on dolomite rock surfaces. The findings
revealed that the interaction was an acid-base type. Tang et al.
(2021) reported the adsorption of potassium cetyl phosphate
(PCP) on magnesite and dolomite surfaces stating the effect of

PCP on the flotation process. The use of scale inhibitors to retard
gypsum precipitation in a brine–dolomite system has also been
reported with a surface energy approach explored to provide
insight into the controlling mechanism (Nikoo et al., 2020). In the
same vein, Bai et al. (2021) reported the propensity of MgSO4 to
revert the dolomite rock wettability compared to CaCl2, MgCl2,
and Na2SO4. The author attributed to its ability to attract sulfate,
which disengages the carboxylic groups from the surface
(wettability alteration to water-wet), and thus, Ca2+, Mg2+, and
SO4

2- are potential determining ions (PDIs).
Although numerous studies (Hiorth et al., 2010; Wolthers

et al., 2012; Sedghi et al., 2016; Prabhakar and Melnik, 2017;
Awolayo et al., 2018; Azari et al., 2018; Abdel-Azeim et al., 2021;
Zallaghi and Khaz’ali, 2021; Collini and Jackson, 2022; Mehraban
et al., 2022; Mokhtari et al., 2022) have been conducted to
understand the fluid interaction with these minerals, a critical
aspect is missing. This we believe is the fundamental
understanding of the behavior of the minerals in native
reservoir fluids. Thus, a detailed study aimed at understanding
these minerals’ behavior in formation brines of varying
compositions and salinity is sought. For the first time, a
detailed study aimed at providing insights into the behavior of
barite, dolomite, and feldspar in different environments is
presented. Furthermore, the effect of ion-engineered fluid on
the mineral surface charge behavior and the effect of salinity
gradient are reported. The findings from this study would provide
insights into the design of oilfield operations to achieve a
favorable wettability condition to improve recovery.

2 MATERIALS AND METHODS

2.1 Materials
The materials used in this study are pure as reported by
Mohammed et al. (2021a). The mineral particles used are of
average particle sizes of 7, 3, and 3 µM for barite, dolomite, and
feldspar, respectively. All chemicals used are of the American
Chemical Society (ACS) reagent grade. Synthetic Arabian Gulf
seawater (SW) and formation water (FW) with compositions as
listed in Table 1 were used. Salts used to prepare the brine
solutions included sodium chloride (NaCl), sodium sulfate
(Na2SO4), sodium bicarbonate (NaCO3), magnesium chloride
(MgCl2), and calcium chloride (CaCl2) purchased from Sigma-
Aldrich® (Saint Louis, MO, United States).

TABLE 1 | Ionic composition of formation water and Arabian seawater
(Mohammed et al., 2022).

Ion Formation
water ions (ppm)

Seawater ions (ppm)

Na+ 59,491 18,300
Ca2+ 19,040 650
Mg2+ 2,439 2,110
SO4

2− 350 4,290
Cl− 132,060 32,200
HCO3

− 354 120
Total dissolved solids (TDS) 213,734 57,670
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2.2 Zeta Potential Sample Preparation
The mineral particles were conditioned in different fluids to
mimic oilfield operations and a realistic reservoir environment.
Throughout this study, 10 mg of sample particles were
conditioned in 10 ml of fluid, with the mixture sonicated to
ensure maximum interactions. Thereafter, the mixture was
allowed to stand undisturbed for 24 h s before the
measurements were conducted. For the ion concentration
studies, different proportions of FW and SW were mixed to
achieve the desired ionic composition. Direct dilution with
deionized (DI) water was not used in this study as it does not
reflect the operations conducted in the field; thus, seawater is used
for dilution and ion modification to achieve the target ion
concentrations.

2.3 Zeta Potential (ζ) Measurement
Zeta potential measurements using electrophoresis were
conducted using Anton Paar Litesizer 500 (Graz, Austria) with
a size range of 3.8 nm to about 100 µM. Before every zeta
potential measurement, the sample mixtures were centrifuged
using the Hermle Z326K® centrifuge (Gosheim, Germany)
equipped with a refrigeration system. Samples were
centrifuged at 2000 rpm and 298 K for 2 min before the
measurement sample is taken from the clear supernatant. All
zeta potential measurements in this study are within ±2 mV
standard deviation and were conducted at 298 K.

2.4 Contact Angle Measurement
The mineral (barite, dolomite, and feldspar) wettability was
evaluated using contact angle measurement with the minerals
conditioned in the respective fluids (DI, FW, and SW) 24 h before
measurements. The contact angle was measured between the
mineral chip/fluid interface in the presence of crude oil whose
composition is shown in Supplementary Table S1. The
measurement was conducted at 298 K and the ambient

pressure using the Attension theta optical tensiometer®
(Phoenix, AZ, United States).

3 RESULTS AND DISCUSSIONS

3.1 Reservoir Environment
The pH values of the freshly prepared synthetic brine solutions, as
well as the DI water used in this study, are 6.33, 5.94, and 8.06 for
DI, FW, and SW, respectively. This serves as a benchmark for pH
changes reported in this study and helps in understanding the
governingmechanisms responsible for the observed changes. As a
first step, the mineral particles were conditioned in DI, FW, and
SW to mimic the different environments possible in the oil
reservoir. The result of each mineral conditioned in the
different fluids for 24 h s is discussed in the subsequent sections.

3.1.1 Barite
The surface charge of barite particles in DI, FW, and SW is shown
in Figure 1, with the particle surface charge observed to be
positive in all fluids. In the case of DI water, the slight
reduction in the pH value (from 6.33 to 5.80) signifies the
participation of the OHwater in the surface charge
development. This interaction would be a hydrogen bond
formation between the OHwater and the Obarite, resulting in a
slightly acidic system, thus resulting in the reduction in pH. But to
understand the surface charge of barite, a good understanding of
its structure is critical. Barite has several surfaces, but the most
stable surfaces are the (001) and the (210) (Stack et al., 2016;
Hamid, 2019), although more frequently referred to as the (0 0 1)
surface. When a crystal structure is cleaved, it consists of
repeating units of atoms arranged orderly. Barium atoms are
coordinated (12-fold) in bulk; however, cleavage to the (001)
surface breaks the Ba–O bonds into Bahigh and Balow (Figure 2).
Sulfate is coordinated by three oxygen atoms and five barium

FIGURE 1 | Barite particle surface charge in DI, FW, and SW.
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atoms; however, as depicted in Figure 2B, sites with missing
atoms exist due to crystal structure cleaving.

Hydration of the barite mineral requires about four water
molecules which complete some coordination sites in the missing
atom positions. The first and fourth water molecules get adsorbed
at the positions of the missing barium atoms at low and high
positions (Figure 2), with the same projected behavior for oxygen
atoms by water molecules. When water adsorption occurs, it does
so on the Balow, completing its coordinating shell leaving the
Bahigh with two fewer bonds than the bulk barium ion. In
solution, the barium atom is coordinated by about eight
oxygen atoms. With the water adsorption resulting in fewer
bonds than its bulk, the surface becomes positively charged
(Figure 1). So the observed positive surface charge in the case
of DI water is attributed to the incomplete coordination of the

barium atom owing to steric hindrance, which prevents water
access to the sites (Stack et al., 2016).

In the case of FW, barite particles possess a positive surface
charge, however lower than in DI water, with no observable pH
change. This indicates that the observed positive charge in FW is
not due to the H+/OH− interactions but the brine compositions.
The most probable reason for the observed surface charge is the
incomplete coordination of barium ions although sodium ions
have the propensity to adsorb on the surface. A similar behavior is
observed in the case of SW, with no observable pH change.
However, in the case of SW, the dominance of the sulfate and
chloride ions is manifested via a decreased positive charge
magnitude. This is because SW contains over 10 times the
sulfate ion concentration compared to the FW. This does
imply that an increased anion (sulfate) concentration would

FIGURE 2 | (A) Barite (001) surface with adsorbed water (blue), barium (black), and sulfur (yellow). Labels 1–4 are four different water molecules. (B) Barite surface
terminated by sulfate ion with the location of missing barium and sulfate ions in high positions represented by the black square box (Bracco et al., 2017).

FIGURE 3 | Dolomite particle surface charge in DI, FW, and SW.
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impact the barite mineral surface charge and possibly result in
charge reversal.

3.1.2 Dolomite
The surface charge of dolomite particles in DI, FW, and SW is
shown in Figure 3, with an all-positive surface charge. In the case
of DI, an increase in the pH value (from 6.33 to 8.36) is observed,
which indicates the interaction of Hwater with the dolomite
surface, resulting in an excess OHwater in the system. This
interaction can be said to be due to hydrogen bonding and
electrostatic interaction. This agrees well with the reports of
Escamilla-Roa et al. (2013) who studied the adsorption of
water and organic molecules on dolomite surfaces using
density functional theory (DFT) calculations. Their results

showed that the water molecule interaction with the dolomite
surface has higher adsorption energy than the organic molecules.
This interaction was also attributed to hydrogen bond formation.

On the other hand, in the case of FW, the observed positive
surface charge is not due to H+/OH− interactions as no observable
pH changes were recorded (Figure 3). The observed surface
charge can be attributed to the adsorption/interaction of Na,
Mg, and HNaHCO3, and its reduced magnitude can be attributed to
the competitive interaction of the chloride ion with the cations. In
the case of SW, an increased positive surface charge magnitude is
recorded with no pH change as in FW. Given that the SW has
fewer cations than the FW and more sulfate ions, one would
expect the surface to be negatively charged. However, the reverse
is the case. This observed charge can be attributed to the increased

FIGURE 4 | Feldspar particle surface charge in DI, FW, and SW.

FIGURE 5 | Effect of oilfield operation on barite particle surface charge.
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sulfate ion concentration in SW, which enhances Na+ adsorption
on the surface. However, unlike in the FW case, which has a
significant amount of chloride ions to interact with the surface
and reduce the magnitude of the positive charge, SW has less
amount of Cl−, thus resulting in increased interaction of the Na
ion with the surface.

3.1.3 Feldspar
The surface charge of feldspar particles in DI water, FW, and SW
is shown in Figure 4. From this figure, there is no change in the
pH in cases of the FW and SW with a slight change in the case of
DI. This suggests that the H+/OH− are not PDIs in the cases of
SW and FW, whereas they are PDIs in the case of DI. In the case
of DI water, the feldspar mineral behavior is like that of other

phyllosilicate minerals with the dominant interaction via H
atoms existing as H+ and OH−, however with no pH change.
More so, the negative surface charge observed in the case of FW
shows the dominance of the water interaction in controlling the
ion interactions with the surface. However, due to the presence of
the ions in both FW and SW, a reduction in the magnitude of the
negative charge is observed. In the case of SW, which contains
more sulfate ions than FW, a charge reversal is observed. This is
accompanied by no pH change, thus depicting the sensitivity of
the feldspar surface charge in both brine conditions. The near-
zero surface charge of feldspar in both FW and SW could result in
surfaces being prone to polar crude oil adsorption. At near-zero
surface charge conditions, a slight change in the fluid
composition or oilfield operations can result in a positively

FIGURE 6 | Effect of oilfield operation on dolomite particle surface charge.

FIGURE 7 | Effect of oilfield operation on feldspar particle surface charge.
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charged surface condition that serves as a precursor to polar
crude oil compounds adsorption. However, it can easily be
reversed using ion-engineered fluids or chelating agents.

3.2 Effect of Oilfield Operations
Several oilfield operations which include, drilling, stimulation,
water injection, alkaline, and surfactant flooding are
implemented during the life of a field (Muhammed et al.,
2020, 2022; Adjei et al., 2022; Afagwu et al., 2022). These
operations could be during the primary production (FW) or
secondary production stage with seawater (SW) injection
(Mohammed et al., 2021a). These operations induce pH
change around the wellbore, affecting the surface chemistry of
the minerals within those environments (Schoonen et al., 2000;
Saka and Güler, 2006; Mahani et al., 2017). These effects have dire
consequences as they change the surface condition of the
minerals, thus altering the nature of interaction with the
reservoir fluids (Mohammed et al., 2021b). The effect of these

operations was mimicked by the pH change which they induce in
the field. Thus, the surface charge behavior of barite, dolomite,
and feldspar due to oilfield-induced pH is reported.

3.2.1 Barite
The effect of oilfield operations on barite particles is shown in
Figure 5. In the case of FW, the trend of the surface charge across
all pH shows the dominance of the electrical double-layer effect
(due to increased ionic strength). For example, in the acidic pH
range (1–4), the surface charge decreases, and a subsequent
increase at pH 2 and 3 shows the effect of the double layer.
This is because as we move from pH 3 to 2, there is an increased
concentration of H+, which should increase the magnitude of the
positive surface charge. However, a reduction is observed because
of the double-layer compression. On the other hand, at pH 5, the
charge reversal is attributed to the double-layer collapse. The
trend of the surface charge magnitude shows that in the FW
environment, barite mineral surface charge is significantly

FIGURE 8 | (A) Effect of Na, Mg, and Ca, and HCO3 ion concentration reduction on barite mineral surface charge. (B) Effect of increase in the sulfate ion
concentration on barite mineral surface charge.
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affected by the oilfield operations. In the case of SW, which
depicts the secondary production stage where seawater injection
has commenced, an all-negative surface charge except at pH 2 is
observed. Similarly in the case of FW, the electrical double-layer
effect is observed across all pH values. At the alkaline pH values,
high negative surface charges are recorded owing to the increased
pH. So, to achieve a barite mineral surface charge condition
inhibitive of polar crude oil compound adsorption, an extreme
alkaline pH environment is necessary.

3.2.2 Dolomite
The effect of the oilfield operations on dolomite particles’ surface
charge is shown in Figure 6. Oilfield-induced pH effect on
dolomite particles in the primary production stage (FW)
shows an all-positive surface charge behavior. This can be
attributed to the effect of the electrical double layer. On the
other hand, in the secondary production stage (SW), an all-
negative surface charge is observed, except at an extreme alkaline

pH value of 13. Like in the case of FW, the electrical double layer
effect is observed. However, a double-layer collapse only occurred
at the extreme alkaline pH (pH 13). From both trends (FW and
SW), it can be deduced that the injection of SW into a dolomite
formation promotes the surface charge conditions that inhibit
polar crude oil compound adsorption. Thus, a careful design of
oilfield operations especially after seawater injection has
commenced is critical, as it can serve as an operation-
dependent mitigation strategy for wettability control.

3.2.3 Feldspar
The behavior of the feldspar particles due to oilfield-induced pH
change is shown in Figure 7. Unlike barite and dolomite, the
feldspar particles across pH values from 1 to 7 in the FW
environment depict a negative surface charge with charge
reversal observed at pH 8 and subsequently at pH 12. This
can be attributed to the double-layer collapse. This is caused
by increased OH− density with the pH increase at the alkaline pH

FIGURE 9 | (A) Effect of Na, Mg, and Ca, and HCO3 ion concentration reduction on dolomite mineral surface charge. (B) Effect of increase in the sulfate ion
concentration on dolomite mineral surface charge.
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range. However, in the SW environment, all-negative surface
charge conditions were recorded although the values are low at
the extreme pH of the acidic and alkaline range. From the
discussions thus far about the effect of oilfield operations on
the mineral particles’ surface charge, it can be said that the effect
of the induced pH is significant and should be factored into the
design of field operations to avoid flow assurance problems that
would result in wettability alterations.

3.3 Effect of Ion Engineering
The injection of ion-engineered, or composition-tuned, water
into the formations for enhanced recovery is widely recognized
in the industry. This is seen in numerous publications (Lee
et al., 2010; Shiran and Skauge, 2012; Myint and Firoozabadi,
2015; Derkani et al., 2018; Alfazazi et al., 2019; Darvish
Sarvestani et al., 2021; Kashiri et al., 2021; Mokhtari et al.,
2022) on recovery improvement due to ion-tuned water
injection with several mechanisms identified to be

responsible for the observed recovery. This section
examines the effect of ion-tuned water on the surface
charge development of the particles under study. To this
effect, the particles were conditioned in ion-tuned water
with their surface charge determined. The concentration of
different ions present in the brines was reduced by 25, 50, and
75% to identify their effect on the mineral particles’ surface
charge development. This is to provide critical insights into
ions that are PDIs and should be controlled to achieve a target
surface charge condition.

3.3.1 Barite
The effect of ion-tuned water on the barite particle surface charge
is shown in Figure 8. To achieve the target ion concentration
reduction, SW was used to dilute the formation water at varying
ratios carefully designed. From Figure 8A, it can be observed that
the reduction of the ion concentrations resulted in an all-positive
surface charge with varying magnitude. The positive charge in all

FIGURE 10 | (A) Effect of Na, Mg, and Ca, and HCO3 ion concentration reduction on feldspar mineral surface charge. (B) Effect of increase in the sulfate ion
concentration on feldspar mineral surface charge.
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cases would imply that one specific ion is not responsible for the
mineral particle surface charge development; however, its
contributions are not equal. For example, 25 and 50 %
reduction in Na+ concentration results in an increased
magnitude of positive surface charge, whereas, in the case of
Mg ion, an increase is observed only at 75% ion concentration
reduction. This implies that several ions interact with the surface
competitively, which makes it difficult to control (cost of ion-
specific treatment), except with the use of chelating agents which
can chelate the cations out of the solution. Furthermore, the
reduction of the anion concentration reduces the resistance to the
cation’s interaction with the surface; thus, there is observed
increase in the surface charge magnitude with the reduction in
the concentration of anions like chloride. On the other hand,
increasing the sulfate ion concentration does not reverse the
positive surface charge. Instead, a reduction is achieved only at a
50% sulfate ion increase (Figure 8B). This means that for barite
mineral surface charge control, carefully designed ion
concentration optimization is required first to complete the

coordination of the barite crystal structure and then to control
the surface charge vis-à-vis ion adsorption.

3.3.2 Dolomite
The effect of ion-tuned water on dolomite particle surface charge
is shown in Figure 9. From Figure 9A, which shows the effect of
Na+, Mg2+, Ca2+, Cl−, and HCO3

− ion concentration reduction,
an all-positive surface charge is observed. The reduction of Na+

concentration shows no significant effect until at 75% reduction.
This implies that Na+ may not be the most dominant cation
responsible for the dolomite particles’ surface charge. For Mg ion,
a seemingly small effect is observed, which also points to the fact
that it might not be the dominant cation responsible for the
observed charge. However, in the case of Ca2+, a 75% reduction
reverses the surface charge to negative. This implies that Ca2+ is
the most dominant cation responsible for the dolomite particle
surface charge. This also explains the reason reduction in the Na+

and Mg2+ concentration did not affect the nature of the surface
charge. With regard to the anions, a reduction in ion

FIGURE 11 | Salinity gradient effect. (A) Barite and (B) dolomite.
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FIGURE 12 | Salinity gradient effect on the feldspar particle surface charge.

FIGURE 13 | Contact angle measurements in DI, FW, and SW. (A) Barite and (B) dolomite.
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concentration resulted in an increased surface charge magnitude,
implying a reduction in the hindrance of the cations from
interacting with the surface. On the other hand, increased
SO4

2− concentration resulted in an all-positive surface charge
with the least magnitude recorded at 75% sulfate ion increase
(Figure 9B). These trends point to the fact that the reversal of the
dolomite mineral surface charge can only be achieved through
Ca2+ concentration reduction.

3.3.3 Feldspar
The effect of ion-engineered water on the feldspar particles’
surface charge is shown in Figure 10. From Figure 10A, it is
observed that cation concentration reduction significantly
impacts the surface charge of feldspar particles, with Ca2+

having the highest effect. For Na+ and Mg2+, a 50% ion
concentration reduction is required to reverse the surface
charge, whereas for Ca2+, only a 25% ion concentration
reduction reversed the charge. A continuous decrease in the
ion concentration (Na and Mg) increased the negative surface
charge magnitude, but the reverse is the case in the case of Ca2+.
This implies that Ca2+ is the most dominant ion responsible for
the surface charge; however, with Ca2+ reduction, other ions,
especially Na+, can interact more with the surface, thus reducing
the negative surface charge magnitude. On the other hand, an
increase in SO4

2− concentration does not result in a negatively
charged feldspar surface (Figure 10B) but results in a positive
charge surface. Even so, the effect of the electrical double layer is
evident from the trends as the sulfate ion concentration increases.

3.4 Effect of Salinity Gradient
The injection of water into the formations for pressure
maintenance, or flooding processes, introduces fluids of

different salinity into the reservoir. These fluids of varying
composition and salinity have a significant effect on the
mineral surface charge as the injected fluids flow through
the reservoir from the injection well to the production wells.
With the mineral surface charge being sensitive to the fluid
composition and salinity changes, it becomes critical to
understand the effect of the injected fluids on the mineral
surface charge development. The effect of the salinity
gradient on the barite particle surface charge is shown in
Figure 11A. From the figure, as the SWmixes with the FW, an
increase in the magnitude of the positive surface charge is
observed due to a higher concentration of cations in the FW.
Across the field from the injector to the producer well, it is
observed that the barite mineral is positively charged. In the
case of dolomite (Figure 11B), an all-positive surface charge
is recorded until a mix ratio of 75% SW and 25% FW, where a
charge reversal to negative is observed. This supports our
earlier explanations of the effect of SW on the mineral charge
development of dolomite. This means that after the 4:1 mix
ratio of the SW and FW and upon the seawater breakthrough
into the production well, the dolomite mineral becomes
negatively charged. This also means that the dolomite
formations’ wettability can be controlled by seawater
injection at the stated mix ratio to mitigate polar crude oil
compound adsorption. Like in the case of dolomite
(Figure 11B), feldspar (Figure 12) exhibits positively
charged surface conditions; however, charge reversal is
observed close to the production well. This means that the
injection of seawater can be explored as a surface modifying
strategy to mitigate the polar compound adsorption;
however, an optimal injection condition must be
established for each formation.

FIGURE 14 | Feldspar sample contact angle in DI, FW, and SW.
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3.5 Contact Angle
The contact angle is a measure of the wettability of a rock with
its values ranging between 0 and 180°. A contact angle of zero
indicates complete water wetness, and a value of 180° indicates
complete oil wetness. A correlation between the zeta potential
values and contact angle has been reported in the literature
(Faria et al., 2012; Hassan et al., 2012; Gomari et al., 2020);
however, caution must be exercised when attempting to
establish a correlation. This is because the zeta potential
value as a wettability alteration indicator is dependent on
what the wetting phase (cationic or anionic) is. Also, the
explanation of the observed changes must acknowledge the
reference state before alterations. In the study by El-Din
Mahmoud (El-Din Mahmoud, 2018), the effect of clay
minerals on recovery was evaluated. A similar approach to
that of El-Din Mahmoud (El-Din Mahmoud, 2018) is
adopted here, but this time, pure mineral samples (barite,
dolomite, and feldspar) are used instead of core samples.
Figure 13 and Figure 14 show the contact angles of barite,
dolomite, and feldspar in DI, FW, and SW, respectively.
Concerning the contact angle of the minerals in DI, SW, and
FW, there is no direct correlation between the observed contact
angle and the increase in salinity. However, in the cases of SW
and FW for all minerals, increased salinity corresponds to a
decrease in the contact angle. This implies that increased salinity
results in more water wetness of the surfaces.

4 CONCLUSION

The surface charge development of barite, dolomite, and feldspar
in fluids mimicking the native reservoir environment was
investigated. The results show that the dominant mechanisms
responsible for the surface charge development are crystal
structure coordination, ion adsorption, and the electrical
double-layer effect due to increased ionic strength. Also, barite
and dolomite minerals demonstrate a positive charge in DI-water,
FW, and SW at all pH investigated, while feldspar remains
negatively charged. The results further show that oilfield
operations significantly affect the minerals’ surface charge and
that Ca2+ has the most significant effect on the mineral surface
charge reversal for dolomite and feldspar minerals. Last, contact

angle measurements show no direct correlation between the
contact angle and increase in salinity.
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