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ABSTRACT: Reservoir rock wettability has been linked to the
adsorption of crude fractions on the rock, with much attention
often paid to the bulk mineralogy rather than contacting minerals.
Crude oil is contacted by different minerals that contribute to rock
wettability. The clay mineral effect on wettability alterations is
examined using the mineral surface charge. Also, the pH change
effect due to well operations was investigated. Clay mineral surface
charge was examined using zeta potential computed from the
particle electrophoretic mobility. Clay minerals considered in this
study include kaolinite, montmorillonite, illite, and chlorite. Results
reveal that the clay mineral charge development is controlled by
adsorption of ionic species and double layer collapse. Also, clay
mineral surface charge considered in this study shows that their surfaces become more conducive for the adsorption of hydrocarbon
components due to the presence of salts. The salt effect is greater in the following order: NaHCO3 < Na2SO4 < NaCl < MgCl2 <
CaCl2. Furthermore, different well operations induce pH environments that change the clay mineral surface charge. This change
results in adsorption prone surfaces and with reservoir rock made up of different minerals, and the effect of contacting minerals is
critical as shown in our findings. This is due to the contacting mineral control wettability rather than the bulk mineralogy.

1. INTRODUCTION

Asphaltene is the most polar crude oil fraction and has been a
cause for concern due to its precipitation and deposition in the
reservoir.1 Asphaltene deposition in petroleum reservoirs has
been a great concern in industry and academia due to the
enormous impact it has on crude oil production. This is due to
the mystery that surrounds its deposition in fields that are
considered safe from asphaltene problems.2 Some other fields
that have high-asphaltene-content crude oil and that are
expected to pose production challenges are still free of
deposition, which then begs the question of what mechanism
of phenomena is responsible for asphaltene deposition.
Identified production impairment mechanisms due to asphal-
tene include wettability and permeability alterations where the
most dominant is wettability alterations because of asphaltene
molecule adsorption on the rock surface.3−5 Different minerals
that make up the reservoir rocks have their properties dependent
on chemical foundation, geometric arrangements of ions and
atoms, and the electrical forces that bind them together.6 These
minerals and clays hold properties (surface charges) that are
affected by the pH of the environment and the interactions that
they undergo.7 More so, the electrokinetic and chemical
properties of these minerals and clays in aqueous solutions

such as reservoir brine are significant in demystifying inorganic
and organic species adsorption mechanisms at interfaces.8

Asphaltene deposition and adsorption due to fluid−fluid
interaction are well documented in the literature;6,9−13 however,
scarce in the literature is the clay mineral effect on asphaltene
molecule adsorption. The influence of rock minerals on
asphaltene adsorption is a subject in another publication of
ours;14 however, of concern in this paper are the contributions
and influence of clay minerals in asphaltene adsorption.
Sandstone is said to be predominantly quartz, and often, when
researchers address sandstone, reference is made to quartz.
Interestingly, sandstone has a negative surface charge owing to
factors such as pH, fluid ionic strength, composition, and
concentration and so does asphaltene molecule. Thus, this begs
the question of why asphaltene adsorbs on sandstone if they
have a similar charge type. It is upon this question that this
research work stands as we believe asphaltene deposition and
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adsorption occur in sandstone formations because quartz is not
the only crude contacting mineral in the rock. More so, clay
minerals are believed to be detrimental to the reservoir because
they plug the pore throat in the form of bridges, films, and plates,
thus reducing the reservoir quality.15 Furthermore, the presence
of clay minerals do not only provide a large surface area for
molecular adsorption but also aid accelerated porosity loss in
limestone formation. So, since sandstone does have clays and
other minerals like the iron minerals (pyrite, magnetite,
hematite, and ankerite),14 these minerals could be the
contacting minerals that provide the adsorption prone surface
for asphaltene deposition and wettability alteration; thus, we
seek to understand the behavior of clay minerals in different pH
environments to provide insight into their contribution to the
asphaltene adsorption problem.
Clays are hydrous aluminum silicates with a sheet-like

structure and small particle size that provides a surface area
that contains a significant amount of alkaline earth or alkali
metals and iron.16 Clays can be generally classified into three-
layer types depending on the number and arrangements of
tetrahedral and octahedral sheets in their structure, which
further separates into five groups (chlorite, fine-grained mica,

kaolinite, smectite, and vermiculite) based on their net charges.6

The kaolinite group with the formula Al2Si2O5(OH)4 has three
members, which are kaolinite, nacrite, and dickite, whereas the
illite group has the formula (K, H) Al2(Si, Al)4O10(OH)2. XH2O
is represented by the mineral illite and has a structure similar to
montmorillonite.17 The chlorite group is often not considered as
clay but a separate phyllosilicate group, which has members such
as chamosite, mesite, daphnite, and cookeite with varying
structures and formula.18

Several literature works exist on clay surface chemis-
try.15,16,19−22 Avadiar et al.23 reported the pH dependence of
the kaolinite alumina, silica sheet, and edge charges via ζ-
potential (ZP) measurements. The authors concluded that the
charge development of kaolinite is controlled by the silica sheet
due to the low charge density on the alumina sheet. However,
only the effect of cations was investigated. Chorom and
Rengasamy24 investigated the pH effect and electrolyte
concentration of illite, kaolinite, and smectite in a flocculation
process using ζ-potential measurements. The authors observed
that the percentage of clay dispersion exhibited a positive
correlation with the solution pH but differed from clay to clay.

Figure 1. X-ray diffractograms showing crystalline phases present in samples. (a) Kaolinite and (b) montmorillonite.
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Electrochemical properties of illite have been long inves-
tigated with the charge development of illite clay attributed to
the adsorption of H+/OH− ions on the mineral surface.
However, studies25,26 have not reported illite clay surface charge
due to salt interactions. Chlorite clay mineral kinetics and
dissolution have been inferred to be due to Al3+ and H+

concentrations.27 Similarly, Gustafsson and Puigdomenech28

reported the chlorite dissolution rate at 25 °C using kinetic
experiments. The minimum dissolution rates were observed at
neutral pH, which agrees with reports by Jones,29 Silvester et
al.,30 and Pan et al.31 Thus, to foresee conditions that promote
adsorption on clay minerals owing to surface charge, their
interactions need to be further studied.
Rock surface charge and its wettability have been correlated

with ζ-potential, with the wettability predominantly determined

via contact angle measurements.32 The ζ-potential value
indicates the nature (positive or negative) of the surface charge
as well as particle stability in a medium. It is the potential at the
shear plane of the electric double layer and is related to the
thickness of the double layer. It also indicates the charge at the
interface between the mineral and its surrounding medium;
thus, a ζ-potential change quantitatively represents a change in
surface wettability and charge.33−35 So, water wetting surfaces
possess highly negative ζ-potential values, whereas oil wetting
surfaces have low negative and positive ζ-potential values.33 This
is due to interactions and adsorption of ionic species on mineral
surfaces.15

Since reservoir rocks contain clays that may be contacting
minerals to the crude oil and have their surface chemistry
dependent on reservoir conditions (brine composition and pH),

Figure 2. X-ray diffractograms showing crystalline phases present in samples. (a) Illite and (b) chlorite.
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it is imperative to understand the dynamics of such interactions.
Clay minerals in different environments possess different surface
chemistry (charge) due to electrostatic interaction or dis-
solution of ions. The surface charge of the clay minerals and the
fact that they provide a large surface area make them susceptible
to adsorption by polar constituents of the crude oil. Different
well operations, which include drilling, waterflooding, gas, and
surfactant injection, have the potential to change the surface
chemistry of clays present in the reservoir. For adsorption to
occur, the clays and the polar crude oil constituents must possess
opposite charges, with charge reversal reported in the
literature.36 Thus, this paper aims to establish the effect of pH
on the surface charge development of clays as well as identify
conditions that could induce asphaltene adsorption to clay
minerals via measurement of the clay particles’ electrophoretic
mobility.

2. RESULTS AND DISCUSSION

2.1. X-ray Diffraction. X-ray diffraction (XRD) analysis was
conducted to ascertain the purity of the clay samples as natural
samples have the presence of other crystalline phases. Mineral
particle X-ray diffractograms were matched using the Interna-
tional Center for Diffraction Database (PDF-4 + 2021), with the
data fitted using Rietveld. Figures 1−4 show the diffractogram
data of all the crystalline phases present in the samples analyzed;
thus, the lines represents peaks. Figure 1 shows the result of
kaolinite (a) and montmorillonite clays (b), and from the XRD
results, other crystalline phases exist. For the kaolinite sample
(Figure 1A), peaks of different structural kaolinite (81%) and
quartz (19%) are identified, which is a characteristic of natural
clay samples. Figure 1B, which presents the XRD of
montmorillonite, reveals that the sample contains 10.9% quartz
and 89.9%montmorillonite. Like the kaolinite samples, different
structural monoclinic montmorillonites exist. Figure 2 shows the

Figure 3. Base case ZPs for kaolinite, montmorillonite, illite, and chlorite.

Figure 4. ZPs of kaolinite particles in salt solutions of 0.1 (continuous line) and 1 M (broken line). (A) NaCl effect, (B) CaCl2 and MgCl2 effect, (C)
NaHCO3, and (D) Na2SO4 effect.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01221
ACS Omega 2021, 6, 12841−12852

12844

https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01221?rel=cite-as&ref=PDF&jav=VoR


XRD peaks of illite (Figure 2A) and chlorite (Figure 2B)
samples with the illite sample having 31% quartz and 68.2% illite
of different structural configuration. Figure 2B shows the
different peaks depicting the chlorite mineral composition,
which has varying percentages of quartz, pyrite, anorthite,
kaolinite, clinochlore, baileychlore, chamosite, donbassite, and
glagolevite.
2.2. ζ-Potential Measurement. Figure 3 shows the base

case ζ-potential values for the clay minerals studied. The base
case represents the ζ-potential values without salt interactions
for kaolinite, montmorillonite, illite, and chlorite clays. An all
negative ζ-potential value for kaolinite clay without salt
interactions is observed, with the suspended particles having
an approximately −22 mV ζ-potential between pH of 5 to 13. A
decrease in ζ-potential is observed in the acidic pH region with a
decrease in pH and can be attributed to H+ adsorption on the
interlayer hydroxyl group on the mineral lattices. On the other
hand, an increase in the ζ-potential value is observed in the
alkaline pH region with an increase in pH from 12 to 14;
however, this is due to the presence of OH− as pH increases.
This observation is congruent with a report by Tombćz and
Szekeres,37 who studied the surface charge development of
kaolinite and montmorillonite. Furthermore, the charge
development of kaolinite is complicated by its nonuniform
surface charge densities due to its anisotropic features and with
the kaolinite basal plane having a permanent negative charge.
The permanent negative charge is attributed to the isomorphous
substitution (Al3+ for Si4+ and Mg2+ for Al3+) in the silica
tetrahedral and the alumina octahedra, respectively. The only
pH-dependent effect on the surface charge is at the edges, which
can carry a positive or negative charge. Thus, the pH effect
observed at pH values of 1 to 3 is due to edge charge
development, whereas at the alkaline region, it is dominated by
the basal charge.38

The face charge of montmorillonite clay like kaolinite is
independent of pH, whereas the edge surface charge is pH-
dependent and arises due to broken and hydrolyzed Al−O and
Si−O bonds.22 The base case (Figure 3), which presents
montmorillonite particles in buffer solutions of varying pH
without salt interaction, shows an all negative surface charge. An
average ζ-potential value of −25 mV is observed at pH 4−11,
which can be attributed to the dominant face charge effect,
whereas in the extreme pH (1−4 and 12−13) conditions, the
effect of the edge charge development is pronounced. The effect
of adsorption of the H+ ion is seen in the extreme acidic pH
region; however, double layer collapse is observed at the extreme
alkaline pH values due to an increase in the OH− ion charge
density because of the pH increase. On the other hand, low
negative ζ-potential is observed at low pH owing to H+

adsorption.39 The illite clay base case trend (Figure 3) shows
a ζ-potential reduction at the acidic pH region with a positive
surface charge at pH 1 due to H+ adsorption on the mineral
surface. At the alkaline pH region (pH 10−13), reduction in the
ζ-potential value is due to double-layer compression owing to
the OH−.
The surface charge of the chlorite particle stems from the

permanently charged basal plane and the amphoteric edges
whose charges are pH-dependent.30 So, the net charge of the
chlorite particle depends on the edge/face ratio, the pH of the
solution, and the adsorption of ions. The basal line possesses a
permanent negative charge, which is unaffected by medium pH
and due to substitution (Al3+ for Si4+). However, modification is
possible via cation adsorption. The edges are amphoteric,

permitting positive and negative charge formation. The chlorite
particle base case ζ-potential (Figure 3), which depicts chlorite
ζ-potential with no salt interactions, shows a decreased value in
both the acidic and alkaline pH regions. This is due to the release
of Mg and Si at acidic pH values and release of Si and Fe at
alkaline pH values. At the neutral pH range, only Si is released;
thus, the constant ζ-potential value is observed. These
observations suggest instability of the chlorite particle in acidic
media and agree with the report of Gustafsson and
Puigdomenech,28 who investigated the pH dependence of
chlorite charge using inductively coupled plasma emission
spectroscopy normalized to the Brunauer−Emmett−Teller
(BET) surface area.
Furthermore, chlorite dissolution is controlled by the silica

dissolution regime, which is a function of H+ and Al3+

concentrations.27 Dissolution of chlorite in buffer solutions is
a function of the solution pH, and as reported, the product of
this dissolution contains ions such as Mg, Si, Al, and Fe.
Furthermore, the dissolution of chlorite is a protonation
reaction that attacks the lattice aluminum−oxygen bonds to
release Al3+, leaving a hydrolyzed silica surface whose rate of
dissolution decreases with increasing pH up to pH 7 and
thereafter increases afterward.

2.2.1. Effect of Salt Interactions. Reservoir rock mineral
surface charges are significantly affected by the presence of ionic
species that adsorb on their surfaces.14 These ionic species are
from the reservoir brine, which has a varying concentration of
ions with the propensity to adsorb on the clay mineral surface.
The effect of 0.1 and 1 M salt concentrations is investigated to
ascertain the degree of influence on clay mineral charge
development. The effects of 0.1 and 1 M salt concentrations
are represented by solid and broken lines, respectively.

2.2.1.1. Kaolinite. Figure 4 shows the experimentally
measured values of kaolinite particles’ ζ-potential in a medium
of pH 1−13 as well as the effect of the salt solution
concentration. Figure 4−DA presents the effect of NaCl,
CaCl2 and MgCl2, NaHCO3, and Na2SO4 salts of 0.1 and 1 M
concentrations, respectively. The effect of 0.1 M NaCl solution
(solid line) is depicted in Figure 4A, and a reduction in ζ-
potential values is recorded; however, the surface charge remains
all negative. A similar trend of ζ-potential values is recorded with
the kaolinite base case (Figure 3) around the acidic pH region;
however, at the alkaline pH region, the wave-like pattern of the
increase and decrease in ζ-potential can be attributed to
competing edge and basal charges due to the H+/Na+ exchange
effect with the formation of either Na+−OH− or H+−OH−

bonds at the edges. Generally, the introduction of the NaCl salt
solution compromises the stability of the colloids using a
stability criterion of −30 mV. In the base case, particles can be
said to be stable at pH values of 5 to 13; however, a significant
reduction is observed with the introduction of 0.1 M NaCl
solution. This effect is what results in the precipitation of
kaolinite from feldspar minerals.40

The effect of 0.1 M divalent cations on kaolinite surface
charge is depicted in Figure 4B, and as can be observed, low
values result in due to the substitution of the divalent cations
(Ca and Mg) in the lattice. This observation agrees with the
conclusions of Bolland,41 who reported that the variation of
surface charge of kaolinite as a function of pH is due to cation
substitution in the lattice and not the pH as many would assume.
More so, it is not due to the oxide-like charge on the kaolinite
surface. Furthermore, this mechanism does not only reduce the
ζ-potential values to near zero but also compromises the
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kaolinite particle colloidal stability, which may result in the
development of adsorption-prone surfaces for polar components
of crude oil (asphaltene and resin). Charge reversal is observed
at the alkaline pH region for 0.1 M CaCl2 (pH 11−13) and is
due to double-layer collapse. This is due to the hydrolysis of ions
or the double layer collapse around the particles. At a pH of 13,
an increase in the colloidal stability of the particles (−35 mV) is
observed, which is congruent with the report by Lauzon,21 who
investigated the effect of CaCl2 and AlCl3 on montmorillonite
and kaolinite using electrophoresis. The author highlighted that
in the case of steric stabilization, ζ-potential does not correlate
with colloidal stability measurement. This means that across all
pH, due to the low negative ζ-potential values, the surface of
kaolinite presents an oil-wet surface even though the surface has
mostly negative surface charge.42

Figure 4C,D presents the effect of 0.1 M salt solutions of
NaHCO3 and Na2SO4, respectively, on kaolinite clay minerals,
and as can be observed, they both have similar trend patterns,
which could mean that the same mechanism acts on the
suspended particles. The wave-like pattern, which repeats cross
the pH, can be attributed to competing mechanisms of
adsorption of the HCO3

− and SO4
2− on the surface with the

presence of H+ and OH− as well as the double-layer collapse
around the particle. Also, the screening effect of the positively
charged edges relative to the negatively charged faces of the
kaolinite could be responsible for the observed trend. Generally,
the presence of the HCO3

− and SO4
2− ions did not improve the

colloidal stability of kaolinite particles.
The effect of an increase in the salt solution ionic strength is

depicted in Figure 4 with broken lines. As clearly seen from
Figure 4A, charge reversal from negative to positive is observed
and can be attributed to Na+ adsorption on the surface. Similar
charge reversal and near-zero ζ-potential values are recorded in

the case of 1 M salt solutions of CaCl2 and MgCl2 (Figure 4B),
with an almost insignificant difference in the case of 0.1 and 1M
salt solutions of Na2SO4 and NaHCO3 (Figure 4C,D,
respectively). The divalent ion (Mg2+ and Ca2+) effect on
kaolinite surface charge is predominantly controlled by the silica
sheets compared to the alumina sheets.23 This is evident in the ζ-
potential-pH and yield stress-pH trend reported by Lauzon.21

To corroborate our observation of an oil wetting and adsorption
prone kaolinite surface due to pH and salt interactions, Unal et
al.43 investigated the effect of clay types (illite and kaolinite) on
asphaltene deposition in the steam-assisted gravity drainage
process of bitumen extraction and asserted that the reduction in
oil production recorded was due to the change in wettability of
the surfaces owing to the presence of kaolinite clay.

2.2.1.2. Montmorillonite. Salt effects on the ζ-potential
values of montmorillonite particles are depicted in Figure 5. A
little reduction in the ζ-potential value is observed due to the
introduction of NaCl solution at pH 1−9, depicted in Figure 5A
(solid line). However, between pH 9 and 10, double later
compression is observed owing to OH− as pH increases.
Thereafter, the adsorption of the OH− on the surface increases
the ζ-potential value and colloidal stability. Reduction in
colloidal stability of the montmorillonite is observed due to
adsorption of divalent cations (Figure 5B). This results in near-
zero ζ-potential and the development of an adsorption-prone
surface, which would promote wettability alteration.44 Contrary
to the observation of oil wetness of montmorillonite, Hoxha et
al.42 asserted that montmorillonite possesses water wet
characteristics that are congruent with our base case without
salt interactions; however, in the presence of divalent cations,
this argument of water wetness may not hold as depicted in
Figure 5B. The effect of NaHCO3 and Na2SO4 is depicted in
Figure 5C,D, respectively. The figures show wave-like pattern

Figure 5. ZPs of montmorillonite particles in salt solutions of 0.1 (continuous line) and 1 M (broken line). (A) NaCl effect, (B) CaCl2 and MgCl2
effect, (C) NaHCO3, and (D) Na2SO4 effect.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01221
ACS Omega 2021, 6, 12841−12852

12846

https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01221?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01221?rel=cite-as&ref=PDF&jav=VoR


adsorption of H+ at acidic pH regions and the double layer
collapse between pH 4 and 7, thereafter competing for
adsorption of OH− and the HCO3

− and SO4
2− results in

negative ζ-potentials and reversal due to double-layer
compression.
The effect of the salt solution ionic strength increase on the

montmorillonite particle ζ-potential is shown in Figure 5
(broken lines), with the H+ ion adsorption and double layer
collapse mechanisms dominant in the NaCl effect (Figure 5A).
Divalent cations (Figure 5B) show the more pronounced effect
of charge adsorption and result in a positive surface. However,
the adsorption of NaHCO3 (Figure 5C) results in a somewhat
constant negatively charged surface across all pH values. The ζ-
potential change in the case of Na2SO4 (Figure 5D) is more
pronounced with adsorption and charge reversal resulting in
positive surface charges. So, generally, charge development of
montmorillonite can be said to be due to the charge shielding
effect, and the adsorption of cations on its surface results in its
colloidal destabilization due to extensive and strong interparticle
bridging in the montmorillonite particle.45 In other words,
montmorillonite has a pH-dependent charge due to proton
adsorption/desorption on the hydroxyl groups and a structural
charge resulting from isomorphous substitution in the clay
structure, thus resulting in negative electrophoretic mobility and
cation exchange properties.46 Cation adsorption is due to the
formation of covalent bonds with functional groups on the edges
or electrostatic attractions on the basal planes.
2.2.1.3. Illite. Illite particle ζ-potential values in salt solutions

of 0.1 (solid lines) and 1 M (broken lines) ionic solutions are
shown in Figure 6. A similar mechanism of H+/OH− controlled
charge development is observed in the case of NaCl (Figure 6A)
but with lower ζ-potential values than the illite particle base case
(Figure 3). Figure 6B (solid lines), which presents the effect of
0.1 M divalent cations (Ca and Mg) on the illite particle surface

charge development, reveals the dominance of Ca and Mg ion
adsorption over H+/OH− ions, which result in near zero and
positive surface charges at alkaline and acidic pH regions,
respectively.
Even though the adsorption of HCO3

− and SO4
2− ions

(Figure 6C,D) on the illite surface resulted in an all negative
surface charge across all pH, the colloidal stability is still a
concern except for a pH value of 1 where stability is observed.
Thus, generally, the surface charge of illite particles is dependent
on the adsorption/desorption of H+ and OH− as well as the
presence of cations in the solution resulting in different PZCs
with different ions.25 Thus, the notion that silicate groups
(quartz, feldspar, illite, and smectite) are all water-wet as claimed
by Hoxha et al.42 is misleading especially with interactions with
divalent and trivalent cations.
The effect of an increase in the salt solution ionic strength is

depicted by broken lines in Figure 6A−D. The effect of 1 M
NaCl salt solution depicted in Figure 6A is dominated by the
double-layer collapse in both acidic and alkaline pH regions as a
decrease in pH in the acidic region (pH 1−5) results in negative
surface charges and an increase in pH (pH 8−11) results in
positive surface charges. This is due to an increase in H+ and
OH− change densities at acidic and alkaline pH, respectively. So,
pH (1−3) with high negative ζ-potential values can be said to be
water wet surfaces, whereas the remaining pH (4−13) where
low negative or positive ζ-potential is observed would be oil-wet.
Divalent cation adsorption depicted in Figure 6B presents a
more oil-wet prone surface due to the positive surface charges
exhibited at these pH values, and even though colloidal stability
is improved in some pH (1, 6, 7, and 8), in the case of CaCl2,
their propensity to adsorb polar fractions is still a concern.
Furthermore, in the case of CaCl2, around neutral pH, the illite
surface is water wet, which may be the observation reported by
Hoxha et al.42 Sodium bicarbonate salt solution (Figure 6C)

Figure 6. ZPs of illite particles in salt solutions of 0.1 (continuous line) and 1 M (broken line). (A) NaCl effect, (B) CaCl2 and MgCl2 effect, (C)
NaHCO3, and (D) Na2SO4 effect.
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results in an all negative surface charge due to HCO3
−

adsorption on the illite surface, whereas a more drastic behavior

dominated by the collapse of the double layer is observed for

Na2SO4 salt solution (Figure 6D).

2.2.1.4. Chlorite. Chlorite particle ζ-potential in 0.1 (solid
lines) and 1M (broken lines) salt solutions is shown in Figure 7.
Adsorption of ions changes the surface charge of chlorite;47

however, in the case of monovalent salts like NaCl depicted in
Figure 7A, no significant effect on the ζ-potential of chlorite is

Figure 7. ZPs of chlorite particles in salt solutions of 0.1 (continuous line) and 1 M (broken line). (A) NaCl effect, (B) CaCl2 and MgCl2 effect, (C)
NaHCO3, and (D) Na2SO4 effect.

Table 1. Effect of Well Operations on Rock Mineral Surface Conditions for 0.1 M Ionic Salt Concentrationa1,14,19,50−52

aRed, yellow, and green represent surfaces with positive, low negative, and high negative zeta potential values.
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observed except at the extreme pH values. The presence of the
divalent cation (Figure 7B) and anions (Figure 7C,D) results in
low ζ-potential values and positive surface charge. This supports
the explanation provided earlier that states that chlorite particle
charge development is attributed to ionic species adsorption,
mineral dissolution, and Mg-Al and Mg-Fe hydroxide
formation.29 More so, chlorite surface charge in acidic media
includes a permanent negative charge on exposed siloxane
surfaces and the pH-dependent positive charge on Mg−OH
exposed surfaces, which can be obscured by negatively charged
groups especially silicate anions sorbed on the surfaces.
Furthermore, Si−OH andMg−OH surfaces could pose positive
charges at low pH and negative charges at high pH as observed in
Figure 7A−D. The effect of the ionic strength increase shown in
Figure 7 (broken lines) exhibits similar trends and controlled by
mineral dissolutions. This observation concurs with the report of
Yin et al.,48 who studied the anisotropic surface charge of
chlorite surfaces using atomic force microscopy and ζ-potential
measurements. Findings showed that at pH values of 5.6, 8.0,
and 9.0, the chlorite mica-like face is negatively charged, similar
to our observation and congruent with an earlier report by
Jones.29

2.3. pH Environment and Well Operations. Different
well operations, which include drilling, acidizing, and enhanced
oil recovery techniques, are implemented in the life of a field or
reservoir. These well operations begin with the drilling operation
and end with EOR operations, which alters the nature of the
fluids and rocks in the reservoir.1,49 These operations induce a
change in the pH environment of the reservoir, which affects the
surface chemistry of contacting minerals. The aftereffect of these
well operations includes the adsorption of polar crude oil
compounds on the rock surfaces, which has a significant impact
on production. Maps of the pH environments and the salt (type

and concentration) are produced (Tables 1 and 2) to provide
insight into the surface charge of different clay minerals and how
susceptible the surfaces are to the adsorption of polar crude
fractions. The green, yellow, and red portions represent surfaces
with high negative, low negative, and positive ζ-potential,
respectively. Surfaces with positive and low negative ζ-potentials
are prone to adsorption, whereas surfaces with high negative ζ
values are free from adsorption.
Tables 1 and 2 show a flip in surface conditions due to pH

changes, which suggest that the effect of well operations would
be drastic especially in the case of kaolinite and chlorite.
Furthermore, the effect of well operations on the clay mineral
surface conditions is depicted. Depicted in Table 2 is the surface
condition of chlorite under the surfactant flooding operation.
Surfactant flooding is a well operation that reduces the interfacial
tension between fluid/fluid and fluid/rock, thus improving
recovery. However, in the case where chlorite is a contacting
mineral in the reservoir, adsorption of the injected surfactant will
occur, thus reducing the efficiency of the process.
This is one of many well operations whose aftereffects are

neglected and thus serves as a precursor for flow assurance
problems during the EOR. These maps, which are based on ζ-
potential results from this study, are the first of their kind and
provides insight into mitigating asphaltene depositional issues
due to well operations. More so, they could serve as a guide in
EOR design and selection of fluids to be injected into the
reservoir. The ζ-potentials of some of the mineral surfaces in the
reservoir determined under experimental conditions may be a
piece of the puzzle. However, when fluids are introduced into a
reservoir, the resulting wettability behavior is usually complex, as
many other factors play a role.

Table 2. Effect of Well Operations on Rock Mineral Surface Conditions for 1 M Ionic Salt concentrationa1,14,19,50−52

aRed, yellow, and green represent surfaces with positive, low negative, and high negative zeta potential values.
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3. CONCLUSIONS
Surface charge development of clay minerals and their
contributions to wettability alteration are investigated using ζ-
potential measurement in this research. This provides insight
into the effect of pH change inducing well operations on
reservoir wettability. The following conclusions are made based
on findings from this study:

(1) The presence of clay minerals and their interactions with
reservoir brine present an adsorption prone (oil wetting)
surface across all pH, and given the large surface area that
clay minerals possess, the consequence of adsorption
would be significant.

(2) Clay mineral charge development is controlled by
isomorphous substitution of ions, ion adsorption on the
mineral surface, and double layer collapse around the
mineral particles.

(3) The surface charge of the clay minerals considered in this
study becomes potentially more conducive to the
adsorption of hydrocarbons in the presence of salts. The
effect is greater in the following order: NaHCO3 <
Na2SO4 < NaCl < MgCl2 < CaCl2.

(4) Well operations considered in this study have a significant
effect on clay mineral surface charge and would promote
adsorption prone conditions in the reservoir.

4. MATERIALS AND METHODS
4.1. Materials. Kaolinite, illite, chlorite, and montmorillon-

ite were crushed to particle sizes of 4.57, 3.16, 11.28, and 2.64
μm, respectively, using a Malvern particle size analyzer. Salts
(NaCl, MgCl2, CaCl2, Na2SO4, and NaHCO3) of ACS grade
purchased from Sigma-Aldrich were used for all experiments.
The buffer solution was prepared using 0.1 M solutions of nitric
acid and sodium hydroxide. This is to ensure stable pH
throughout the experiments. Also, nitric acid was used instead of
hydrochloric acid to minimize the etching effect that acids have
on mineral surfaces.
4.2. Sample Preparation and ζ-Potential Measure-

ment. Fine mineral powders were conditioned in aqueous
media of varying pH as detailed in our earlier publications.14,53

ζ-potential measurement was conducted using theMalvern Zeta
Z instruments, with calibration ensured before measurements
were taken. The details of this can also be found elsewhere.14,53

Measurements of kaolinite, montmorillonite, illite, and chlorite
sample ζ-potentials in a buffer solution of different pH (1−13)
as a function of salt type and concentration were conducted.
This is to ascertain the effect of these salts on the charge
development of the clay samples. The electrophoresis technique
of ζ-potential measurement was used with the samples prepared
by suspending 10mg of clay samples in 30mL of solutions (pH 1
to 13). To improve the quality of measurement for high settling
clay samples as used in this study, samples were sonicated. The
sample was then allowed to rest for 5 min before measurements
were recorded. Furthermore, for high repeatability and
reproducibility, a concentration of 10/100mg/mLwas observed
to be optimal.
4.3. X-ray Diffraction. Rigaku Ultima IV equipment with a

Cu-source was used for X-ray diffraction of the mineral samples
to ascertain the presence of other crystalline phases. Mineral
particle X-ray diffractograms were matched using the Interna-
tional Center for Diffraction Database (PDF-4 + 2021), with the
data fitted using Rietveld.
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