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ABSTRACT: Wettability is the fundamental parameter that
influences the productivity of hydrocarbon reservoirs. The knowl-
edge of this regarding shale formation is yet inadequate; thus,
detailed analysis is essential for successful development of such
reservoirs. The Early Cretaceous Sembar formations in the Lower
Indus Basin, Pakistan, is considered as the key target for energy
exploration; however, it exhibits large uncertainties due to the lack
of data availability. Sembar shales hold significant hydrocarbon
volumes rich in organic content; however, prior to this, no
comprehensive research has been conducted to quantify the wetting
behavior of these shales. Thus, precise information about the
wetting behavior of Sembar shale formations is essential, as it is
influenced by many factors. Therefore, in this study, we examined
the wettability of Sembar shale samples by performing a suit of contact angle (CA) measurements. The CA measurements on shale
samples were performed using different salt types (NaCl, KCl, MgCl2, and Reef Salt) and concentrations of 0.1 M and 0.5 M under
ambient pressures and varying temperatures (25−50 °C). The CA was measured via air−brine and air−oil under prevailing pressure
and temperature conditions. Subsequently, the sample morphology and surface topography were examined via field emission
scanning electron microscopy and atomic force microscopy, respectively. The mineral compositions were obtained via X-ray
diffraction studies. The results clearly show that the Sembar shale possesses a mixed wetting behavior. Under dry surfaces, they have
large affinity to oil and deionized water in which the droplet spreads quickly on the sample surfaces. Conversely, the samples aged
with n-decane and NaCl brines exhibited higher CAs than the untreated samples. Additionally, the CA measured by changing
temperatures led to an increase for all brine droplets; the CA further increased as the concentrations of salts increased from 0.1 to 0.5
M. We then discussed the possible reasons for the discrepancy in CA values due to temperature changes and brine concentrations.
Moreover, the CA was measured corresponding to the surface roughness from which it appears that it merely affects the wettability
of these shale samples. However, the present study results lead to an improved understanding of the wettability of Sembar shale of
the Lower Indus Basin in Pakistan.

1. INTRODUCTION
For the exploitation and development of efficient oil and gas
reservoirs, wettability plays the most significant role and
controls the fluid flow, as well as affects the productivity of the
reservoirs.1−7 It is commonly held that wettability is a
physiochemical parameter that depends on the fluid−rock
interactions, total organic content (TOC), interfacial tension,
thermal maturity, mineral compositions, and surface roughness
and rock physical properties.8−13 Thus, the wettability of shales
is affected by various parameters from the presence of organic
matter, rock composition, to mineral−grain orientations.
However, shales are not fully characterized in terms of their
wettability characteristics. Thus, it is important to assess the
characteristics of shale wettability for unconventional energy
resources for successful exploitation and development.8,14

Thus, assessing the wettability characteristics is important as
it mainly affects the rock and fracturing fluids, which are
treatment fluids following unconventional fracturing oper-
ations for reservoir development.15 Essentially, the shale
formation is composed of a combination of various mineral
constituents (e.g., clay, quartz, calcite, feldspars, and iron
oxides) and organic compounds which are found in varying
quantities within heterogeneous shale rocks.16−18 However, the
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wettability of the shale formation is very complex to
understand, which in turn displays the different wetting
tendencies from hydrophobic to hydrophilic and to mixed
wettability.19−21 In the literature, some published studies
reported that the shales possess a hydrophilic behavior;22−24

on the contrary, other studies have claimed that they are
hydrophobic,21,25,26 and some of them provided that they
exhibit mixed wettability.27,28 The reason for such differences
in the wettability of shale rocks is the discrepancies in
mineralogical composition and textural parameters,29 complex
pore distributions,20,30,31 and the presence of organic matter in
varying quantities.25,32,33 Usually, the wettability of conven-
tional reservoirs is obtained by any of the methods mentioned,
such as (i) the contact angle (CA) method, (ii) the drainage
and imbibition method, (iii) atomic force microscopy (AFM),
and (iv) nuclear magnetic resonance and zeta potential.29,34−37

However, the shale formation is extremely tight, exhibiting
magnitude of orders lower permeability than the conventional
reservoirs; thus, most of the pores are of micro- to nanometer
sizes. Hence, in these ultra-low-permeability formations, most
of the above-mentioned methods of wettability quantification
are inconvenient except the CA method, which is more
suitable. In addition, a complex pore network and extremely
low-permeability and rock heterogeneities also limit the
applications of methods other than CAs.4 In addition, the
rock surface roughness significantly influences the CA
measurements. Previously, few studies have attempted to
assess the wettability considering the rock surface roughness.38

Theoretical models were developed to quantify the wettability
of smooth and rough surfaces, that is, Young’s equation, the
Wenzel model, and the Cassie−Baxter equation. Young39
studied the wetting tendency of the solid surface in
environments of very regular surfaces. However, Wenzel40

and Cassie and Baxter41 proposed that there may be air gaps
on the surface topography of coarse solid surfaces; hence, the
CA measured by considering uneven surfaces of samples under
rough surfaces is significantly influenced by the wetting
affinity.42 On the contrary, other studies have proposed that
surface roughness has a slight impact on the CA results of
carbonate samples.3 In addition, temperatures significantly
affect the shale rock wettability. However, the pressures are
considered to affect the wettability of rocks slightly.43

However, the wettability experiments under pressure changes
were not considered to be conducted due to their insignificant
effects. Moreover, several studies have been carried out to
understand the wetting behavior via laboratory attempts for
shales.44−46 However, none has yet reached in providing the
unified conclusion. Thus, it is very challenging to reach unique
conclusions regarding the shale rock wetting characteristics to
various fluids.
Thus, this study has comprehensively investigated the air/

brine/ and air−oil/rock system’s wetting affinity of Sembar
shale formations in the Lower Indus Basin, Pakistan, as a
function of brine type, composition, temperature, and sample
surface roughness. A wide range of salt solutions with different
concentrations such as NaCl, KCl, MgCl2, Reef Salt, and
deionized water were tested under varying conditions of
temperature. Further, the CA of the Sembar shale samples was
obtained considering different salt types and concentrations.
Finally, an attempt was made to assess the impact by variations
in the mineral compositions of shales and various other factors
that are responsible for changes in the CA of these shales.
Geological Settings: Pakistan possesses the largest sedi-

mentary basin covering the most underexplored unconven-
tional potential of fossil fuels.13,47−49 The Indus Basin of
Pakistan is one of the significant sedimentary basins that

Figure 1. Geological map of Pakistan along with (a) outcrop view of the Sembar shale formation and (b) sample collection site in the Lower Indus
Basin, Pakistan.

Table 1. List of Collected Samples, Their Localities, and Geographic Coordinates (UTM)

station no. sample no. coordinates location latitude longitude

Winder city area,
Balochistan

Sembar
shale

N 25° 56.708,
E 66° 56.477

Winder city area near the Pab mountain range approximately 650 m off to
the Khurkhera-Kanjraj Road

25.80067 66.91412
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contains huge unexplored resources in its unconventional
formations. The study area and sampling sites are shown in
Figure 1a,b. The details of sampling points and their
geographic locations along with their coordinates are provided
in Table 1. The Sembar formation was observed from the base
of the Pab range starting from 150 to 200 m-thick rocks of
dolerite composition. The mountain peak at the Pab
succession is encroached by Jurassic Limestone at the top
and was followed by the Sembar shale formation with a
thickness of around 25−30 m. The color of the Sembar shales
found in the Indus Basin was observed as light greenish to gray.
On the other hand, as we traveled along the Pab range rocks,
the color change of the shale formation to dark black and dark
gray was perceived. At this location, few samples of the Sembar
shales were picked, and it was observed that these contained
iron stains of yellowish orange color. Most of the Sembar
shales in the Lower Indus Basin are of the age of the Lower
Cretaceous.50,51 The iron nodules within the Sembar
formations were also seen to range from 12 to 15 cm. These
iron nodules were mainly limnetic in color. The Sembar shale
formation changed from shale to mudstone intervals, and these
were associated with fine silty sand beds covered by the thick
Goru formations. The gross thickness of the Sembar formation
as observed was around 40−60 m. These were overlain by thin
variable intervals of siltstone, marl, and shale and mudstone
beds.

2. EXPERIMENTAL METHODOLOGY
2.1. Sample Preparation and Aging Process. Sembar

shales from different locations of the Lower Indus Basin,
Khurkhera-Kanraj Road, Balochistan, Pakistan, were obtained
for analysis. Initially, the sample blocks were collected, which
were tagged and appropriately labeled. Figure 2 shows the

hand specimen and rectangular samples for assessing their
surface wetting tendencies. The samples were then cut with a
high-precision cutter for desired sizes of (2 cm × 2 cm × 2 cm)
for CA measurements. Subsequently, the samples were
cleaned. The samples in Soxhlet for cleaning were left
overnight to remove the residual impurities of the sample
surfaces. The laboratory conditions of wettability measurement
may differ from in situ reservoir conditions due to changes in
temperature and pressure conditions. The temperature change
significantly affects the wettability of rocks.15 Thus, we
measured the wettability of these shales by changing the
temperature conditions. However, the pressures are considered
to affect the wettability of rocks insignificantly.43 Hence, the
wettability experiments under higher pressures were not
conducted by the present study.
The CA measurements were made by aging with fluids of

different brine concentrations and oils; a stock of different salts
is displayed in Figure 3. Initially, the CA was measured using
distilled water, and the subsequent measurements were made
by aging the samples with 10 wt % seawater brines at a room
temperature of 25 °C and atmospheric pressure. Four different
brines were prepared to soak the samples and measure the
CAs, that is, distilled water, NaCl, KCl, and MgCl2 brines, and
Reef Salt (seawater compositions) was also selected to measure
the brine CA. The compositional details of brines prepared for
CA measurements are shown in Table 2. In addition, the shale
formation CA was quantified under surface roughness
experiments to compare the CA with rough surfaces. The
surface roughness was obtained using the AFM model of
ezAFM + c10.20.16.51 Nano Magnetics imaging instrument
with the tapping mode.

2.2. X-ray Diffraction Analysis. For X-ray diffraction
(XRD) analysis, we prepared the powder of shale samples;

Figure 2. Illustration shows the (a) photograph of the shale sample hand specimen and (b) sample prepared for CA measurements.

Figure 3. Salt stock and brine solutions prepared by blending with a desired amount of salts in distilled water under different temperature
conditions.
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initially, the samples were cut in a rectangular shape by a
precision knife cutter. These samples were very thin in
thickness, which were ground to make a powder for
quantitative analysis. The analysis was performed using a
PANalytical X-ray diffractometer model number PW3040/60
X’Pert Pro, Amsterdam, The Netherlands. This setup was used
to analyze the different phases in the Sembar shale samples.
The X-ray diffractometer was run at room temperature at a
current of 30 mA provided with a voltage of 40 kV, and scans
were done with a step of 0.025 and CuK radiation.

2.3. Scanning Electron Microscopy and Elemental
Mapping. We used field emission scanning electron
microscopy and energy-dispersive spectroscopy (EDS) for
surface topographic analysis and elemental mapping con-
sequently. This instrument consists of secondary electrons,
backscattered electrons, and an EDS electron detector for
surface characterization and elemental identification. A
secondary electron routine was adopted to analyze the surface
topography, while heavy and light compounds of samples are
detected via BSE. The elemental mapping of samples is usually
obtained by the use of an EDS electron detector. For precise
information of sample composition, the EDS analysis was
aided with XRD quantifications.

2.4. Surface Roughness of Samples via AFM. To obtain
smooth surfaces of the shale samples, the samples were
polished using the 1000 mesh and 240 mesh sandpaper. For
better visualization of surface topography changes of the
Sembar shale formation, the samples were further polished
using the alumina powder and silk cloth to remove all dirt and
scrap. For surface topographic features, the experiments were
performed via AFM. The AFM model of the ezAFM +
c10.20.16.51 Nano Magnetics imaging instrument with the
tapping mode was used to obtain the surface topographic
images. The Sembar shale samples were cut into small cubic
size with a knife cutter of sizes around 2.0−2.50 cm. However,
the samples were prepared as per the desired size of the sample
holder platen system. The samples were polished to make their
surfaces smooth with fine paper of mesh size ranging from 400
to 5000. The samples of desired sizes of approximately 10 mm
× 10 mm × 2 mm were prepared. It is to ensure that the aged
sides of the samples must not be altered and ground because
these surfaces were exposed for better visualization of surface
roughness.

2.5. CA Measurement Setup. To investigate the surface
wetting behavior of shale rocks, a widely used CA measure-
ment method via drop analysis was used as displayed in Figures
4 and 5. The CA measurements were made after the
preparation of sample chips of size ranging from 2 cm × 2
cm × 2 cm. The CA of flat shale sample chip surfaces was
determined by viewing the probing fluid shape developed on
the sample surface. The affinity to shale samples was analyzed
by using different probing fluids. Initially, the NaCl, KCl,
MgCl2, and Reef Salt solutions of two different concentrations
were prepared. All the prepared brines were filled in a closed

container and tightly closed to avoid evaporation of water to
maintain the brine composition.
The experimental setup comprised light sources, syringes

with different needles, a temperature-controlled bath (max
temp. 150 °C), a digital camera for image recording, and a
laptop for data processing as shown in Figure 4. The
measurement of CA was made at ambient conditions initially.
Then, a syringe filled with slightly more brines than the desired
quantity and must be checked for tightness. For different brine
compositions, different syringes were used as probing liquids.
Around 50 μL to 20 mL of probing liquids were prepared and
placed in a cup as spare if required to be filled as desired. A
piece of containment free cloth was used to remove excessive
air bubbles or filths on the tip of the syringe needles. Later, we
put the sample on the sample stage as shown in Figure 4. It is
to ensure that there must not be any tilt on the surface that is
holding the samples in either direction. After placing and fixing
the shale samples on the sample stage then, a drop of brine was
dispensed through the needle tip; subsequently, the position of
the needle tip was lowered; thus, a drop of brine fell on sample
surface. Then, we captured pictures via a digital camera. The
CA precise measurements are very critical; hence, we repeated
measurements three times to get the mean values. Thus, the
process was repeated until the desired results are achieved. The
experimental setup shows the needle position and correspond-
ing camera for capturing the images. The images taken were
further analyzed using ImageJ software (Figure 5).

3. RESULTS
3.1. Total Organic Content. TOC is the total organic

carbon that is found to be present in a source rock and is
represented as weight percent. Additionally, it indicates the
total amount of organic matter that is present within the fine
sedimentary shale rock formation, which shows rich content to
generate the hydrocarbon potential. The TOC of the samples
from Sembar shale gas was obtained using the Rock Eval
equipment from Vinci Technologies, Nanterre, France. The
TOC was experimentally determined by taking a small piece of
the shale rock, which is ground to a fine powder. The results
revealed that the Sembar shale samples exhibit 0.03−2.54 wt
%, which shows that these samples have a reasonably good OM
content.

3.2. Characterization via XRD. For the purpose of
comparing the fluid wetting tendency, it is essential to know
these shale compositions. Thus, we performed quantitative
XRD analysis of these shales to assess the relative affinity of the
compounds to probing fluids. The results of the XRD studies

Table 2. Properties of Brines Used for CA Measurements

formation brine
composition pH (24 °C) pH (40 °C) density (g/cc) TDS

NaCl 6.60−7.01 6.52−7.02 0.980−1.002 27,596
KCl 6.30−6.99 6.20−6.80 1.010−1.025 24,214
MgCl2 6.90−7.20 6.60−7.20 1.012−1.112 24,200

Figure 4. Schematic illustration of experimental arrangement for CA
measurements.

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

https://doi.org/10.1021/acsomega.2c05960
ACS Omega 2023, 8, 688−701

691

https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


showed different mineral components and were predominantly
composed of five main mineral compounds (Figure 6 and
Table 3). The XRD analysis specifies the existence of different
clay mineral types in all the samples and in variable quantities.
These shales mainly consist of the silicon oxides (SiO2) with
fragments of kaolinite, Fe-rich chlorite, mica silts, and illite-
montmorillonite clays. In addition, illite-smectite types of clays
were also detected along with traces of iron oxides and
carbonates. The XRD studies show that illite is present in the
Sembar shales varying from 6.48 to 41.2 wt %, kaolinite varies
from 12.35 to 52.34%, and smectite is found to be present in
these shales varying from 5.25 to 25.75 wt %. Chlorites found
are in very small quantities. The first main compound of these
shales was categorized as it possesses silicon oxides (SiO2).
The second predominant compound was smectite and is called
the montmorillonite clay. The third group compound name is
illite-montmorillonite clay and is composed of aluminum,
magnesium, and silicate hydroxide elements. The fourth one is
the potassium iron magnesium aluminum silicate hydrate; this
mineral is revealed to be the illite type of clay which is white in
color. The subsequent compound detected through XRD
studies is illite. The preceding smallest compound observed in
the Sembar formation shale includes chlorite, potassium
feldspars, iron, and titanium.

3.3. Scanning Electron Microscopy and Energy-
Dispersive X-ray Spectroscopy. It is essential to identify
the rock minerals for comparable affinity of minerals with
probing fluids, that is, oil and brines. For this reason, we
performed elemental analysis of our shale samples using SEM/
EDS analysis. The elemental mapping of samples from EDS
analysis obtained is shown in Figure 7. The SEM images taken
shows the surface topography of these shales, and their
corresponding elemental compositional variations were
obtained via mineral mapping. We observed some dark spots

showing the organic matter within these samples. The bright
spots on the SEM photomicrograph show that these shales also
contain the pyrites. In some place in SEM photomicrographs,
we observed dark spots which displayed iron oxides within
these samples. Moreover, the XRD studies have aided in the
recognition of quartz, chlorite, kaolinite, and other clay mineral
types such as illite-montmorillonite as well as potassium
feldspar clay minerals. The EDS elemental analysis also showed
the presence of mica, which has a chemical composition of K−
Mg−Fe−AlSiO2−H2O. The clay minerals are found to be
present in all the studied samples of the Sembar shale
formation under the SEM study.

3.4. Atomic Force Microscopy. The samples from
Sembar shales for surface smoothness were analyzed via
AFM, and the results obtained are displayed in Figure 8. AFM
was performed on shale samples which were pretreated to
examine the impact of surface roughness on wettability. The
average surface roughness of the Sembar shale was determined
via AFM (Flex-Axiom, Nano-surf through a C3000i model
controller) experiments.52,53 The results show that Sembar
shale samples exhibit 6.57−356 nm, which in turn reflects that
these samples possess a significantly smooth to rough surface.
Hence, it is usually expected that the samples which shows a
smoother surface establish higher CA than the samples with
rough surfaces, in particular to quartz-dominated samples
under hydrophobic conditions.13 In this study, we noticed
changes in CAs as the roughness of the sample changes.
Further, the influence of roughness on the CA is discussed in
the subsequent section.

3.5. Contact Angle. 3.5.1. CA of Air−Brine under NaCl,
KCl, MgCl2, and Reef Salt. To study the brine composition
impact and resulting changes in wettability, several small shale
samples in a rectilinear shape of varying sizes were first cut and
then cleaned. This was performed via a trimming machine and

Figure 5. Illustration shows the (a) representative CA image, (b) ImageJ software window, and (c) CA determined via the drop shape analysis.
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subsequently were gently polished to attain a reasonably
smooth surface. After the preparation of the desired size and
type of shale samples, these were then aged for a week in n-
decane and NaCl concentrated salt solutions under room-
temperature conditions. Then, the samples were horizontally
positioned for CA measurement. For this reason, the digital
camera was engaged to take the side images of brines and oil
drops on shale sample surfaces. Initially, the CAs were
measured via air−brines at a concentration of 0.10 M salt
solutions (NaCl, KCl, MgCl2, and Reef Salt (seawater) under
room temperature of 25 °C. Then, the CAs were measured by
increasing the salt concentration to 0.5 M.

The CAs measured using different brine types and
concentrations are shown in Figure 9 and Tables 4 and 5,
respectively. The CA measurements carried out via different
types of brine (NaCl, KCl, MgCl2, and Reef Salt (seawater)
solutions at 0.1 M salt concentration are presented in Table 4.
The results obtained using different brine droplets show that
the MgCl2 brine appeared to exhibit a larger CA after NaCl,
followed by KCl, Reef Salt (seawater), and deionized water
CAs. Further, it was noticed that the CAs consistently
increased when the brine concentration was augmented. This
increase in CAs noticed for almost all brine types when the
temperatures were increased. The CA established due to NaCl
brines was 94.4° (Table 4). On the other hand, it was found
that the CA measured for deionized water on shale surfaces
was 44.1° (Table 4). These reported results of CA measure-
ment were recorded after water drop stabilization for 15 min at
least. Although, the CAs measured immediately after dropping
of probing fluids might not be applicable in assessing the
wettability of shales. However, instantaneously measured CAs
reflect higher CA values and poor wetting behavior for NaCl
brines. Additionally, the temperature changes and vaporization
of fluids, and probing fluid soaking, imbibition may change the
shape of a drop.54 From the present study results of Sembar
shale CAs (Tables 4 and 5), it appears that MgCl2 lead to the
maximum value, followed by NaCl, KCl, and Reef Salt
solutions at a given pressure and temperature, and these results

Figure 6. Illustration represents the XRD pattern from two different samples (a,b) which shows the mineralogy of shale from the Sembar
Formation in the Lower Indus Basin, Pakistan. Explanation: (Q-quartz, I-illite, S-smectite Mg-magnesium, Al-aluminum, K-potassium-feldspars, P-
pyrite, D-dolomite, Ca-calcite, S-siderite, and Fe-iron oxides).

Table 3. Average Ranges of Mineral Content from Two of
the Shale Samples (A and B) from the Sembar Formation

mineral sample A (wt %) sample B (wt %)

quartz 52.57 45.12
kaolinite 12.4 14.3
chlorite 9.5 12.5
illite-montmorillonite 5.52 7.5
smectite 2.3 3.2
mica 5.4 5.41
calcite 5.3 5.43
iron oxides 2.3 2.35
dolomite 4.71 4.2
total 100.0 100.0
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Figure 7. Photomicrograph from FESEM/EDS analysis of the Sembar shale shows the topography of 22-SMB-2a, which is predominantly
composed of different elements. In this, (a) displays the SEM image and it is mainly composed of (b) O, (c) Mg, (d)Al, (e) Si, (f) K (g) Ca, and
(h) Fe (iron) and (i) EDS elemental spectrum and the corresponding weights and atomic percentage are provided in table.

Figure 8. Surface morphology of the Sembar shale formation: (a) 3D and (b) 2D.

Figure 9. CAs measured at different ionic concentrations of DSW,
NaCl, KCl, MgCl2, and Reef Salt (seawater) at 0.1 M salt
concentration.

Table 4. CA Degrees Measured for all Cases in This Study
Using Different Salt Types and Concentrations [KCl, NaCl,
MgCl2, and Reef Salt (Seawater)]a

CA (degrees)

brine
composition

(a)
untreated
samples

(b) treated samples with
NaCl brine solution

(c) treated
samples with
n-decane

NaCl 94.4 59 62.5
KCl 44.7 51.10 52.9
MgCl2 26.6 71.2 32.0
Reef Salt
(seawater)

25.1 44.7 52.8

deionized water 44.1 58.7 22.2
condensate air 0 90.4 65.4
aIn the case of deionized water, the salt concentrations were zero.

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

https://doi.org/10.1021/acsomega.2c05960
ACS Omega 2023, 8, 688−701

694

https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05960?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are consistent with previously published studies.55−59 More-
over, theoretically, it is apparent that an increase in ion
concentration will lead to an increase in the CA; thus, the
previous results also support this assertion and are consistent
with the present study data. In addition, the various other
published studies have also reported similar findings.21,60,61

3.5.2. CA of Air−Oil on Shale Surface. A drop of volume of
n-decane was released from the syringe to fall on the Sembar
shale surface for treated and untreated shale samples;
subsequently, the air−oil CAs were measured. The results
are presented in Table 6. The contact measured on the
untreated shale sample surface via the n-decane droplet was
zero, and the oil drop on the surface after falling spread

Table 5. CA Images of the Shale Sample Surfaces: (a) Untreated Samples, (b) Treated with Brines of NaCl Brine Solution, and
(c) Treated with n-Decane

Table 6. n-Decane CAs in Air Measured under Ambient Pressures and Temperatures

Figure 10. CA increase results for binary ionic compound brine solutions (MgCl2 + NaCl and KCl + MgCl2).
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quickly. It was very difficult for a drop to stay on the sample
surface, though it was vanishing right after falling on the
sample surface. However, the CA for the sample treated with
NaCl brines recorded instantaneously was 90.4°. Further after
few minutes of time, the oil droplet started to spread rapidly
over the shale sample surface, thus by complete wetting. It is
important to express that if the drop did not display
equilibrium attainment for air−brine drops, such measurement
did not reflect reliable CAs. Thus, as mentioned above, when
the oil droplet spreads completely over the shale sample
surface, the resulting angle becomes 0°, which is considered as
a stabilized CA. This similar behavior was perceived while
taking the measurement for Sembar shale surfaces. The
measurements were also repeated and the results for air−oil
are shown in Table 6.

4. DISCUSSION
4.1. Controlling Factors of CA. The factors that

significantly affect the shale wettability and the changes that
occur due to modification in those include are the mineralogy,
temperature and pressure conditions, TOC, mineral occur-
rences, surface roughness, and thermal maturity conditions.
Thus, the effect of the aforementioned factors on shale
wettability are subsequently analyzed and discussed.

4.1.1. CA via Sample Treated with Binary Compound Salt
Solutions [MgCl2 + NaCl]. The CA measurements were
carried out using binary compound salt solutions via an air−
brine droplet on the shale sample surface under ambient
condition of pressure and temperature as shown in Figure 10.
The effect of binary solutions was assessed by preparing a
mixture of salt solution via blending NaCl and MgCl2 salt
solutions. The results of CA obtained using the mixture of
MgCl2 + NaCl brine solution are shown in Figure 10. Initially,
the ratio of binary salt solution was prepared by mixing 25%
NaCl and 75% MgCl2, which shows that the increase in CA
established with mixture is simply 2°. However, it is clear from
the results that when we added MgCl2 in NaCl at a
concentration ratio of 50%:50%, the CA increased from 2 to
5.5°. However, the CA measured solely using MgCl2 has
appeared to be the highest CA compared to those of all other
brine solutions. Conversely, adding 50% of MgCl2 and 50% of
NaCl has further increased the total CA. The purpose of
performing such experiments under these conditions was to
analyze the favorable concentration of brines which can
improve the shale wettability as well as productivity of oil and
gas. Therefore, it was found that addition MgCl2 to NaCl brine
solution could significantly alter the effect of the CA of Sembar
shales only at a favorable salt concentration, such as 50%
MgCl2 + 50% NaCl. Furthermore, other studies have also
provided that the blending of NaCl to MgCl2 decreases the
efficiency of MgCl2 if it is used for EOR as a modified brine
solution. Thus, this implies that elimination of NaCl also led to
an adverse effect in EOR experiments reported in published
studies.

4.1.2. Effect of Temperature on CA. CA measurements
were done under varying temperature conditions in order to
study the effects on the wettability of shale formations due to
changes in temperatures. The pressure effects on CA are
insignificant; hence, it was decided not to investigate the effects
of pressure on CA during the analysis of the present study.
Thus, the CA measurements were carried out by changing the
temperature, and brine concentrations and salt types are
presented in Table 7 and Figure 11a,b, respectively. An

increase in temperature from 25 to 50 °C led to a gradual rise
in the CAs for all salt types from 0.1 and 0.5 M salt
concentrations at prevailing conditions of pressure and
temperature (Figure 11a,b). The extent of increase in CAs
due to the increase in temperatures was higher at higher
concentrations. For example, the CA increased by a maximum
of 2° at 0.1 for most of the salt solutions at a temperature
increase from 25 to 50 °C, whereas the change occurred in a
CA of 0.5 M MgCl2 brine due to the increase in temperature
from 72.6 to 79.2° was significant than the lower concentration
of 0.1 M under the same conditions of temperature increase.
There is a contradiction in published studies regarding
temperature changes and their influence on CAs. Few studies
have reported that by the increase in temperature, the CA

Table 7. CA in Degrees Measured for All Cases Under
Varying Conditions of Salt Types and Concentrations at
Different Temperatures

temperature °C

brine compositions 25 30 35 45

NaCl (0.1 M) 94.5 96.2 98.0 102
NaCl (0.5 M) 96.8 98.6 102.5 108.4
KCl (0.1 M) 51.1 52.4 54.4 56.0
KCl (0.5 M) 52.3 54.2 56.4 60.5
MgCl2 (0.1 M) 71.2 72.4 74.2 77.5
MgCl2 (0.5 M) 72.6 73.4 75.5 79.2
Reef Salt (seawater) (0.1 M) 44.7 46.2 48.2 50.5
Reef Salt (seawater) (0.5 M) 46.5 48.2 51.4 55.3

Figure 11. CAs measured (a) at 0.1 M salt concentration and (b) at
0.5 M salt concentration (NaCl, KCl, MgCl2, and Reef Salt solutions)
as a function of salt type and varying temperatures.
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measured increases,62−65 as is the case of the present study;
other studies have reported in contradiction, which provides
that the CA decreases by the increase in temperature.58,66,67

Thus, the effects of temperature on CA is ambiguous due to
several parameters such as density differences, dielectric
constants, interfacial tensions, fluid phases, and sample mineral
compositions.
Many researchers have reported similar changes in CA

behavior due to temperature changes. For example, Arif et al.3

have reported that the increase in temperature decreases the
CA values of the samples. In addition, the CA changes for coal
resulting from CO2 adsorption on coal surface were reported
due to temperature increase.68 Furthermore, other studies have
also reported that the change in CA occurs by the increase of
temperature for carbonate samples.69 They found that the
absolute value of crude oil/brine CA for carbonate increased
from 72 to 77° at a temperature of 110 °C, which shows that a
slight change in CA occurs for carbonate rocks. Similarly, in
our study, we observed minor changes in CA values for shale
samples due to changes in temperature from 25 to 50 °C. The
slight reduction in the measured values of CA may be the
result of droplet viscosity change due to temperature increase.

4.2. Influence of Mineralogy on Shale Wettability.
The mineralogy of shale has significant influence in finding the
wetting characteristics of surface rocks; thus, the shale
formation surface is considerably crucial in determining their
wettability. The shale formation exhibits various minerals in
different proportions such as calcite, quartz, mica, chlorite
kaolinite, and other clay mineral types such as illite-smectite
and potassium feldspars. Therefore, the wettability is
significantly affected by the mineral that is in dominancy. In
addition, it is reported that the TOC significantly affects the
rock wettability as well as the interfacial tension.70 For
instance, Pan et al. 2020b describes the changes in interfacial
tensions and wettability to shale A to shale B and C via their
mineralogy.71 Here, the sample that contains higher calcite
content exhibits more hydrophobicity than others. Similarly, if
the samples exhibit a higher amount of clay and mica minerals
in shale B than shale type C, this led to more changes in γ
rock−fluid interfacial changes in shale type B. In the present
study, we analyzed the effects such as pressure, temperature,
shale-TOC, and mineralogy on Sembar shale CA and
wettability. However, attempts have been made to investigate
the Sembar shale formations by considering realistic reservoir
and geological environments. However, this may not cover all
the actual conditions of reservoirs. For instance, the shale rocks
earlier were treated as cap rocks; these may exhibit different
mineralogy and wetting tendencies to different fluids affecting
the reservoir adversely.
In this study, the wettability of untreated sample surfaces

was measured and compared with that of the samples which
were treated with brines and n-decane. The result obtained on
the wettability of the Sembar shale samples established a
dramatic change from complete water wetness to oil
wettability. Therefore, the shale samples’ aging for small time
span altered their wetting tendencies from wetting to non-
wetting conditions. Thus, for favorable treatment to shale
reservoirs, accurate estimates of mineralogy are essential for
wettability characteristics. Apart from mineralogy, the rock
wettability is affected by brine salinity and concentrations,
which may be in some situation is high enough. Moreover, the
ion types also significantly affect the rock wettability as ions
can be monovalent as Na+, K+, and Cl and divalent as these

factors affect the wettability considerably.72 This study has
simply analyzed the wettability of shale formations considering
the effects of salt types, brine concentrations, TOC,
mineralogy, and temperatures. However, the effects of ion
types and valence could be further assessed. Therefore, the
effects of salinity and type of ions will help in characterizing the
shale formations.

4.3. Influence of TOC on Shale Wettability. The
influence of the presence of organic matter on shale formation
wettability to shale cap rock is extensively studied and is
reported in the public domain. The wettability characteristics
of shale cap rocks are significantly affected by the existence of
organic matter into subsurface reservoirs.73−75 The organic
matter existence is unavoidable in the reservoir rock; thus, it is
essential to assess the effects of organic matter on shale
wettability. For example, the reported TOC data available in
the public domain for Sembar shale formation ranges from
0.50 to 9.48 wt % (Ahmad et al. 2013 and Khalid et al. 2019),
which shows that the Sembar shale exhibits poor to good OM
maturity. Similarly, a present study finding also reveals that the
Sembar shale possesses 0.03−2.54 wt %, which shows that this
has good OM content.
The total organic matter and air−brine CA obtained are

summarized in Figure 12. From the results, it is observed that

with the increase in TOC, the CA is increased; for instance, at
TOC increased from 0.05 to 2.54 wt %, the CA increases from
25 to 94.5°. This is ascertained by the results of other
published studies reported as in Pan et al. 2021, in which it is
mentioned that the rock surface hydrophobicity increase is due
to the presence of organic matter.74 On the other hand, the
wetting behavior of shales in the case of shale gas presence
shows reduction in wetting tendencies on shale sample surfaces
with TOC as reported by other authors.13,74 For instance, the
results presented by Ali et al. 2022 show that γ shale−gas
reduced from 103.26 to 86.85 mN/m, whereas the TOC was
increasing from 0.08 to 14 wt %.13 Other studies have also
ascertained the phenomena and established that the TOC
increases subsequently the hydrophobicity; thus, less energy is
required for gas molecules to spread on the rock surface.76

This implies that TOC is also an essential parameter that
influences the shale formation wettability.

4.4. Effect of Surface Roughness on Wettability in an
Air/Brine/Water System. The surface roughness significantly
affects the dynamic wetting behavior of any of the material, and
it can change the surface hydrophobicity. The surface
roughness parameters (Ra) of the Sembar shale formation
were acquired by processing the AFM data, and the results are
displayed in Section 3.4, Figure 8, as 2D and 3D three-

Figure 12. Influence of TOC on shale CAs.
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dimensional images. The roughness (Ra) values were ranging
from 6.57 to 356 nm with an average value of 253 nm (Table
8). The sample surface roughness values corresponding to the

CA measured are illustrated in Figure 13. This yields that the
Sembar shales are highly heterogeneous, exhibiting major
surface irregularities; none of the sample has furnished
smoother surface. This was consistent with the SEM images,
which also displayed similar phenomena. The CA measure-
ments were made using different brine types (NaCl, KCl,
MgCl2, and Reef Salt solutions) at 0.1 M salt concentration
and are provided in Table 8 ranging from 72.4 for MgCl2,
which is the highest, followed by NaCl, KCl, and Reef Salt
solutions under ambient temperature and pressure conditions.
The lowest CA was established on deionized water. This
implies that the lower the sample surface roughness, the
smaller will be the impact on the wetting behavior as well as
the CA will not be significantly affected.74 It is noteworthy that
the brine CA on the calcite sample in the existence of CO2
reduced significantly from 85 to 75° due to the changes in
sample surface roughness from 7.5 to 140 nm.74 However,
many other studies have also reported that the surface
roughness significantly affects the CA of the samples. For
example, in Papp and Csiha,77 it is reported that there is a
significant impact of surface roughness on the CA of various
wood species. Hence, this requires careful investigation of
measurements of shale sample wettability under realistic
environments.

5. CONCLUSIONS
This paper has investigated the wettability of the Sembar shale
formations in the Lower Indus Basin in Pakistan via CA
measurements. For this purpose, the effects of different salt

types (NaCl, KCl, MgCl2, and Reef Salt) at concentrations
(0.1 and 0.5 M) under ambient pressures and varying
temperatures (25−50 °C) were studied. In addition, the CAs
of oil as n-decane on the surface of the shale sample in air were
also determined as a function of temperature and pressure.
Thus, the factors influencing the wettability of shales were
examined using the different salt type (NaCl, KCl, MgCl2, and
Reef Salt) concentrations under varying temperature con-
ditions, and the conclusions drawn are listed below.

1. The present study results provided that the brine CA
measured for bivalent ions is higher than those measured
using monovalent ion solutions. Subsequently, the CA
measured using oil and brines of different concentrations
have also shown an upward increase with an increase in
prevailing conditions of temperatures, which in turn
increases further if an ionic concentration of salt solution
increases.

2. The CA measured via n-decane showed strong wetting
affinity on untreated dry sample surfaces.

3. It was observed from the results that in most shale
samples, the organic matter was absent. Thus, low
organic matter maturity is the main factor for the
Sembar shale formation with more hydrophilic rather
than hydrophobic behavior.

4. The air−brine droplet (θa−b°) binary compound salt
solutions’ (25% NaCl and 75% MgCl2) CA measured
under ambient conditions of pressure and temperatures
showed the increase in CA.

5. It was observed that the shale sample mineral
composition and the characteristics of the surface
roughness and an aqueous media, organic content
deposits on the surface, and prevailing conditions of
temperature and pressure all affect the wettability. The
oil tends to spread quickly on shale sample surface and
has more affinity compared to other minerals such as
carbonate and siliceous minerals. Moreover, in the case
of lower salt concentrations, the shale samples become
more hydrophilic.
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Table 8. CA (θ(a‑brine) Measured Using NaCl, KCl, MgCl2,
and Reef Salt Solutions at 0.1 M Salt Concentration

sample ID
roughness
(nm)

CA
θ(a‑brine)
NaCl

CA
θ(a‑brine)
KCl

CA
θ(a‑brine)
MgCl2

CA
θ(a‑brine)
Reef Salt

CA
θ(a‑water)
DI
water

Sembar
shale
sample

253 95.6 52.4 72.4 45.2 25.5

Figure 13. CAs measured via different brine types (NaCl, KCl,
MgCl2, and Reef Salt solutions) at 0.1 M salt concentration under a
roughness of 253 nm.
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