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Abstract

Water-based fracturing fluids without an inhibitor promote clay swelling, which eventually creates wellbore instability. Sev-
eral ionic liquids (ILs) have been studied as swelling inhibitors in recent years. The cations of the ILs are crucial to the
inhibitory mechanisms that take place during hydraulic fracturing. Individual studies were carried out on several ILs with
various cations, with the most frequently found being ammonium and imidazolium cations. As a result, the goal of this study
is to compare these two cations to find an effective swelling inhibitor. A comparison and evaluation of the clay swelling
inhibitory properties of tetramethylammonium chloride (TMACI) and 1-ethyl-3-methylimidazolium chloride (EMIMCI) were
conducted in this work. Their results were also compared to a conventional inhibitor, potassium chloride (KCl), to see which
performed better. The linear swelling test and the rheology test were used to determine the inhibitory performance of these
compounds. Zeta potential measurements, Fourier-transform infrared spectroscopy, and contact angle measurements were
carried out to experimentally explain the inhibitory mechanisms. In addition, the COSMO-RS simulation was conducted to
explain the inhibitory processes and provide support for the experimental findings. The findings of the linear swelling test
revealed that the swelling was reduced by 23.40% and 15.66%, respectively, after the application of TMACI and EMIMCI.
The adsorption of ILs on the negatively charged clay surfaces, neutralizing the charges, as well as the lowering of the surface
hydrophilicity, aided in the improvement of the swelling inhibition performance.

Keywords Hydraulic fracturing fluids - Clay stabilizer - Shale hydration and swelling inhibition - Swelling inhibition
mechanisms - COSMO-RS simulation

Abbreviations (SH)in inhibitor ~Swelling height in inhibitor’s solution

BT Bentonite SIE Swelling inhibition efficiency

DIW Deionized water (SP)in water Swelling percentage in water

EMIMCI 1-Ethyl-3-methylimidazolium chloride (SP)in inhibitor ~ Swelling percentage in inhibitor’s

FF Fracturing fluid solution

FT-IR Fourier-transform infrared spectroscopy TMACI Tetramethylammonium chloride

IL Tonic liquid Wt Weight

(SH)in water Swelling height in water XRD X-ray diffraction
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gas, shale oil, tight oil and gas, oil sands, coal bed methane,
and gas hydrates are examples of unconventional reservoirs.
Shale gas is a key energy source among these unconven-
tional resources due to its large reserve volume. Shales are
sedimentary rocks made up of clay minerals (smectite, illite,
kaolinite, chlorite, and vermiculite), as well as other miner-
als like quartz, calcite, and feldspar (Lyu et al. 2015). The
permeability of these reservoirs is extremely low (1072 to
1078 um?) (Liu et al. 2018). Due to the exceptional geophysi-
cal properties, the production of oil and gas from shale is
not similar to that from conventional sources. Fortunately,
with the advancement of technologies such as horizontal
drilling and fracturing, the industry is shifting toward shale
hydrocarbon production (Danso et al. 2020, 2021; Miah
et al. 2018; Fujian et al. 2019; Biswas et al. 2020, 2021).

Fracturing involves the high-pressure injection of spe-
cially designed fracking fluids to create fractures in the for-
mation (Joshi 1991). It improves the rate at which fluids are
recovered from low permeable reservoirs. The fracturing
fluids play a vital role during the fracturing process in the
shale formation. There are different types of fracturing fluids
such as oil-based fluids, foam-based fluids, and water-based
fluids. Oil-based fluids are considered efficient fracturing
fluids due to their superior lubricity, resistance to swelling,
borehole stability, high-temperature resistance, and corro-
sion inhibitory properties (Villada et al. 2017). However, due
to the high initial cost, environmental hazards, operational
safety, and disposal, the use of oil-based fluids during drill-
ing and fracturing operations has been limited. Foam-based
fluids contain less water and have a high apparent viscosity,
which allows for good proppant transportation and reduces
formation damage. The disadvantages of foam-based frac-
turing fluids include low hydrostatic pressure and instability
at higher temperatures and pressures (Yekeen et al. 2018;
Gupta and Hlidek 2010; Wanniarachchi et al. 2015; Gan-
dossi 2013). Water-based fracturing fluids can cause more
fracture networks. Also, water is readily available and inex-
pensive (Gu and Mohanty 2014). However, when employ-
ing water-based fluids, the water-sensitive formation may
encounter challenges such as hydration, swelling, and dis-
persion (Xu et al. 2018). The prevalent operational problems
encountered in fracturing unconventional shale reservoirs
using water-based fluids are mostly triggered by clay swell-
ing. The severity of clay swelling can limit the wellbore
diameter, causing stress distribution around the borehole to
change, lowering the mechanical shale strength of the for-
mation, causing borehole instability, and ultimately leading
to reduced production (Xu et al. 2018, 2019; Guancheng
et al. 2016). Mitigating the swelling of the clay minerals
during the fracturing of shale formations is therefore crucial
in ensuring a smooth fracturing operation.

Over the last five decades, several conventional and
non-conventional inhibitors have been incorporated with
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water-based fluids to tackle the above-mentioned issues
(Muhammed et al. 2021). Some of the conventional addi-
tives are inorganic salts, surfactants, polymeric, and amine-
based inhibitors. Inorganic salts such as KCl, NaCl, CaCl2,
and NH4Cl have been shown to be effective in combating
hydration and swelling shale formations at concentrations
ranging from 2-20 wt% (O’Brien and Chenevert 1973;
AlMubarak et al. 2015; Gholami et al. 2018). Several
researchers reported that inorganic salts may cause floc-
culation of fracturing fluids, which are incompatible with
the fracturing fluids at higher concentrations and are harm-
ful to the marine environment (Akhtarmanesh et al. 2013;
Patel et al. 2007; Sehly et al. 2015; Quainoo et al. 2020;
Zhong et al. 2011). On the other hand, the application of
surfactants, polymeric, and amine-based inhibitors is limited
due to their dependency on temperature and concentration,
along with their lower inhibitive performance (Barati and
Liang 2014).

Recent approaches are focusing on non-conventional
inhibitors such as nanoparticles (Lara et al. 2017; Saleh and
Ibrahim 2019; Yekeen et al. 2019), saccharides and their
derivatives (Ma et al. 2019; Ismail and Ann 2009), bio-sur-
factants (Aggrey et al. 2019), and ionic liquids (ILs) (Rah-
man et al. 2020a, 2021). ILs are liquid organic salts compos-
ing of anions and cations along with substituents attached to
the cation (Berry et al. 2008; Bubalo et al. 2014). These seg-
ments of the ILs have distinguished effects on clay swelling
inhibition mechanisms. Ahmed Khan et al. (2020) studied
the effects of halogen group anions and reported that there
is negligible difference in their inhibition performances due
to different halides (Ahmed Khan et al. 2020). The reason
behind these similar inhibition performances is that these
anions possess almost similar types of molecular properties.
Rahman et al. (2021) investigated the effects of polyatomic
anions on clay swelling inhibition and discovered that less
electronegative polyatomic anions perform better (Rahman
et al. 2021). Yang et al. (2019) investigated the effects of
the alkyl side chain attached to the imidazolium cation and
suggested that a short alkyl chain exhibited better inhibi-
tion performance (Yang et al. 2019). Several studies were
done to evaluate the inhibition efficiency of imidazolium-
and ammonium-based cations (Li et al. 2019; Zhang et al.
2019; An et al. 2015). However, there is no comparative
study between the performances of these cations. Moreover,
their inhibition mechanisms are not well-explained. There-
fore, this study focuses on investigating the performance
of 1-ethyl-3-methylimidazolium chloride (EMIMCI) and
tetramethylammonium chloride (TMACI) along with their
inhibition mechanisms.

The linear swelling test and rheology test were con-
ducted to evaluate the inhibitive performance of the inhibi-
tors. The inhibition mechanisms were explained by the zeta
potential measurement, FT-IR analysis, and contact angle
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measurement. Furthermore, COSMO-RS simulation studies
were done to support the inhibition mechanisms explained
by experimental methods.

Materials and methods
Materials

Tetramethylammonium chloride (TMACI), 1-ethyl-3-meth-
ylimidazolium chloride (EMIMCI), and potassium chloride
(KCl) were purchased from Avantis Laboratory Supply,
Malaysia. In this study, the same anion (C17) and two dis-
tinct cations (ammonium and imidazolium) were used for
swelling investigation to compare the effects of the two
different cations on swelling inhibition. The clay sample
used in the experiments was purchased SCOMI Oiltools.
The mineralogy of the bentonite powder was studied using
X-ray diffraction (XRD) analysis. The bentonite powder was
characterized by an X’Pert® Powder X-ray diffractometer,
and the X-ray scans were analyzed by the Highscore (plus)
software (PANalytical). The mineralogical composition of
the bentonite is given in Table 1.

Montmorillonite is comprised of an octahedral sheet
sandwiched between two tetrahedral sheets (Uddin 2018).
They have a predisposition to swell because of this structural
feature. As a result, the bentonite powder, which is primarily
constituted of montmorillonite, was chosen for the experi-
ments in this study. The physiochemical properties of the
chemicals utilized in this study are given in Table 2.

Experimental studies

of the core wafer compactor. After that, the pressure valve
attached to the respective pressure chamber was opened and
another pressure valve was closed. Finally, 1450 psi pressure
was applied with the hydraulic press and closed the pres-
sure valve and held it for 60 min. After 60 min, the pressure
valve was opened and waited until the pressure dropped to
0 psi, and then cylindrical shaped wafer was removed from
the pressure chamber. The initial length and diameter of the
wafer were measured by a digital caliper.

Figure 1 shows the schematic diagram of the linear swell
meter used for this study. After measuring the length and
diameter, the compacted bentonite wafer was placed into an
automated dual-core HPHT linear swell meter (M46000).
Before putting the wafer into the swelling chamber, the swell
meter was calibrated with three standard wafers of different
lengths. To check the deviation caused by this equipment,
three runs using distilled water were performed repeatedly.
The variation in results between these three runs was neg-
ligible. As a result, no repetitions for the other solutions
were performed. A solution was prepared using water and
a 2 wt.% inhibitor (KCl/ TMACI /EMIMCI) to check the
inhibition performance of the ILs. Also, a fracturing fluid
(FF) was prepared by adding 0.40 wt.% of guar gum, 0.20
wt.% of potassium carbonate, 0.10 wt.% of borate, 0.20 wt.%
of HPAM, 2 wt.% inhibitor, and water to check the compat-
ibility of the ILs with FF. 75 ml of FF or water-inhibitor
solution was put into the swelling cell, and the swelling phe-
nomenon was monitored for 24 h under 1000 psi pressure
and room temperature. The swelling heights and percentages
were recorded by a data acquisition software which was con-
nected to a computer. The swelling percentage was calcu-
lated through the software utilizing the following equation:

Linear height at different time - Initial height

Swelling rate =

Linear swelling test Initial height
x 100%

. . . 1
For the linear swelling test, 13 g of dry bentonite powder M
was taken by using a digital weight measurement tool. Then,
the measured bentonite powder was put into a wafer holder
Table 1 ‘Mineralogical . Sample Mineral Composition Interlayer space
composition of the bentonite
powder used in this study Bentonite  Montmorillonite (Si; gAl; 1,Cso 16 Fe 20Mg025050) 100 wt.% 12.17 A
Table 2 Physiochemical properties of the chemicals that were used in this study
Chemical Name Chemical Formula MW (g/mol) Purity Cation Anion Source
Water H,0 18.02 NA NA NA NA
Potassium chloride KCl 74.55 AG K* CI™ Avantis laboratory supply, Malaysia
EMIMCI C¢H,,CIN, 146.62 >95.0% CeH, | N,* CI~ Avantis laboratory supply, Malaysia
TMACI C,H,,CIN 109.60 >98.0% C,H ,N* CI~ Avantis laboratory supply, Malaysia

NA Not applicable, AG Analytical grade
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Fig.1 Schematic diagram of the linear swell meter used for this study

Furthermore, to compare the swelling inhibition efficien-
cies of different ILs, the following equation was utilized:

S, =S
5 X 100% 2)

w

elling inhibition efficiency =

ere S,,. is the swelling height or percentage in water,
and S; is the swelling height or percentage in inhibitor’s
solutions.

Rheology test

The rheology of numerous bentonite suspensions was inves-
tigated in this study utilizing a high-precision Discovery
Hybrid Rheometer (DHR-1) with a cup and bob measuring
geometry with a gap of 5917 um. The sample suspensions
were prepared by mixing 4 g of bentonite powder, 2 g of
inhibitor (KCI/TMACIEMIMCI), and 94 g water. The mix-
ers were stirred by using a fann five-spindle multi-mixer
for 30 min. The rheometer was set at 25 °C, and several
conditioning steps (soaking time of 30 s and equilibration
of 60 s) were performed on the samples to bring them into
thermal equilibrium. A steady flow sweep was applied with
a varying shear rate from 0.01 to 1000 s~!. The tests were
conducted at 25 °C and 75 °C to measure the viscosity of
the bentonite suspensions. Finally, genetic algorithms (GA)
were employed to optimize three parameters of the Her-
schel-Bulkley flow model: yield stress, flow consistency
index, and flow behavior index.

Zeta potential measurement
The samples for zeta potential measurements were prepared

by adding 0.2 wt.% bentonite powder, 2 wt.% inhibitor,
and 97.80 wt.% water. At first, 0.2 g bentonite powder was
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Data recording system

measured by a digital weight balance, and 97.80 ml water
was measured by a test tube. Then, the water and bentonite
powder were mixed and magnetically stirred for 24 h. After
that, 19.6 ml of the water-bentonite solution was taken and
mixed with 0.4 g of inhibitor (KCI/TMACI/EMIMCI). The
water-bentonite-inhibitor solutions were again stirred for
16 h by a magnetic stirrer. Finally, the zeta potential value
of the bentonite-water and bentonite-water-inhibitor solu-
tions was measured using a zeta potential analyzer (zeta-
sizer Nano ZSP).

FT-IR analysis

At first, 10 g of dry bentonite powder was measured by a
digital weight balance. Then, the measured sample was put
into the pressure chamber of the compactor and compacted
under 1000 psi pressure for 30 min. After the compaction,
the bentonite wafers were immersed in water and inhibitor
solutions and kept for 24 h. Then, the wet bentonite wafers
are taken out of the solutions and dried in an oven at 80 °C
for approximately 16 h. After that, the dried bentonite was
crushed into fine powder by pestle and mortar. The IR spec-
tral of the powdered bentonite modified with inhibitors was
measured by a PerkinElmer Spectrum 400 spectrometer. The
experiment was conducted at room temperature within the
range of 4000 to 400 cm™".

Contact angle measurement

The contact angle measurement was conducted to check the
clay’s wettability changes which can determine the inhibi-
tion mechanisms of the inhibitors. The contact angles for this
research were measured by a KRUSS Drop Shape Analyzer
(DSA25). At first, 10 g dry bentonite powder was measured
by a digital weight balance. Then, the bentonite sample was
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placed into the pressure chamber and compacted for 30 min
at a pressure of 1000 psi. Then for 48 h, the bentonite wafers
were immersed in water and inhibitor solutions. The wet
bentonite wafer was removed from the solutions and dried
at room temperature for approximately 72 h. To make the
surfaces smooth, the wafers were again put into the pres-
sure chamber and compacted for 5 min. Upon smoothing,
the bentonite wafer was placed on the stage between the
camera and light source. Then, the stage’s position was fixed
by adjusting its horizontal and vertical positions. Once the
wafer’s position is fixed, then the intensity of the light is
adjusted. After completing all the settings, a small drop of
water placed on the clay wafer’s surface and the value of
contact angles along with their images were recorded in the
data acquisition unit.

COSMO-RS simulation

Theoretical studies or molecular dynamics simulations are
required to overcome the challenges raised by experimental
studies such as cost and time (Bains et al. 2001; Al-Arfaj
et al. 2015). The swelling inhibition mechanisms of the
inhibitors can be explained by zeta potential measurement,
FT-IR analysis, and contact angle measurements. However,
theoretical studies such as the COSMO-RS simulation study
can also support the experimental methods used to explain
the inhibition mechanisms. In this study, the computer simu-
lation COSMO-RS (COSMOtherm Version 19.0.0 (Revi-
sion 5259)) is utilized to analyze the mechanisms working
behind the swelling inhibition processes. This simulation
software takes less time and is more effective at predict-
ing the interactions between the water molecules and ILs.
Herein, the sigma surfaces and surface area (chain length)
of the studied ILs and the water molecules were determined
by the COSMO-RS simulation software. The color of sigma
surfaces helps to describe the charge distribution of a chemi-
cal in its structure. Moreover, the hydrogen bond energy
produced between the water molecules and ILs is studied
in this work.
3. Results and discussion

Linear swelling test

By comparing the swelling caused by water and ILs, the
swelling percentage of the bentonite wafer with and with-
out an inhibitor was determined. Furthermore, these results
were compared with the conventional inhibitor KCI. Cati-
ons play a vital role during swelling inhibition processes.
Herein, the impacts of imidazolium and ammonium cations
were studied and presented. Figure 2 and Table 3 show that
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Fig.2 Swelling percentage for distilled water, KCl, TMACI, and
EMIMCI for 24 h

TMACI depicted superior swelling inhibition performance
to EMIMCI from the very beginning.

Figure 2 depicts the swelling rate of bentonite wafer with
distilled water, KCl, TMACI, and EMIMCI through 24 h.
The bentonite wafer swelled to 59.40% of its original size
in water, indicating a significant hydration and swelling
tendency. After adding 2 wt.% KCl, the swelling rate was
reduced to 53.90%. This reduction indicates the swelling
inhibition efficacy of the conventional inhibitor, KCI. The
swelling curve for KCl shows that up to 6 h, it promotes the
swelling compared to water. This happens due to the slower
penetration rate of the potassium ions and the penetration
of clay minerals by the massive water volume during the
cationic penetration and replacement processes (O’Brien and
Chenevert 1973; Agag and Akelah 2011).

When the imidazolium- and ammonium-based ILs were
introduced, the bentonite wafer swelled less than when
only water was supplied. The swelling reduction occurred
because of the ILs adhering to the bentonite surface via elec-
trostatic attraction. This adsorption of the positively charged
groups of ILs decreased the bentonite’s negative surface
charge, compressing the double electric layers. Some of the
adsorbed IL molecules may be intercalated into the vacuum
of the bentonite interlayer, where they may eject some water
molecules. It decreased bentonite’s water adsorption capa-
bility, resulting in reduced hydration and swelling.

Table 3 indicates the swelling rate for water, KCI,
EMIMCI, and TMACI at 1 h, 6 h, 12 h, and 24 h. At the
beginning (after 1 h), the swelling rates were 10.70% and
6.20%, and after 24 h, the rates were 50.10% and 45.50%
for EMIMCI and TMACI, respectively. TMACI showed a
lower swelling rate than EMIMCI throughout the whole
24 h. The tetramethylammonium cations can easily and
strongly adsorb onto the bentonite clay particles through
electrostatic attraction forces and hydrogen bonding. This
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Table 3 Percentage of swelling after 1 h., 6 h., 12 h., and 24 h. for different cations

Experimental fluid system Swelling% at 1 h

Swelling% at 6 h

Swelling% at 12 h Swelling% at 24 h

Water (100 wt.%) 8.40% 26.30% 39.75% 59.40%
Water (98 wt.%) +KCl (2 wt. %) 10.60% 26.20% 38.25% 53.90%
Water (98 wt.%)+EMIMCI (2 wt.%) 10.70% 24.60% 35.50% 50.10%
Water (98 wt.%) + TMACI (2 wt.%) 6.20% 21.30% 32.60% 45.50%
30 50
" A ——FF FF+KCI
5 A 45 £ ——TMACI ——EMIMCI
20 T A
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Fig.3 Swelling inhibition efficiency for EMIMCI and TMACI at 1 h.,
6h.,12h.,and 24 h

helped to reduce the surface negative charge and double
electric layers, hence reducing the swelling.

Figure 3 shows the swelling inhibition efficiency for
EMIMCI and TMACl at 1 h., 6 h., 12 h., and 24 h. At the
beginning (at 1 h.), the swelling inhibition efficiency of
TMACI was 26.19% and -27.38% was for EMIMCI. At the
beginning, TMACI showed higher swelling inhibition effi-
ciency, which indicated the faster penetration rate of tetra-
methylammonium ions than the imidazolium ions. However,
with time (especially up to 12 h), the inhibition efficiency of
EMIMCI was increased. On the other hand, the inhibition
efficiency for TMACI was following a decreasing trend but
still maintained a higher inhibition efficiency than EMIMCI.
After 12 h, the inhibition efficiency for TMACI again fol-
lowed an increasing trend and maintained superior inhibition
efficiency until the end of this experiment.

Figure 4 represents the percentage of swelling for FF,
FF + KCl, FF + EMIMCI, and FF + TMACI mixtures. The
rate of swelling with FF after 24 h was 46.40%, which was
reduced to 43.20%, 38.60%, and 35.20% after adding KCl,
EMIMCI, and TMACI, respectively, to the FF. TMACI
retained its superior performance with FF in this case as
well, which indicates the better compatibility of TMACI
with FF. Both ILs (EMIMCI and TMACI) showed superior
performance to KCI with the FF. These results indicate that
the studied ILs are compatible with the fracturing fluids.
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Fig.4 Swelling percentage for FF, FF+KCl, FF+EMIMCI, and
FF+TMACI for 24 h

Rheology test

Herein, the rheological parameters of the bentonite-water,
bentonite-water-KCl, bentonite-water-EMIMCI, and ben-
tonite-water-TMACI are briefly discussed. The rheological
parameters of a drilling or fracturing fluid are investigated
in order to determine the flow behavior (Wang et al. 2017).
However, in this study, the rheological properties were uti-
lized to assess the swelling inhibition ability of an inhibi-
tor (Rahman et al. 2020b; Xuan et al. 2015). It is believed
that the swelling and dispersion of clay minerals increases
the viscosity and as a result, increases the yield stress value
(Xiong et al. 2019; Aubry and Moan 1997; Rubbi et al.
2021). Hence, the viscosity and yield stress measurements
can be used to evaluate the chemical’s effectiveness in pre-
venting swelling or dispersion. Higher inhibitory efficiency
is indicated by a lower viscosity value for a given chemical.

The viscosity is shown in Fig. 5, and Table 4 summarizes
the rheological properties of bentonite-water and benton-
ite-water-inhibitors containing various cations (calculated
by the Herschel-Bulkley model). After integrating KCI,
EMIMCI, and TMACI into the bentonite-water suspen-
sions, the viscosity and yield stress were lowered. The yield
stresses for KCl-water-bentonite, EMIMCI-water-bentonite,
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Fig.5 Flow behavior of bentonite-water and bentonite-water-inhibi-
tor (with different cations) suspensions; a viscosity vs shear rate at
25 °C and b viscosity vs shear rate at 75 °C

Table 4 Rheological parameters of the bentonite-water and bentonite-
water-inhibitors (with different cations) suspensions at 25 °C (calcu-
lated by Herschel-Bulkley model)

Inhibition system Yield Consistency Flow index, n
stress, YS  index, K (Pa.
(Pa) s")
Water+ BT 2.9443 0.0165 0.9798
KCIl+ water+BT 1.2665 0.0118 0.9475
EMIMCI + water+BT  2.9004 0.0157 0.9674
TMACI +water+BT  1.1656 0.0113 0.9406

and TMACI-water-bentonite suspensions were 1.2665,
2.9004, and 1.1656 Pa, respectively. On the other side, the
value was 2.9443 Pa for the water-bentonite suspension.
The reduction in the yield stress value supports the
higher swelling inhibition efficiency of the inhibitors. As
previously stated, lower yield stress values were obtained
by controlling bentonite swelling and dispersion through
neutralizing the surface negative charge and decreasing
the repulsive force between two clay sheets. While the

decreased yield stress and viscosity are advantageous for
the swelling inhibition procedure, they might occasionally
present problems for the proppant transportation facility.
However, there is a good solution to this problem; pre-
hydrated bentonite combined with fracturing fluids can
demonstrate a high capacity for proppant transporting.

Zeta potential measurement

The zeta potential measurement is an important technique
to explain the inhibition mechanisms. Herein, the effect
of cations on the reduction in negative surface charges is
briefly discussed.

Figure 6 represents the zeta potential value of benton-
ite-water and bentonite-water-inhibitor suspensions. The
zeta potential of bentonite in water was —33.53 mV, indi-
cating a considerable colloidal system. These negative
charges produce opposing forces between two layers of
the clay minerals due to their repulsive nature. The repul-
sive force can cause the separation of two silicate layers,
which can result in swelling of the clay minerals. However,
after adding KCI, EMIMCI, and TMACI, the zeta potential
value changed to —23.40, — 14.30, and —9.90 mV, respec-
tively. These zeta potential values indicated the demotion
of the colloidal system after adding ILs and KCI. Gener-
ally, a low zeta potential value reduces the repulsive forces
between the clay layers and accelerates the agglomeration
of bentonite particles. Agglomeration of clay mineral is
favorable for swelling and dispersion inhibition.

Figure 7 depicts the negative surface charge reduction
efficiency of KCl and ILs. The zeta potential reduction by
KCl, EMIMCI, and TMACI was 23.21, 57.35, and 70.47%,
respectively. All these inhibitors reduced the negative zeta
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5 25
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Fig.6 Zeta potential values for bentonite-water and bentonite-water-
inhibitor solutions
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Fig. 7 Efficiency of various inhibitors in negative surface charge
reduction

potential value by more than 20%, indicating that they
are effective inhibitors. So far, the ammonium cation has
shown excellent efficiency compared to the imidazolium
cation. Owing to four methyl chains attached to the cation,
TMACI may help to reduce more negative charges than the
imidazolium cation. Due to the high electrostatic attraction
between the TMACI and bentonite particles, the TMACI
readily adsorbs on the bentonite surface, resulting in the
reduction in negative surface charge. Moreover, the four
methyl chains of TMACI increase the hydrophobicity of
the bentonite surface, which helped to decrease the nega-
tive zeta potential value.

FT-IR analysis

FT-IR analysis was conducted to further investigate the
intercalation of ILs on the bentonite clay. This test helps
to investigate the adsorption ability of the inhibitors on the

clay surface. For the bentonite sample shown in Fig. 8, the
spectrum reveals the typical characteristic absorption bands.
The noticeable peak at 3621 cm™! was assigned to the O-H
stretching vibration. A large absorption band at 3435 cm™!
was found to correspond to the physisorbed water in the
galleries of bentonite, while the H-O—H deformation vibra-
tion of water molecules was found at 1641 cm™!. Moreover,
a strong absorption band at 1036 cm™' represented asym-
metric stretching vibrations of Si—O and 521 indicated the
deformation band of Al-O-Si.

After the effective adsorption of these ILs on benton-
ite, all FT-IR spectra of bentonite-ILs hybrids exhibited
additional absorption peaks at 2970 cm~! and 2874 cm™!,
which corresponded to the stretching vibration of the methyl
groups. The presence of these two peaks proved the incorpo-
ration of ILs into the bentonite clay. For TMACI-bentonite
composite, a significant peak was found at 1487 cm™! which
represents N-CH; bonds. This peak was absent in the spectra
of bentonite, bentonite-KCl, and bentonite-EMIMCI com-
posites. Table 5 shows some of the significant bonds present
in bentonite and inhibitor-bentonite composites.

Table 5 Significant bonds present in bentonite and inhibitor-bentonite
composites

Peak Bond BT BT-KCl BT-EMIMCl BT-TMACI
521 Al-O-Si (D) present present present present
1036 Si-O (S) present present present present
1487 N-CH,4 absent absent  absent present
1642 H-O-H (D) DP DP SP SP

2874 C-H (S) absent absent  weak weak

2970 C-H (S) absent absent  weak weak

3621 O-H(S) present present  present present

Fig.8 FT-IR spectra of benton-
ite, KCl-bentonite, EMIMCI-
bentonite, and TMACI-benton-
ite composites
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Contact angle measurement

The wettability of the shale surface is a vital factor in under-
standing and analyzing the swelling inhibition mechanisms.
Contact angle calculation is a simple way to assess wettabil-
ity changes on a surface. Herein, the effects of cations on
contact angle are briefly discussed.

The contact angles between a water drop and a bentonite
surface or a water drop and a bentonite surface treated with
ILs are shown in Fig. 9. The average contact angles for the
bentonite surface treated with TMACI] and EMIMCI were
50.35° and 47.4°, respectively. On the other side, the con-
tact angle between water and pure bentonite was 31.45°,
which indicated a hydrophilic state of the bentonite surface.
The more hydrophilicity of the clay surface accelerates the
attraction to water molecules, which promotes the hydration
and swelling of the clay. However, after modifying the ben-
tonite surface with TMACI and EMIMCI, the contact angle
increased by 60.10% and 50.72%, respectively. This increase
in the contact angles indicated the reduction in hydrophi-
licity or the increase in hydrophobicity. Among these two
ILs, TMACI showed better hydrophilicity reduction than
EMIMCI. Therefore, it can be concluded that tetramethyl-
ammonium cations have more potential to alter the surface
hydrophilicity.

Fig.9 Contact angles between
water drop and bentonite sur-
face; a bentonite surface modi-
fied with TMACI, b bentonite
surface modified with EMIM,
and ¢ pure bentonite

TMACI

COSMO-RS simulation studies

The COSMO-RS simulation studies were conducted to
better explain the inhibition mechanisms and support the
results obtained from experimental studies. In this study,
sigma surfaces of the cations and anion of ILs and water,
surface area of the studied chemicals, and hydrogen bond
energies between water and ILs were investigated. All these
properties have a direct relationship with the swelling inhibi-
tion mechanisms.

Figure 10 represents the sigma surfaces of water, tetra-
methylammonium cation, 1-ethyl-3-methylimidazolim
cation, and chloride anion. The scale of interpretation
shows that deep blue color indicates highly electropo-
sitive charge and deep red color indicates highly elec-
tronegative charge. When these colors gradually become
faded, it means the electropositivity or electronegativity
are decreasing. Most of the surface area of the tetrameth-
ylammonium cation is electropositive, with only a few
minor areas that are highly electropositive and partially
electropositive present. Specifically, when it comes to the
1-ethyl-3-methylimidazolium cation, the maximum area
is partially electropositive, with only a few minor areas
being highly electropositive and electropositive. Accord-
ingly, the positive charge distribution on the tetrameth-
ylammonium cation is greater than the positive charge
distribution on the 1-ethyl-3-methylimidazolium cation.
This somewhat greater positive charge facilitates the
adsorption of the tetramethylammonium cation on the
clay surfaces, resulting in a reduction in more surface

EMIMCI

Pure Bentonite
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Fig. 10 Sigma surfaces of the cations and anion of the studied inhibi-
tors

negative charges. This reduction in surface charge eventu-
ally contributes to a reduction in clay swelling.
According to Table 6, the hydrogen bond ener-
gies produced by the interaction of water with EMIMCI
and water with TMACI were —26.07573 kcal/mol and
—25.65217 kcal/mol, respectively. Instead of expressing
negative numbers, the minus (—) sign represents the pro-
duction of energy during the bond formation process in
this case. This indicates that TMACI forms fewer hydro-
gen bonds with water molecules than EMIMCI, hence

producing less hydrogen bond formation energy. Knowing
that both of the ILs contain the same anion, it is reasonable
to conclude that the difference in hydrogen bond energy
between them is due to differences in the cations present.
Whenever the tetramethylammonium cation enters the clay
interlayer space, it draws a smaller number of water mol-
ecules, resulting in a reduction in swelling.

Proposed role of cations in swelling
inhibition

Numerous chemicals were investigated as swelling inhibitors
in order to smooth out the hydraulic fracturing process of the
clay-rich shale formation. Each chemical has its own mode
of anti-swelling action. For a few years, ILs have been stud-
ied for their potential as swelling inhibitors. However, their
inhibition mechanisms are not well-understood. Hence, the
possible inhibition mechanisms by cations are briefly dis-
cussed here. When IL enters the interlayer space, it quickly
gets adsorbed on the clay surfaces through electrostatic
attraction forces. The hydrogen bonds formed between the
positive cations of IL and the silicate tetrahedron of clay
particles intensify the adsorption process. The presence
of more positive charge on the surface of the cations pro-
motes the adsorption process. Being adsorbed on the clay
surface, the cations neutralized the negative surface charges
and suppressed the repulsive double electric layer (proved
by the zeta potential value). The neutralization of negative
charges reduced the hydrophilicity of clay surfaces (proved
by the contact angle measurements); hence, they show less
attraction to water molecules. Moreover, the coordination
of hydrogen bonds and electrostatic attraction forces may
expel water molecules from the interlayer spaces and fix
the clay plates together. The alkyl chain attached to the cat-
ion core of the adsorbed ILs makes a hydrophobic shield
and covers the clay surface, which also impedes the water
ingress into the interlayer space. More alkyl chains attached
to the cation facilitate more swelling inhibition. The higher
positive charge on the surface of the tetramethylammonium
cation, as well as the presence of more alkyl chains attached
to it, contributed to its superior inhibitory performance when
compared to the 1-ethyl-3-methylimidazolium cation.

Table 6 Studied parameters for different inhibitors generated by COSMO-RS computer simulation

Inhibition system Concentration Eyp (kcal/mol) Surface area (A?) Volume (V?) Efficiency
(from exp.
study)

EMIMCI + water EMIMCI (2%) Water (98%) —26.07573 214.86408 191.88735 15.66%

TMACI + water TMACI (2%) Water (98%) —25.65217 180.56222 158.90884 23.40%
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Conclusion and recommendation

The swelling of the ultralow permeability owned shale
formation is caused as a result of geochemical interac-
tions between water and clay minerals during hydraulic
fracturing processes. This is extremely detrimental to
effective shale gas extraction due to the formation damage
and production constraints. Numerous additives, includ-
ing organic salts, inorganic salts, surfactants, polymers,
and amine derivatives, have been proposed as fracturing
fluids to address this issue, but they all have significant
downsides. Recent research has concentrated on ILs com-
posed of a cationic component, an anionic component, and
substituents attached to the cationic core. Each of these
three components has a considerable effect on the sup-
pression of clay swelling processes. So far, there is no
significant comparative work on the impact of cations on
clay swelling inhibition. Hence, this research examined
the effects of ammonium and imidazolium cations on clay
swelling inhibition, as well as the mechanisms underly-
ing their inhibition. The following concluding statements
are made in light of the experimental and COSMO-RS
simulation investigations conducted on the two ILs as clay
swelling inhibitors.

e Both ILs outperformed the traditional inhibitor KCI in
terms of inhibition. As a result, IL. may be a potential
alternative to conventional inhibitors.

e Among the two cations evaluated with chloride anion
in this research, ammonium-based IL (TMACI) outper-
formed imidazolium-based IL (EMIMCI).

e More positive charge on the cation’s surface accelerates
the adsorption process and reduces the negative surface
charge of the clay mineral, resulting in less clay swelling.

e More alkyl chains attached to the cation improve inhibi-
tory efficacy.

Based on the research conducted in this study, a few sug-
gestions can improve the research scope in the future.

e In the simulation study of this work, only the interac-
tions between ILs and water molecules were investigated.
However, the interaction between the ILs and clay miner-
als requires further investigation.

e In this work, only two types of cations were studied.
Some other cations (for example, phosphonium, piperi-
dines, pyridiniums, pyrrolidines, sulfones, morpholines,
guanidiniums, choline, oxazolium, triazolium, thiazo-
lium, pyrazolium, N-alkyl-isoquinolinium) need to be
studied.
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