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ABSTRACT

Ionic liquids (ILs), recognized for their negligible vapor pressure, thermal stability, and structural tai-
lorability, offer targeted inhibition of clay expansion. Compared to ILs, polyionic liquids (PILs) possess
stronger mechanical properties and adsorption capabilities, showing even greater potential in inhibiting
clay swelling. In this work, we synthesized and characterized an imidazole-based ionic liquid (IL-NH>), a
polyionic liquid (PIL-ABHIm), and a PIL/IL combination. Their inhibitory performance was rigorously
evaluated under simulated drilling conditions through immersion tests, linear swelling tests, among
others. Additionally, the mechanisms underlying their interaction with clay minerals were elucidated
through contact angle measurements, Fourier-transform infrared spectroscopy, X-ray diffraction (XRD),
Zeta potential analysis, and molecular electrostatic potential (MEP) analysis. This work demonstrates that
IL-NH; inhibits osmotic hydration by altering the interlayer structure of the clay, while PIL-ABHIm re-
duces surface hydration by forming a hydrophobic barrier on the clay surface. PIL/IL combines both
mechanisms, significantly enhancing the stability of clay through the dual mechanisms of cation ex-
change and hydrophobic barriers. These findings reveal an innovative mechanism by which PIL/IL
combination inhibits clay hydration and swelling, providing a scientific foundation for their application
in drilling fluids.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

As oil exploration and development technologies rapidly
advance, the demand for drilling fluids is increasingly growing
(Muhammed et al, 2021a). Water-based drilling fluids have
become the most commonly used type in oil exploration and
development due to their widespread applicability, environmen-
tally friendly properties, and cost effectiveness (Gholami et al.,
2018; Saleh, 2022). However, water-based drilling fluids face sig-
nificant challenges in terms of wellbore stability, especially when
encountering shale formations (Jiang et al, 2020, 2022;
Muhammed et al., 2021b; You et al., 2014).

Shale formations are primarily composed of clay minerals,
including montmorillonite, illite, and kaolinite (Wilson et al., 2016;
Metwally and Chesnokov, 2012). These minerals exhibit a layered
structure, with interlayer cations like sodium and calcium present
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between the clay layers, capable of undergoing hydration reactions
with water molecules (Swartzen-Allen and Matijevic, 1974;
Anderson et al., 2010). When exposed to water-based drilling fluids,
water molecules are attracted into the interlayer spaces of the clay
through forces such as hydrogen bonding, leading to an increase in
interlayer distance and consequently, clay volume expansion
(Abbas et al., 2021). Such expansion can decrease the diameter of
the drill hole, complicate drilling operations, and potentially lead to
serious drilling accidents like wellbore sloughing, drill pipe stick-
ing, or even wellbore collapse (Ahmed et al., 2020; Zamani et al.,
2016; Albdiry and Almensory, 2016). Therefore, developing safe
and effective shale inhibitors, especially those that mitigate the
hydration and swelling of clay minerals, is crucial for enhancing
wellbore stability and ensuring the safety and efficiency of drilling
operations (Ma et al.,, 2022; Bai et al., 2023).

In recent years, ionic liquids (ILs), characterized by their unique
physicochemical properties as liquid salts (Yan et al., 2019; Wang
et al.,, 2017; Cui et al,, 2016), have been recognized as ideal sub-
stitutes for traditional drilling fluid additives (Shadizadeh et al,,
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2015). This is attributed to their negligible vapor pressure, excellent
thermal stability, customizability, and environmentally friendly at-
tributes (Li et al., 2023). The structural tailorability of ILs, especially
through the modification of cation and anion compositions as well
as functional groups, allows for targeted solutions to shale stability
issues, presenting broad application prospects (Rahman et al., 2020;
Ahmed et al.,, 2019). Yang et al. have revealed that ILs with shorter
alkyl chains in their ethyl imidazolium-based cations exhibit the
strongest capability to inhibit clay mineral expansion (Yang et al.,
2019). Additionally, Jia et al. indicated that the introduction of ben-
zene ring structures enhances the ability of IL to cover clay mineral
surfaces, thereby effectively suppressing hydration swelling (Jia
et al, 2023a). These studies confirm the potential of ILs in
improving shale stability and offer guidance for designing more
effective ionic liquid structures. However, ILs alone face stability
challenges under extreme downhole conditions, particularly at high
temperatures and pressures, limiting their long-term effectiveness.

Recent studies indicate that polyionic liquids (PILs), formed
through the polymerization of monomers with ionic functional
groups, not only retain the low volatility, high thermal stability, and
customizability of traditional ILs but also possess enhanced film-
forming capabilities due to their unique polymer structure (Zhu
and Yang, 2024). Tang et al. successfully prepared positively
charged PIL-functionalized membranes with outstanding selective
performance via simple ion exchange reactions in aqueous solu-
tions (Tang et al., 2015). Moreover, Cowan et al. utilized PIL-IL
ionogels to fabricate high-efficiency, ultrathin composite mem-
branes for CO; and N separation (Cowan et al., 2016). Notably, the
introduction of specific functional groups into the PIL structure
through molecular design significantly strengthens its interaction
with clay minerals. Yang et al. found that PIL could closely envelop
clay particles through multiple adsorption sites provided by imid-
azole groups, effectively mitigating hydration swelling (Yang et al.,
2017). Dai et al. synthesized a novel PIL shale inhibitor with imid-
azole and trimethylamine cationic groups modified on its side
chain, allowing the PIL to adhere tightly to the clay surface (Dai
et al, 2024). Despite their advantages, PILs face challenges in
penetrating clay layers due to their larger molecular size, which
limits their effectiveness in mitigating osmotic hydration.

To address these limitations, our study explores the combina-
tion of ILs and PILs to develop a novel “dual inhibition mechanism”.
This approach integrates IL's interlayer stabilization via cation ex-
change with PIL's surface hydrophobic protection through multi-
point adsorption. The synergistic effect of this combination lever-
ages the strengths of both components, aiming to provide more
comprehensive shale inhibition under complex drilling conditions.

This study synthesizes a small molecule ionic liquid (IL-NH>), a
macromolecular polyionic liquid (PIL-ABHIm), and a PIL/IL combi-
nation to systematically evaluate their inhibition performance and
mechanisms on shale hydration swelling. By addressing the limi-
tations of existing shale inhibitors, we aim to enhance wellbore
stability, contributing to safer and more efficient drilling opera-
tions. The effectiveness of these inhibitors was verified through
experiments, and the underlying mechanisms were revealed,
providing new perspectives and potential applications for the
development of shale inhibitors.

2. Experimental section
2.1. Materials

2-chloroethylamine hydrochloride, 1-vinylimidazole, N,N-
dimethylformamide, 2,2’-azobis(2-methylpropionitrile) and 2,2’-

diallylbisphenol A were procured from Aladdin Chemistry Co., Ltd.,
China.
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Sodium montmorillonite (Na-MMT) was used in the immersion
test and the linear swelling test was obtained from Weifang Huawei
Bentonite Group Co., Ltd., China. The shale used in the hot-rolling
recovery test was provided by Bohai Oilfield, China. The clay
mineralogical compositions of Na-MMT and the shale are detailed
in Table 1.

2.2. Syntheses of IL-NH, and PIL-ABHIm

The synthesis processes of IL-NH; and PIL-ABHIm are shown in
Fig. 1, specifically divided into the following two steps:

Step I: Equimolar amounts of 2-chloroethylamine hydrochloride
and 1-vinylimidazole were added to a round-bottom flask con-
taining acetonitrile. The mixture was subjected to nitrogen gas flow
and heated to 80 °C, followed by reflux stirring for 24 h. After the
reaction concluded, the mixture was cooled and left to settle for
phase separation, yielding a deep orange liquid. This liquid was
then treated with methanol and concentrated using a rotary
evaporator to remove excess solvent. The final product was dried in
a vacuum oven at 60 °C for 6 h, resulting in 1-aminoethyl-3-
vinylimidazolium chloride (IL-NH;) (Ren et al., 2019).

Step 1I: IL-NH; was dissolved in N,N-dimethylformamide and
mixed with an appropriate amount of 2,2’-diallylbisphenol A. Then,
an appropriate amount of 2,2’-azobisisobutyronitrile was added as
the initiator. The mixture was reacted under a nitrogen atmosphere
at 80 °C for 24 h, producing a thick brown liquid. This liquid was
washed three times with ethanol and subsequently dried under
vacuum at 60 °C for 6 h. The process yielded a novel shale inhibitor,
designated as PIL-ABHIm (Yang et al., 2017).

Unless otherwise specified, the concentration of the shale in-
hibitor used in this study was 1 wt%. The concentration of the
combination of PIL-ABHIm + IL-NH; (PIL/IL) was 1 wt%, consisting
of 0.5 wt¥% of each component.

2.3. Characterization of IL-NH; and PIL-ABHIm

2.3.1. FI-IR

Fourier Transform Infrared Spectroscopy (FT-IR) analyses were
performed using the ThermoScientific Nicolet IS50 Fourier Trans-
form Infrared Spectrometer, provided by Thermo Fisher Scientific,
USA. The Attenuated Total Reflectance (ATR) method was employed
for the analysis. In a dry environment, the ATR accessory was
initially placed in the spectrometer's optical path. This was fol-
lowed by scanning the air background. Subsequently, the sample to
be tested was applied onto the crystal surface of the ATR accessory,
enabling the capture of the broad spectral range of IL-NH; and PIL-
ABHIm between 4000 and 500 cm™~' (Yang et al., 2017).

2.32. 'H NMR

The '"H NMR spectra for IL-NH; and PIL-ABHIm were recorded
using a Bruker AV400MHz NMR spectrometer, with DO as the
solvent (Zhou et al., 2020). The spectra reference was set to the
residual proton signal of the solvent. This approach ensures accu-
rate chemical shift measurements by aligning them with a known
standard, facilitating precise identification and analysis of the
molecular structures of IL-NH, and PIL-ABHIm.

Table 1

Clay mineral compositions in Na-MMT and shale.
Mineral Smectite, % Illite, % Kaolinite, % Chlorite, %
Na-MMT 95 1 4 -
Shale 34 54 7 5

“—" denotes the absence of this component.
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Fig. 1. The synthesis of IL-NH, and PIL-ABHIm.

2.3.3. Surface tension

Surface tension measurements for IL-NH; and PIL-ABHIm so-
lutions at various concentrations were carried out using a BYZ-1
tensiometer. To mitigate errors associated with adsorption dy-
namics, samples were allowed to equilibrate for 15 min within the
measurement container before the surface tension was assessed.
This preparatory step ensures that the measurements accurately
reflect the equilibrium surface tension values of the solutions,
crucial for understanding the interfacial properties of IL-NH, PIL-
ABHIm and PIL/IL combination in different concentrations.

2.34. TGA

Thermogravimetric analysis (TGA) of IL-NH; and PIL-ABHIm was
performed with a Netzsch STA 409 PC apparatus in a nitrogen at-
mosphere. The temperature was ramped from 30 to 800 °C at arate
of 10 °C/min to observe the thermal decomposition characteristics
of IL-NHj, PIL-ABHIm and PIL/IL combination.

2.4. Inhibition performance

2.4.1. Immersion test

5g of Na-MMT were compressed into a pellet at 10 MPa for
5 min. The Na-MMT pellets were subsequently immersed in
different inhibitor solutions and photographed at 5 min, 12 h, 24 h,
and 48 h post-immersion (Jia et al., 2023b).
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2.4.2. Linear swelling test

Pellets of Na-MMT were produced by compressing 10 g of Na-
MMT under a pressure of 10 MPa for 8 min. The pellets were
then placed in a shale expansion instrument (CPZ-II, Qingdao)
containing varied inhibitor solutions. The swelling tests were
conducted at room temperature (25 °C) and under standard at-
mospheric pressure (1 atm). For 24 h, the height of each pellet was
continuously monitored (Beg et al., 2021).

2.4.3. Hot-rolling recovery test

The rock cuttings were mashed and sieved through a 6—8 mesh
screen, then dried at 105 °C. 30 g of the rock-cutting samples were
weighed and mixed with 350 mL of inhibitor solution and then
placed into an aging jar. This sealed aging jar was subjected to a
thermal rolling process for 16 h in a roller heating furnace (BRGL-7,
Qingdao) at specified temperatures (90, 120, and 150 °C). After the
completion of the thermal rolling, the aging jar was allowed to cool.
The rock cuttings were then briefly rinsed with clean water using a
40 mesh sieve, collected on drying paper, dried again at 105 °C, and
weighed. This final weight was recorded as M.

Eq. (1) employed to determine the hot-rolling recovery rate (Ry)
was as follows:
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2.4.4. Particle size distribution measurement

Particle size distribution of Na-MMT/inhibitor mix suspensions
was determined using a Malvern Mastersizer 3000 particle size
analyzer. Reasonable test conditions were preset, and the sample
was added to the sample pool. The SOP (standard operating pro-
cedure) test procedure was run to obtain the volume percentage of
the sample across different sub-intervals within the 0.01-2000 pm
range.

2.5. Inhibition mechanism analysis

Initially, a 4 wt% Na-MMT suspension was prepared with
deionized water and stirred continuously for 24 h for full hydration.
Various inhibitors were then added, with stirring for an additional
12 h. These treated mixtures were used to determine Zeta potential
and particle size distribution. The mixture was centrifuged at
8000 rpm for 15 min, and the precipitate was washed thrice with
deionized water. Finally, the precipitate, dried at 105 °C, was
ground into powder for X-ray diffraction (XRD), FT-IR, and TGA.

1569

The XRD analysis was conducted using an Empyrean X-ray
generator, equipped with Cu Ko radiation (A = 1.5406 A), operating
at 45 kV voltage and 40 mA current. The Zeta potential of the su-
pernatant of Na-MMT dispersion was measured using the Malvern
Zetasizer Nano series. Particle size distribution was analyzed with
the Malvern Mastersizer 2000. The contact angle measurements
were carried out by spreading the Na-MMT suspension on a glass
substrate, drying it in an oven, and then measuring the water
contact angle on the glass substrate with a JC2000D5M contact
angle goniometer.

Employing density functional theory as the theoretical basis, the
molecular structures of IL-NH, and PIL-ABHIm were precisely
optimized using the DMol3 module within the Materials Studio
software, with the LDA and PWC functionals applied. Moreover, the
electronic density and electrostatic characteristics of the molecules
were calculated in detail. Ultimately, the electrostatic potentials
were mapped onto the total electron density surface.

3. Results and discussion
3.1. Characterization

3.1.1. Molecular structure analysis
To characterize the chemical structures of IL-NH, and PIL-
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48 h

Fig. 3. Morphology of Na-MMT pellets soaked in various solutions.

ABHIm, both FTIR and 'H NMR spectroscopy analyses are utilized.
As illustrated in Fig. 2(a), the distinct absorption peaks in the range
of 1500—1600 cm™!, caused by the stretching vibrations of the C=N
bond, confirm the existence of the imidazole ring (Jia et al., 2023b).
Additionally, the broad absorption peak between 3300 and
3500 cm~! is attributed to the stretching vibrations of the O—H
bond (Beg et al., 2021). The stretching vibrations of the C=C
bonds in the benzene ring are typically manifested as multiple
absorption peaks within 1450—1600 cm ™! range (Ren et al., 2021;
Luo et al., 2017). The generation of these characteristic peaks
indirectly confirms the successful synthesis of IL-NH, and PIL-
ABHIm. The 'H NMR spectroscopic analysis results confirm the
presence of the anticipated functional groups, thereby verifying the
successful synthesis of IL-NH; and PIL-ABHIm (Table S1).
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3.1.2. Physical properties analysis

Exploring the physical properties of ionic liquids is crucial for
understanding their inhibitory effects. GPC analysis determined the
molecular weight and its distribution for the PIL-ABHIm, as pre-
sented in Table S2 and Fig. 2(b). The larger average molecular
weight (Mn, 12574) and higher polydispersity index (PDI, 4.1125)
may influence the mechanism of action of PIL-ABHIm.

Shale inhibitors with moderate surface activity can reduce the
surface tension, thereby diminishing the driving force for drilling
fluid penetration into shale layers (Rasool et al., 2022). The varia-
tion in surface tension of IL-NHj, PIL-ABHIm and PIL/IL combina-
tion, shown in Fig. 2(c), demonstrates that IL-NH>, PIL-ABHIm, and
their combination all significantly reduce surface tension with
increased concentrations. Notably, PIL/IL combination exhibits
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Fig. 4. (a) Swelling increments of Na-MMT pellets; (b) Recovery rates of shale cuttings after rolling at 90, 120, and 150 °C.

optimal capacity to decrease surface tension, suggesting their
greatest interfacial activity.

To meet the requirements of high-temperature downhole en-
vironments, the thermal stability of IL-NH;, PIL-ABHIm, and PIL/IL
combination are investigated via the thermogravimetric analysis
(Fig. 2(d)). The initial slight mass loss within the 50—100 °C range is
primarily due to the evaporation of water adsorbed on the surface
of the inhibitors. In the temperature range of 100—300 °C, the
samples exhibit minimal weight loss, indicating their relatively
stable chemical structures at these temperatures. However, as the
temperature increases to 500 °C, the sample mass decreases rapidly
to almost completely decompose with a residual mass less than
10%. In summary, IL-NH,, PIL-ABHIm, and PIL/IL combination are
capable of withstanding temperatures up to 300 °C.

3.2. Inhibition performance

3.2.1. Na-MMT pellets immersion test

The invasion of water-based drilling fluids into formations
frequently causes the hydration and swelling of clay, thereby
compromising borehole stability (Hamza et al., 2019). Immersing
Na-MMT pellets in deionized water and various inhibitory solu-
tions simulates this invasion process to evaluate the inhibitors’
performance.

Fig. 3 illustrates that the surfaces of Na-MMT in deionized water
initially develop fine pores and streaks as a result of water mole-
cules diffusing inward. After prolonged immersion for 24 h, the Na-
MMT pellets with edge curling and cracking undergo evident hy-
dration and swelling to nearly four times their original volumes.
Whereas the additional 5 wt% KCl results in the rapid inward
collapse of Na-MMT pellets and partially inhibits their swelling,
which is attributed to the ion exchange between K ions and Na™
ions within the montmorillonite layers. The IL-NH; and PIL-ABHIm
exhibit greater performances than KCl in mitigating the collapse of
the Na-MMT pellets. Notably, the synergistic effect of PIL/IL com-
bination should be responsible for their superior efficacy in
reducing Na-MMT swelling.

3.2.2. Linear swelling test
The linear swelling test is the most commonly used method to
quantify the inhibitory performance of shale inhibitors (Saleh and
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Rana, 2021; Parvizi et al., 2020). As shown in Fig. 4(a), the
swelling increments of Na-MMT pellets in water, KCI (5.0 wt%), IL-
NH; (1.0 wt%), PIL-ABHIm (1.0 wt%), and PIL/IL combination (1.0 wt
%) are 6.43, 5.58, 3.10, 4.38, and 2.82 mm, respectively.

The inhibitory performances of IL-NH,, PIL-ABHIm, and PIL/IL
combination significantly surpass the efficacy of the conventional
inhibitor (KCl). The lowest swelling height for the PIL/IL combina-
tion demonstrates their superior performance. The differences in
inhibition effectiveness should be closely related with the molec-
ular structures of the inhibitors and their interaction with the clay
particles.

3.2.3. Hot-rolling recovery test

The shale rolling recovery experiment evaluates the impact of
inhibitors on shale stability by simulating subsurface conditions
(Wang, 2020; Huang et al., 2022).

As depicted in Fig. 4(b), the Ry of shale samples treated with
various inhibitors significantly decrease as the temperature in-
creases. This reduction is attributed to the accelerated penetration
of water molecules into the shale structure at elevated tempera-
tures. However, the recovery rates of IL-NH,, PIL-ABHIm, and PIL/IL
combination can achieve 60.5%, 68.4%, and 73.5% at the much high
temperature (150 °C), respectively, reflecting their exceptional
thermal stability. In addition, the highest recovery rate of PIL/IL
combination further confirm their synergistic effect.

3.2.4. Particle size distribution measurement

The addition of shale inhibitors effectively promotes the ag-
gregation and settling of Na-MMT suspensions, thereby enhancing
shale stability and reducing the risk of wellbore collapse (Jia et al.,
2023b).

Fig. 5(a) provides a direct comparison of the sedimentation of
Na-MMT particles after mixing with water in the absence and
presence of inhibitors for 1 and 60 min. The sample remains in
suspension after treatment with water and KCl. In contrast, treat-
ments with IL-NHjy, PIL-ABHIm, and PIL/IL combination result in
clear supernatant and almost complete Na-MMT particle settling at
the bottle's bottom. Particle size analysis (Fig. 5(b) and (c)) verifies
the results from bottle tests, where IL-NH;, PIL-ABHIm, and PIL/IL
combination shift the peak of the particle size distribution towards
larger sizes. Specifically, the Dsq values of Na-MMT particles treated
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Fig. 5. Dispersion and particle size analysis of Na-MMT in various inhibitor solutions: (a) dispersion comparison at 1 and 60 min, (b) particle size distributions, (c) frequency size

distribution.

with IL-NH, and PIL/IL combination were 270.0 and 164.3 pm,
respectively, indicating their superior inhibition of clay hydration.

3.3. Inhibition mechanism analysis

3.3.1. FTIR and TGA analysis

To explore the interaction mechanisms of IL-NH, and PIL-
ABHIm on Na-MMT, FTIR and TGA analyses are conducted on
treated Na-MMT samples, as illustrated in Fig. 6(a) and (b). The Na-
MMT spectrum treated with KCl is essentially identical to the
original spectrum, indicating that KCl hardly interacts with Na-
MMT. However, Na-MMT samples treated with IL-NH,, PIL-
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ABHIm, and PIL/IL combination exhibit characteristic C—H
stretching vibration peaks at 2850 and 2919 cm~! (He et al,
2020). Additionally, Na-MMT samples treated with PIL-ABHIm
show slight absorption peaks between 3200 and 3000 cm™!
(Shadizadeh et al., 2015), attributed to the stretching vibrations of
C—H bonds on benzene rings (Xu et al., 2019). The TGA results
further validate that samples treated with KCl exhibit no significant
difference in thermal decomposition behavior compared to the
original Na-MMT, with weight loss remaining below 10%. Na-MMT
samples treated with IL-NH;, PIL-ABHIm, and the PIL/IL combina-
tion begin to decompose at temperatures above 300 °C.

The FTIR and TGA results indicate that the inhibitor effectively
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interacts with Na-MMT and exhibits excellent thermal stability,
making it suitable for shale inhibition in high-temperature well-
bore environments.

3.3.2. XRD analysis

The changes in D-spacing (dpo1) demonstrate the intercalation
effects of inhibitors between clay layers and indirectly reveal the
anti-swelling traits of the inhibitor (Rasool et al., 2022).

As illustrated in Fig. 6(c) and (d), the dgo; values of Na-MMT
samples treated with water are 11.97 A in dry conditions and
19.07 A in wet conditions, indicating the clay's high susceptibility to
hydration-induced swelling. For the Na-MMT dry samples
(Fig. 6(c)), both IL-NH, and PIL/IL combination expand the inter-
layer distance to varying extents, confirming successful cation
insertion by IL-NH,. Nevertheless, the dgg; value of Na-MMT
treated with PIL-ABHIm increases slightly, indicating that only a
small portion of the oligomeric cations enters the interlayer space.
For the wet samples (Fig. 6(d)), the dgo; values for PIL-ABHIm and
PIL/IL combination are all lower than those for KCl and IL-NH.

The above results indicated that the inhibition mechanisms of
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IL-NH,, PIL-ABHIm, and PIL/IL combination were different, which
might have been due to differences in their molecular structures,
surface activities, and modes of interaction with clay particles.

3.3.3. Contact angle measurement

To further investigate changes in the hydrophilicity and hydro-
phobicity of the clay surface, water contact angle measurements
are conducted for Na-MMT samples treated with IL-NH,, PIL-
ABHIm, and PIL/IL combination (Fig. 7(a)).

The original Na-MMT surface is extremely hydrophilic, causing
water droplets to spread immediately upon contact and resulting in
a contact angle close to 0°. After treatment with IL-NH;, PIL-ABHIm,
and PIL/IL combination, the contact angles of the samples increased
to 9.9°, 41.9°, and 28.0° respectively. This increase is primarily due
to the adsorption of the inhibitor cations, which altered the hy-
drophobic characteristics of the Na-MMT surface. Notably, the
treatment with PIL-ABHIm resulted in the highest contact angle,
creating a hydrophobic layer that effectively prevents water
penetration.
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3.3.4. Zeta potential measurement

The Zeta potential is a crucial indicator of the stability of
colloidal dispersions. As depicted in Fig. 7(b), Na-MMT treated with
water exhibits a notably high Zeta potential of —46.3 mV, indicating
the suspension's superior stability (Fig. 5(a)). The addition of KCI
reduces the Zeta potential to —25.6 mV, compressing the clay's
double layer and leading to particle aggregation, which helps
suppress clay expansion. Furthermore, treatment with IL-NHy, PIL-
ABHIm, and PIL/IL combination shifts the Zeta potential of Na-MMT
to positive values of 8.5, 2.3, and 7.4 mV, respectively. This shift is
attributed to the adsorption of IL-NH; and PIL-ABHIm onto the clay
particles via electrostatic forces and hydrogen bonding, effectively
reducing the Zeta potential.

Additional Zeta potential measurements for drilling fluids
(Fig. S1) show minimal changes with the addition of IL-NHo, PIL-
ABHIm, and the PIL/IL combination, maintaining values close to
the base mud (—42.3 mV). This demonstrates that the inhibitors do
not compromise the stability of the drilling fluid system, support-
ing their compatibility for field applications.

3.3.5. MEP distribution

The electrostatic potential of molecules, visualized through
simulations on the surface of shale inhibitor molecules, is a crucial
way to understanding their interactions with clay (Ahmed et al.,
2019).

Fig. 7(c) and (d) depict the electrostatic potential distribution of
IL-NH, and PIL-ABHIm, respectively. Red areas signify lower
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Fig. 7. Surface interactions of Na-MMT with inhibitors: (a) Contact angles, (b) Zeta potential of suspensions; (¢) MEP calculation of IL-NH; and (d) PIL-ABHIm.

electron density, increasing susceptibility to nucleophilic attacks,
and blue areas indicate higher electron density, making them prone
to electrophilic attacks (Weigend and Ahlrichs, 2005). Protonation
of amine and imidazole groups enhances the adsorption of IL-NH,
and PIL-ABHIm on clay. Additionally, the potential of PIL-ABHIm
(0.37177 Ha) exceeds that of IL-NH; (0.21040 Ha), indicating that
PIL-ABHIm adsorbs more effectively onto the clay surface through
electrostatic interactions (Fig. 7(a)).

3.4. Inhibition mechanism

Based on the mechanistic analysis of the experimental results,
we propose potential mechanistic explanations for both IL-NHy,
PIL-ABHIm and PIL/IL combination. Fig. 8(a) illustrates that upon
contact between clay and water, water molecules initially adsorb on
its negatively charged surfaces and around the interlayer Na™ ions,
leading to surface hydration. Over time, an increasing number of
attracted water molecules penetrate into the interlayers, known as
osmotic hydration, which further enlarges the interlayer distance.
Furthermore, the high cation exchange capacity of clay facilitates
the influx of more water molecules into the interlayer space,
leading to significant expansion of clay.

In past studies, the inhibition mechanisms of shale inhibitors
primarily include cation exchange, encapsulation, and electrostatic
effects (Rana et al., 2019; Wei et al., 2024). The imidazolium cation
in our prepared small molecule ionic liquid IL-NH; can exchange
with cations between clay layers, leading to an increase in the
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interlayer spacing of Na-MMT dry samples (Fig. 6(c) and 8(b)). The
imidazolium cation densely fills the interlayer space, restricting the
entry of water molecules and thereby reducing osmotic hydration.
Additionally, the cations interact with the negative charges on the
clay surface, lowering the system's Zeta potential and weakening
the electrostatic repulsion between clay particles (Fig. 7(b)), mak-
ing the clay particles more prone to aggregation (Fig. 5(a)), effec-
tively reducing hydration expansion.

Due to the larger molecular structure of polyionic liquid PIL-
ABHIm, it cannot enter the Na-MMT interlayer (Fig. 2(b) and
6(c)). Instead, MEP distribution reveals that polymer cations with
high potentials, such as imidazolium and amine groups, form stable
multi-point hydrogen bonds with hydroxyl groups on the clay
surface (Fig. 7(d)). This surface adsorption mechanism was further
validated through contact angle measurements, which showed
significant increases in hydrophobicity, particularly in PIL-ABHIm-
treated samples (Fig. 7(a)). These bonds firmly adsorb PIL-ABHIm
onto the clay surface, enhancing the overall stability of the clay
and simultaneously forming a hydrophobic barrier, reducing sur-
face hydration.

Through synergistic effects and multiple complementary
mechanisms, PIL/IL can not only change the interlayer structure of
the clay and reduce osmotic hydration of water molecules in the
clay layers, but also form a hydrophobic barrier on the clay surface,
reducing surface hydration of water molecules, and exhibiting
optimal inhibitory effects (Fig. 8(d)).
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4. Conclusions

This study evaluated the inhibition performance and mecha-
nisms of IL-NH,, PIL-ABHIm, and PIL/IL combination on shale hy-
dration swelling. The experimental results showed that PIL/IL
combination significantly reduced the linear expansion height to
2.82 mm and achieved a hot-rolling recovery rate of up to 73.5% at
150 °C, demonstrating superior inhibition capability compared to
any single inhibitor. Mechanism experiments revealed that IL-NH;
inhibits penetrative hydration by altering the clay interlayer
structure through cation exchange, while PIL-ABHIm forms a hy-
drophobic barrier with multiple adsorption sites, enhancing the
hydrophobicity of the clay surface and reducing surface hydration.
The PIL/IL combination integrates these two mechanisms, signifi-
cantly enhancing clay stability through both cation exchange and
hydrophobic barrier formation. This study is the first to combine
small molecule ionic liquids (IL-NH») and macromolecular poly-
ionic liquids (PIL-ABHIm) for shale inhibition, proposing a novel
dual inhibition mechanism. The results highlight the significant
application potential of the PIL/IL system, offering an innovative
approach to address the challenges of shale hydration and swelling.
Compared to conventional inhibitors, this system achieves better
performance with a lower dosage (1 wt%), making it more efficient
and potentially more cost-effective in practical applications.

Additionally, this study provides valuable insights into the
molecular-level interactions between inhibitors and clay, which
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could guide the design of more advanced shale inhibitors. While
this study focuses on controlled laboratory conditions, the findings
offer a strong basis for further exploration. Future studies can focus
on optimizing the formulation and validating the performance
under diverse field conditions to facilitate its industrial application.

In summary, this study provides insights into the dual inhibition
mechanism of PIL/IL and a framework for next-generation shale
inhibitors, advancing efficient and sustainable drilling
technologies.
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