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Shale instability during shale drilling poses significant challenges that require effective additives to control
swelling and enhance water-based drilling fluids. This study investigates the effectiveness of various shale in-
hibitors, both individually and in combination, and compares them to the latest innovation i.e, Natural Deep
Eutectic Solvents (NADES) as a promising alternative. Various additives including Potassium Chloride (KCl), 1-
Ethyl-3-methylimidazolium chloride. ([EMIM]CI), SiO nanoparticles, amine terminated polyetheramine (ATPE),
Okra mucilage, Choline Chloride:Urea Deep Eutectic Solvent (DES), and Citric acid:Glycerine Natural Deep
Eutectic Solvent (CA NADES) and their combinations were subjected to rigorous examination to delineate their
impact on shale stability and drilling fluid properties. Notably, CA NADES reduced mudcake thickness by 42.8 %,
filtrate volume by 40.3 %, and linear swelling by 76.1 %, while improving shale recovery by 51.7 %. Among the
additive combinations, SET B (0.5 % KCI + 0.5 % ATPE) and SET G (0.5 % KCI + 0.5 % [EMIM]CI) demonstrated
particularly effective performance. Surface tension measurements revealed favorable interfacial properties, X-ray
diffraction analysis confirmed effective intercalation, and zeta potential assessments indicated improved
colloidal stability. Overall, these findings highlight the critical role of optimized additive formulations in miti-
gating shale instability and enhancing drilling fluid performance, offering promising strategies for more efficient
and reliable drilling operation.

1. Introduction By employing effective shale inhibitors, operators can prevent or mini-

mize shale swelling and collapse, thereby stabilizing the wellbore and

Shale inhibition stands as a critical aspect of drilling operations,
particularly in formations rich in shale deposits [1]. Shale, a type of
sedimentary rock composed primarily of clay minerals, poses significant
challenges during drilling due to its propensity to swell and collapse
upon contact with water in drilling fluids [2]. This phenomenon, known
as shale instability, can lead to wellbore instability issues such as stuck
pipe, lost circulation, and wellbore collapse, all of which can substan-
tially increase drilling costs and jeopardize operational safety [3].

The significance of shale inhibition lies in its role in mitigating these
challenges and ensuring the smooth progression of drilling operations.

facilitating efficient drilling processes [4]. Shale inhibitors achieve this
by interacting with the clay minerals present in shale formations,
altering their physical and chemical properties to inhibit swelling and
maintain the integrity of the wellbore. Moreover, shale inhibition is
crucial for optimizing drilling fluid performance [5]. Drilling fluids, also
known as drilling muds, serve multiple functions in the drilling process,
including lubrication, cooling, and carrying drilled cuttings to the sur-
face. However, if not properly managed, drilling fluids can exacerbate
shale instability issues by interacting with shale formations [6]. By
incorporating effective shale inhibitors into drilling fluid formulations,
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operators can tailor the fluid properties to the specific challenges posed
by shale formations, thereby enhancing drilling efficiency and mini-
mizing operational risks [7].

Shale inhibitors can be broadly classified into chemical inhibitors
and mechanical inhibitors, each functioning through distinct mecha-
nisms to mitigate shale instability [8]. Chemical inhibitors include (i)
inorganic inhibitors, such as salts, metal oxides, and silicates, which
reduce shale hydration by altering ion exchange processes; (ii) organic
inhibitors, comprising polymers, amines, and macromolecules that
enhance shale stability through adsorption and encapsulation mecha-
nisms; (iii) ionic liquids, including imidazolium-based ionic liquids,
deep eutectic solvents (DES), and natural deep eutectic solvents
(NADES), which modify shale surface properties and suppress hydra-
tion; and (iv) natural biobased materials, such as okra mucilage, pomelo
peel powder, and potato peel, which offer eco-friendly and sustainable
alternatives for shale inhibition [9-12].

On the other hand, mechanical inhibitors primarily function by
physically reinforcing the shale structure. These include (i) nano-
materials, such as silica, metal oxides, and nanocomposites, which
reduce shale permeability and strengthen its framework, and (ii) poly-
saccharides, including cellulose and starch, which form a protective film
over shale surfaces to prevent water infiltration [13,14]. The integration
of chemical and mechanical inhibitors provides a comprehensive
approach to addressing shale swelling and instability in drilling
operations.

Among chemical inhibitors and particularly among inorganic in-
hibitors, potassium chloride (KCl) is a widely used inorganic salt in in-
dustry that operates through ion exchange with clay minerals. By
substituting potassium ions for other cations within the clay lattice, KCI
disrupts the hydration forces between clay layers, ultimately contrib-
uting to improved wellbore stability and reduced drilling fluid invasion
into the formation. In the category of organic inhibitors, several types of
amines are popular among leading petroleum services companies as
shale inhibitors. Various research groups also explored various organic
shale inhibitors and achieved excellent shale inhibition with improved
drilling fluid properties. Chen et al. (2017) utilized Amine-tartaric salt
(ATS-4) [15] which exhibited excellent compatibility with the modified
starch in water-based drilling fluids and showed excellent shale inhibi-
tion. Moreover, J. Zhang et al. [16], R. Zhang et al. [17], Song et al. [18],
Du et al. [19] utilized ammonium-lauric salt (ALS-2) [16],
Ammonium-malic  salts (AMS-9), Polyammonium (DEP-7),
Piperazine-based polyether Gemini quaternary ammonium salts (QAs)
[20], Monomeric amine (DTHDB) [19] and Polyhydroxy organic amine
(THEED) [21] respectively in category of organic amine based shale
inhibitors which achieved improved shale inhibition and compatibility
with other drilling fluid additives, Recently, efficacy of poly-
etheramine/diamine as shale inhibitors have been investigated by
various research groups such as Bai et al. [22], Zhong et al. [23,24], Tian
et al. [25], Bat et al. [26], Abbas et al. [27], Li et al. [28], Zhou et al.
[29], and is found to be an efficient and compatible drilling fluid addi-
tive for shale stability.

Due to toxicity of amines and low thermal stability of polymers, re-
searchers started exploring greener alternatives and that’s when ionic
liquids came into the picture. Rahman et al. (2021) investigated the
efficacy of tetramethylammonium chloride (TMAC]) and 1-ethyl-3-
methylimidazolium chloride (EMIM-CI) in drilling mud, observing re-
ductions in linear swelling by 23.40 % and 15.66 %, respectively [30].
Khan et al. (2021) explored the use of a Trihexyltetradecyl phosphonium
bis(2,4,4-trimethyl pentyl) phosphonate-based ionic liquid, reporting a
12.3 % decrease in shale inhibition compared to water [31]. In another
study, Huang et al. (2020) utilized ionic liquids specifically, 1-hexyl-3--
methylimidazolium bromide and 1,2-bis(3-hexylimidazolium1-yl)
ethane bromide with Na-Bt pellets demonstrating reductions in shale
swelling of 86.43 % and 94.17 %, respectively [32]. Yang et al. (2017)
employed 1-Vinyl-3-dodecylimidazolium bromide and 1-Vinyl-3-tetra-
decylimidazolium bromide, yielding reductions in shale swelling of
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16.91 % and 5.81 %, respectively [33]. Ofei et al. (2017) utilized
1-butyl-3-methylimidazolium chloride (BMIM-CI) in water-based mud
(WBM), resulting in a reduction in mudcake thickness of up to 50 % and
decreased YP/PV across all considered temperatures, thereby enhancing
drilling fluid hydraulics [34]. Furthermore, Yang et al. (2017) investi-
gated the effects of 1-Vinyl-3-ethylimidazolium bromide, achieving a
31.62 % reduction in shale swelling with a 40.60 % shale recovery rate
[33]. Lastly, Luo et al. (2017) utilized 1-octyl-3-methylimidazolium
tetrafluoroborate, observing an 80 % reduction in shale swelling [35].
Ionic liquids have certain advantages over traditional organic and
inorganic solvents but their efficacy faded when more sustainable class
of ionic liquids came into the picture as shale inhibitors as recent
research declared ILs as toxic, costly and majorly non bio-degradable
[36-38]. That is when greener alternative of Ionic liquids i.e, DES came
into the picture.

In the realm of utilizing Deep Eutectic Solvents (DES) as shale in-
hibitors in drilling mud, various researchers made significant advance-
ments. Jia et al. (2019) explored the effectiveness of DES compositions
including Propoanoic acid ChCl (1:1), 3-phenyl propanoic acid ChCl
(1:2), and 3-mercapto propanoic acid + Itaconic acid + ChCl (1:1:2),
achieving bentonite swelling inhibition rates of 68 %, 58 %, and 58 %
respectively [39]. Following this, Rasool et al. (2021a, b) conducted
experiments utilizing Glycerine: Potassium Carbonate DES in a 2:1 ratio,
resulting in 87 % swelling inhibition of shale samples [5,40]. Ma (2021)
investigated Urea: ChCl based DES, achieving 67 % inhibition of shale
swelling [41]. Rasool et al. (2022a) introduced a novel approach using a
combination of Potassium carbonate-based DES and Poly (2-ethyl-2--
Oxazoline) hydroxyl terminated polymer in drilling mud, achieving
76 % swelling inhibition [42]. However, the environmental credentials
of DES were questioned with the emergence of natural deep eutectic
solvents (NADES), which resemble DES in chemical and definitional
terms. The key disparity lies in the formulation of NADES through
naturally occurring hydrogen bond donors and acceptors, such as salts
like KCl and CaCl; [43,44]. Notable research conducted by Rasool et al.
(2023a) demonstrated the efficacy of Ascorbic acid-based NADES as a
shale inhibitor in drilling mud, yielding 77.7 % inhibition of shale
swelling and an 87 % improvement in shale recovery [45]. Similarly,
Calcium Chloride-based NADES, KCl based NADES and Epsom salt based
NADES showed promising results as a drilling mud additive, exhibiting
excellent shale inhibition properties [1,46,47]. In realm of chemical
inhibitors, Natural deep euetcic solvents, derivatives of DES, are the
latest solution and there has been research conducted utilizing various
combination of NADES.

Lately, apart from NADES, the incline of researchers is also shifting
towards using bio-based natural product which one may seem as a
‘trash’ but researchers have proved otherwise with their results. Lately,
Okra mucilage has surfaced as an efficient bio based shale inhibitor due
to its ability to interact with clay surface and modify its hydration
properties [48]. Apart from this various researchers also utilized Mul-
berry leaf extract, Glycyrrhiza glabra root extract, Pomelo peel extract,
Tribulus terrestris extract (TTE), Korean red ginseng root extract, Eq-
uisetum arvense leaf extract, Henna extract as shale inhibitors, however,
these additives still remain controversial in industrial perspective [49,
50].

Nano-particles serve as prominent mechanical inhibitors by physi-
cally interacting with clay minerals and modifying their surface prop-
erties. Nanoparticles adsorb onto clay surfaces, creating a protective
layer and plugs micro pores that impedes water absorption and clay
swelling. Their high surface area and reactivity enable them to reinforce
the shale structure and enhance wellbore stability. Among nano parti-
cles, various research groups utilized silica nano particles as shale in-
hibitors and found effective results. For instance, Xu et al. [51] and Yang
et al. (2017) utilized silica Nano-particles [52], Polyethylene glycol
grafted nano-silica composite (PEGNS) [51], respectively and their shale
inhibition is mainly due to blocking shale pores, creating a clogged
membrane and modifying the wettability of clay surface.
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This research aims to explore the efficacy of popular shale inhibitors
across various classes, individually and in combination (sets) with a
comparative analysis against the latest class of shale inhibitors, namely
Natural Deep Eutectic Solvent (NADES). Specifically, this study will
focus on utilizing Citric Acid:Glycerine based NADES, selected based on
predetermined screening criteria [53]. Various parameters including
drilling fluid properties, linear swelling, and shale recovery will be
meticulously assessed. Furthermore, to unravel the underlying mecha-
nisms, Zeta potential, surface tension, and d-spacing of treated and
untreated bentonite wafers will be meticulously measured. Ultimately,
based on the findings, the most effective combination of shale inhibitors
will be recommended as an optimal drilling fluid additive for shale
inhibition.

2. Materials and methods
2.1. Materials

Glycerine 99 USP has been purchased from EvaChem, Selangor,
Malaysia. Okra has been purchased from local market in Seri Iskander,
Malaysia. KCl, EMIM[CI]>98 %(1-Ethyl-3-methylimidazolium chlo-
ride), Polyetehramine(Trimethylolpropane tris[poly(propylene glycol),
amine terminated] ether -ATPE, Choline Chloride 99 %, Silica, nano-
particle dispersion in water (<30 nm (DLS), triethox-
ylpropylaminosilane functionalized) have been procured from Sigma
Aldrich, Malaysia.

2.2. Methods

2.2.1. In-house synthesis/processing of additives

KCl, ATPE and [EMIM]CI were used as it is. Si-NP was procured as a
dispersion, therefore, sonication was not needed, so it was used in
essence. Okra powder was produced using a dry grinding process.
Initially, the okra was extensively washed with water and subsequently
dried for 3-4 days at temperatures ranging from 40 °C to 45 °C. Once
dried, the okra was pulverized into a fine powder using a grinder.

Choline Chloride and Urea based DES was prepared according to the
literature with 1:2 molar ratio at 60 °C while Citric Acid: glycerine
NADES is the novelty of this work and has been prepared as deliberated
in our previous work using 1:4 molar ratio at 70 °C following M.H.
screening criteria for the selection of Hydrogen Bond Donor (HBD) and
Hydrogen Bond Acceptor (HBA).

In addition to performance enhancements, the study emphasizes the
eco-friendly attributes of the Citric Acid:Glycerine NADES. Citric acid is
a naturally occurring organic acid, abundantly available in citrus fruits,
and glycerine is a renewable byproduct of biodiesel production. Both
compounds are inherently biodegradable and exhibit low toxicity. By
synthesizing NADES from these raw materials, the present work not only
achieves effective shale inhibition but also aligns with the growing de-
mand for greener drilling fluid formulations. This green profile makes
Citric Acid:Glycerine NADES a promising alternative to conventional
shale inhibitors, which often raise environmental concerns.

2.2.2. Drilling fluid preparation

The water based drilling mud was prepared using API 13 B-1 stan-
dards, and the following components were combined in specified
quantities: 22.5 g of Na-bentonite, 0.26 g of sodium carbonate, 0.26 g of
NaOH, and 350 milliliters of water. 1 % concentration of all additives
were used using design of experiment tabulated in Table 1.

2.2.2.1. Drilling fluid properties. The study investigated the YP/PV and
filtration properties of drilling mud formulations containing different
additives, all at a consistent 1 % concentration. YP/PV is considered as
the best indicator of mud rheology. Utilizing a FANN Viscometer, the
mud’s viscosity at varying rotational speeds (3 rpm, 6 rpm, 300 rpm, and
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Table 1
Design of Experiment for the study.
Sample type Concentration Aging Category
Base X No aging and Individual
KCl 1% aging at 100 °C
[EMIM]C1 and 150 °C at
SiO, nanoparticles (Si- 1000 psia for
NP) 24 h
Polyetheramine (ATPE)
Okra mucilage (0.M)
Choline Chloride:Urea
DES (CC DES)
Citric acid:Glycerine
NADES (CA NADES)
Base+KCl+ [EMIM]CI 0.5 % KCl + 0.5 % SET A
EMIMICI]
Base+KCI+ATPE 0.5 % KCl + 0.5 % SET B
ATPE
Base+KCl+ (Si-NP) 0.5 % KCl + 0.5 % Si- SET C
NP
Base+KCl+0.M 0.5 % KCl + 0.5 % O. SET D
M
Base+KCl+CC DES) 0.5 % KCl + 0.5 % SETE
CC DES
Base+KCl+CA NADES 0.5 % KCl + 0.5 % SET G
CA NADES
Base+KCl+ [EMIM] 0.33 %KCl+ 0.33 % SET AB
CI+ATPE [EMIM] Cl+ 0.33 %
ATPE
Base+KCl+ [EMIM] 0.25 %KCl+ 0.25 % SET ABC
Cl+ATPE+Si-Np [EMIM]Cl+ 0.25 %
ATPE+ 0.25 %Si-Np
Base+KCl+ATPE+CC 0.33 %KCl+ 0.33 % SET ABE
DES ATPE+ 0.33 %CC
DES
Base+KCI+ATPE+CC 0.25 %KCl+ 0.25 % SET ABCE
DES+Si-NP ATPE+ 0.25 %CC
DES+ 0.25 %Si-NP
Base+KCl+ATPE+CC 0.20 %KCI+ 0.20 % SET
DES+Si-NP+Okra ATPE+ 0.20 %CC ABCEF
DES+Si-NP+ 0.20 %
Okra
Base+KCl+Si-Np+CA 0.33 %KCl+ 0.33 % SET ACG

NADES Si-Np+ 0.33 %CA

NADES

600 rpm) before and after subjecting it to elevated aging temperatures
(100 °C and 150 °C) were measured. This procedure simulated the aging
process using rolling oven in aging cells at 1000 psia and 100 °C and 150
°C typically experienced during drilling operations hot HT wells and
allowed for the assessment of key rheological parameters such as Yield
Point (YP) and Plastic Viscosity (PV). Additionally, the High Pressure
High Temperature (HPHT) filtration test was conducted to evaluate the
filtration properties of the drilling fluids under extreme conditions
(pressure: 1000 psia, temperature: 400 °C). By measuring filtrate vol-
ume and mud cake thickness, this test provided insights into the addi-
tives’ performance in mitigating filtration loss and maintaining wellbore
stability in challenging drilling environments. In this study, mudcake
thickness was measured using a digital vernier caliper with the least
count of 0.01 mm. This instrument ensured precise and consistent
measurements, contributing to the reliability of our data on drilling fluid
performance.

Moreover, in this research, drilling fluid formulations were prepared
using a five-spindle multimixer that conforms to American Petroleum
Institute Specification 13 A, ensuring that all spindles rotate at 11,500
RPM + 300 RPM. The fluids were mixed at this specified speed for
40 minutes to achieve a thorough and uniform dispersion of additives
within the base fluid. Temperature was maintained at room tempera-
ture, as our laboratory is well insulated, ensuring stable ambient con-
ditions throughout the mixing process.
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2.2.3. Bentonite wafer preparation and Shale Inhibition Testing

2.2.3.1. Linear swelling test. In shale swelling investigations, many re-
searchers favor bentonite wafers due to their similarity to shale in
composition, both containing the ’smectite’ group responsible for
swelling. Obtaining shale "true’ core samples poses challenges as coring
renders shale highly unstable, resulting in cores that are not entirely
shale, often containing sandstone and limestone layers. Furthermore,
conducting swelling inhibition experiments directly on shale outcrops is
impractical, as they typically lack the smectite group crucial for shale
swelling.

To address these challenges, this study employs refurbished
bentonite pellets approximately 2.54 cm in diameter. These pellets are
formed by compressing 11.5 g of Na-bentonite powder at 1600 psi using
a hydraulic press. Before introducing the pellets into the Linear Swell
Meter (LSM) environment, their thickness is precisely measured. Sub-
sequently, the pellets are immersed in drilling mud samples, including
both the base sample and samples containing inhibitor-based mud. The
change in pellet thickness is then measured by the linear swell meter
over a period of 24 hours, with measurements taken at intervals of
60 seconds.The utilization of the Grace HPHT Linear Swell Meter
(M4600) marks a significant advancement in measuring the swelling
phenomenon directly through the monitoring of sample thickness al-
terations. This study leverages the LSM to evaluate the inhibitory effects
of a water-based drilling fluid on shale swelling. Comprising two inte-
gral components, namely the Wafer Compactor and the Linear Swell
Meter (Model: M4600), the LSM facilitates the preparation of bentonite
wafers using the Grace core/wafer compactor and subsequently con-
ducts swelling tests to provide real-time data on swelling behavior.

2.2.3.2. Shale recovery test. The shale recovery test, alternatively
known as the shale immersion or hot rolling dispersion test, serves to
investigate the dispersion behavior of shale, which directly correlates
with its stability. Initial steps involve separating shale cuttings by
filtering through a 6 BSS mesh sieve and placing them on a 10 mesh
sieve. These cuttings are then mixed with both the base fluid and
NADES-based drilling fluids in aging cells and subjected to hot rolling in
an oven to ensure thorough mud-cutting contact. Following a 16-h
period, the cuttings are removed from the mud, resulting in shale
disintegration and a subsequent decrease in cutting weight. Analysis of
shale recovery entails filtering the cuttings from the mud using a finer
mesh screen (40 mesh), followed by comprehensive washing, and drying
in an oven. The recovered cuttings are then compared to ascertain the
percentage of shale cuttings recovered from the initial weight. Shale
outcrop samples from Niah, District of Miri, Sarawak, Malaysia, have
been utilized, with their clay composition quantified via XRD to assess
suitability for dispersion and shale recovery testing.

The clay mineralogy of the shale samples employed in this research is
detailed below:

The shale sample consists of five types of clay minerals depicted by
XRD results: Illite, Kaolinite, Chlorite, Vermiculite, and Mica.

o Illite comprises 18 % of the total clay mineral composition.

e Kaolinite is the most abundant, constituting 31 % of the sample.
e Chlorite makes up 22 % of the clay mineral content.

e Vermiculite accounts for 10 % of the total composition.

e Mica is present in the sample at a percentage of 19 %.

2.2.4. Characterizations

To understand the underlying mechanism of modification in drilling
fluid properties and shale inhibition traits of various additives, Surface
tensions, Zeta Potential and d-spacing will be estimated of modified and
base bentonite wafers/mud.

2.2.4.1. Surface tension. Surface tension plays a critical role in
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understanding the mechanism of additives in shale inhibition. Capillary
action, driven by surface tension, facilitates the infiltration of water
cations into the micropores of shale, affecting its stability. To assess the
surface tension of drilling fluid samples, an Interfacial Tensiometer (IFT)
is employed. By measuring the surface tension at the interface between
the fluid and another medium, the IFT provides insights into interfacial
behavior and the fluid’s effectiveness in overcoming cohesive forces.
Through this analysis, this study aims to understand how drilling fluids
interact with shale formations.

2.2.4.2. d-spacing analysis via XRD. X-ray diffraction (XRD) analysis
offers valuable insights into the intercalation of inhibitors into bentonite
layers, further elucidating the mechanism of shale inhibition. By
examining d-spacing, calculated by Bragg’s equation,which represents
interlayer spacing between clay layers, XRD reveals changes induced by
inhibitors. This analysis conducted using D2 phaser functioning at
40 mA and 45 kV, with Cu-Ka radiation (A = 1.54059 A), enables re-
searchers to investigate the interaction between inhibitors and clay
mineral structures, shedding light on their effectiveness in modifying
clay properties.

2.2.4.3. Zeta potential. Zeta potential measurement using the Malvern
Zetasizer Nano ZSP instrument offers further understanding of the
electrical charge and stability of colloidal particles in drilling mud. By
analyzing Zeta Potential values, researchers gain insights into particle
behavior within the fluid, which directly impacts shale stability. This
analysis helps assess the likelihood of particle aggregation or dispersion,
providing critical information for optimizing drilling fluid performance.
Integrating data from surface tension, XRD, and Zeta potential mea-
surements offers a comprehensive understanding of how additives
interact with shale formations, ultimately enhancing shale inhibition
strategies in drilling operations.

The standard equipment and apparatus used in this study have been
illustrated in Fig. 1.

2.2.5. Data reliability and robustness

All experimental except d-spacing (XRD) measurements were con-
ducted in triplicates to ensure data reliability and reproducibility. The
results are presented as the + standard deviation (SD) in tabulated form
for all additives (individually and in sets) at all non aging and aging
temperatures. Standard deviation values were calculated to quantify
variability within the dataset and are included in all reported results.

For clarity and consistency, SD values are presented in tabulated
form rather than as error bars in graphical representations to avoid
clutter in the figures. This approach ensures better visualization of
trends while maintaining transparency regarding data variability.

3. Results and discussions
3.1. YP and PV ratio (YP/PV) analysis

The analysis of Yield Point to Plastic Viscosity (YP/PV) ratios is
crucial for gauging the effectiveness of drilling fluid additives in opti-
mizing hydraulic performance. When the YP/PV ratio falls within the
range of 0.75-1 1b,,/100ft?/cp, it indicates a balanced rheological pro-
file that is conducive to superior hydraulic efficiency and overall oper-
ational performance during drilling activities. This range, depicted in
red dashed line in Fig. 2, signifies an optimal balance between the fluid’s
yield point, which determines its resistance to flow, and its plastic vis-
cosity, which influences the ease of fluid movement. When these prop-
erties align within the specified range, the drilling mud exhibits ideal
characteristics for maintaining wellbore stability, facilitating effective
cuttings transport, and promoting efficient hydraulic fracturing.
Consequently, maintaining YP/PV ratios within this range is imperative
for ensuring optimal hydraulic performance and overall operational



M.H. Rasool et al.

Deep Resources Engineering 2 (2025) 100173

|A) FANN 35 Viscometer I I B) OFI HPHT Filter Press I

C) M4600 GRACE HPHT
Linear Swell Meter

I D) Wafer Compactor I

I F) Malvern Zetasizer Nano ZS I

G) XRD Bruker D2 Phaser

E) M6500 Grace Spinning Drop
Tensiometer

Fig. 1. Equipment utilized in this study A) FANN 35 Viscometer, B) OFI HPHT Filter Press C) M4600 Grace HPHT Linear Swell Meter D) Wafer Compactor E) M6500
Grace Spinning Drop Tensiometer F) Malvern Zetasizer Nano SZ G) XRD Bruker D2 phaser.
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Fig. 2. YP/PV ratios of various additives reported for non-aged and aged samples at 100 °C and 150 °C.

success in drilling endeavors.

In this study, both individual additives and additive combinations
(sets) are selected to determine their YP/PV ratios, a systematic
approach is adopted to discern their impact on drilling fluid rheology.
Initially, individual additives are subjected to testing under non-aging
and aging scenarios. Each additive’s YP/PV ratio is calculated to
assess its performance independently. Following this, additive combi-
nations, or sets, are formulated based on predetermined compositions,
incorporating a combination of individual additives. These sets undergo
similar testing procedures to evaluate their collective influence on
drilling fluid behavior. By comparing the YP/PV ratios of both individ-
ual additives and additive combinations, researchers can identify syn-
ergistic effects and determine the most effective formulations for
achieving desired rheological properties.

Among the individual additives, Citric acid:Glycerine NADES (CA
NADES) stands out as the top performer, securing the 1st position
overall. With YP/PV ratios of 1.7, 0.7, and 0.79 for non-aging, aging at

100 °C, and aging at 150 °C conditions, respectively, CA NADES
consistently demonstrates promising rheological behavior across
different scenarios closest to the optimum range. Following closely
behind, [EMIM]CI, Choline Chloride:Urea DES (CC DES), and Poly-
etheramine (ATPE) exhibit the 2nd, 3rd, and 4th best performances,
respectively, maintaining favorable YP/PV ratios closest to the optimum
range for both aged and non-aged samples as shown in Fig. 2. However,
SiOy nanoparticles, Okra mucilage (0.M), and KCl show overall im-
provements in the YP/PV ratios, but their performance ranks as the least
favorable among all individual additives.

When assessing the performance of sets based on YP/PV ratios,
distinct trends emerge, revealing varying degrees of effectiveness in
optimizing drilling fluid rheology. Leading the rankings is SET B
(Base+KCI+ATPE), securing the top position among all sets. With
consistently favorable YP/PV ratios across different conditions, SET B
demonstrates promising rheological behavior, positioning it as a
standout combination for enhancing drilling fluid performance.
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Following closely behind is SET G (Base+KCl+CA NADES), which ex-
hibits favorable YP/PV ratios and secures the 2nd position among the
sets. Its performance indicates potential in improving fluid behavior and
hydraulic efficiency during drilling operations. In contrast, sets like SET
ABE (Base+KCI+ATPE+CC DES) and SET A (Base+KCI+EMIM[CI])
gave overall 3rd position, indicating combination of DES with KCl and
amines with DES can be good drilling fluid additives.Meanwhile, SET C
(Base+KCl+Si-NP) and SET E (Base+KCI4CC DES) showed an average
performance. On the other hand, combinations like SET ABCE (Base-
+KCI+ATPE+CC DES-+Si-NP) and SET ABCEF (Base+KCI+ATPE+CC
DES+Si-NP+Okra) demonstrated negative performance resulting into
YP/PV ratios too high which result in the operational difficulties. This
shows, additives which may show superior performance individually
may not give the same results if added altogether.

Overall top three best performing additives in terms of favourable
mud hydraulics and cutting transportation ability are Citric Acid:Gly
NADES, SET B (0.5 % KCI + 0.5 % ATPE) and set G (0.5 % KCl + 0.5 %
[EMIM]CI) respectively which shows even addition of KCl in small
concentration can enhance the performance of amine and ionic liquids.
This comprehensive evaluation enables the identification of combina-
tions that contribute most effectively to enhancing drilling fluid per-
formance and operational efficiency. The mechanism behind working of
these additives will be elaborated further in the subsequent Sections
3.6-3.8.

3.2. Mudcake thickness

Analyzing mudcake thickness provides valuable insights into the
effectiveness of drilling fluid additives in controlling filtration and for-
mation damage during drilling operations. Mudcake thickness serves as
an indicator of the ability of the drilling fluid to form a protective barrier
on the wellbore wall, preventing fluid invasion into the formation while
facilitating efficient drilling. Ideally, a mudcake thickness within the
desired range ensures optimal wellbore stability and minimizes fluid loss
into the formation, thereby enhancing drilling efficiency and reducing
operational challenges. In this study, both individual additives and ad-
ditive combinations (sets) were evaluated to determine their impact on
mudcake thickness. The thickness of the mudcake formed by each ad-
ditive or combination was measured under non-aging and aging con-
ditions to assess their effectiveness in controlling fluid invasion and
formation damage. By comparing the mudcake thicknesses of individual
additives and additive combinations, this study could identify formu-
lations that effectively mitigate fluid invasion and maintain wellbore
integrity.

The analysis of mudcake thickness reveals distinct trends in the
performance of individual additives and additive combinations. Among
the individual additives, CA NADES exhibited the most favorable per-
formance reducing mudcake thickness to 42.85 %, consistently forming

Deep Resources Engineering 2 (2025) 100173

thinner mudcakes across different scenarios. Following closely behind
were [EMIM]CI and Choline Chloride DES which resulted into a 25 %
reduction in mudcake thickness each. Okra mucilage (0.M) and nano-
particles gave average performance, when assessing the performance
of additive combinations (sets), SET B (Base+KCI+ATPE), emerged as
the top performer with 39.28 % reduction in mudcake thickness,
forming thinner mudcakes consistently across different conditions.
Following closely behind SET G (Base+KCl+CA NADES), which showed
35.71 % reduction in mudcake thickness. Meanwhile, SET ABCEF and
ACG gave negative performance as shown in Fig. 3.

Conversely, NADES, SET B and SET G were top three additives in
reducing mudcake thicknesses, indicating potential challenges in con-
trolling fluid invasion and formation damage while set ABCEF and ACG
were the worst performing additives. Overall, the analysis highlights the
significance of selecting additive combinations that effectively mitigate
fluid invasion and maintain optimal mudcake thickness, thereby
enhancing drilling efficiency and reducing operational challenges.

3.3. Filtrate volume

Filtrate volume in drilling fluids serves as a critical parameter
indicative of fluid loss and invasion into the formation, directly influ-
encing wellbore stability and drilling efficiency. Lower filtrate volumes
signify better control over fluid loss, leading to improved wellbore
integrity and reduced formation damage. In this study, the effectiveness
of various additives in reducing filtrate volume was evaluated across
different conditions.

Among the additives tested, CA NADES exhibited remarkable effi-
cacy in reducing filtrate volume, consistently outperforming other ad-
ditives across all conditions. With a reduction of approximately
40.32 %, 43.33 %, and 38.71 % in filtrate volume compared to the base
sample under non-aging, 100 °C, and 150 °C conditions, respectively,
CA NADES demonstrated superior performance in controlling fluid loss
and invasion into the formation. Following closely behind, [EMIM]ClL
highlighted significant effectiveness in reducing filtrate volume,
particularly under higher temperature conditions. With a reduction of
approximately 29.63 %, 30.00 %, and 29.03 % in filtrate volume
compared to the base sample under non-aging, 100 °C, and 150 °C
conditions, respectively, [EMIM]CI proved to be a reliable additive for
mitigating fluid loss during drilling operations. ATPE was the third best
performing additive in terms of filtrate volume.

Among the sets examined, SET B emerges as the top performer,
displaying the highest reduction in filtrate volume across all conditions.
With reductions of approximately 37.04 %, 36.67 %, and 38.71 % under
non-aging, 100 °C, and 150 °C conditions, respectively, SET B demon-
strates substantial effectiveness in mitigating fluid loss and invasion into
the formation as shown in Fig. 4. Following closely behind, SET G also
demonstrates notable reductions in filtrate volume, with reductions of
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Fig. 3. Mudcake thickness of various additives based mud reported for non-aged and aged samples at 100 °C and 150 °C.
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Fig. 4. Filtrate volume of various additives based mud reported for non-aged and aged samples at 100 °C and 150 °C.

approximately 33.33 %, 36.67 %, and 32.26 % under non-aging, 100 °C,
and 150 °C conditions, respectively. These findings highlight the robust
fluid loss control properties of both SET B and SET G, positioning them
as top-performing additive combinations in drilling fluid formulations.
Conversely, SET ACG exhibits relatively poorer performance, with an
increase in filtrate volume compared to the base sample. With re-
ductions of approximately —38.10 %, —50.00 %, and —41.94 % under
non-aging, 100 °C, and 150 °C conditions, respectively, SET ACG dem-
onstrates deficiencies in fluid loss control capabilities, leading to
elevated filtrate volumes. This outcome underscores the importance of
thorough evaluation and optimization of additive combinations to
ensure effective fluid loss control and formation damage mitigation in
drilling operations. The deficient performance of SET ACG and SET
ABCEF in reducing filtrate volume could be attributed to several factors.
One possible explanation is the composition and interaction of the ad-
ditives within the set. It is plausible that the combination of additives in
SET ACG may not have synergized effectively to control fluid loss.
Certain additives within the set may have conflicting properties or may
not interact optimally with one another, leading to reduced efficacy in
mitigating fluid invasion into the formation.

Overall, NADES, SET B and SET G gave top-tier performances which
are in accordance with the mudcake thickness results. Further elabora-
tion of the mechanism has been carried out in the subsequent sections.

3.4. Linear clay swelling

Clay swelling presents a formidable challenge in shale drilling op-
erations, impacting wellbore stability and overall drilling efficiency.
Effective management of clay swelling in shale is paramount to mitigate
risks associated with formation damage and wellbore instability. Among
the additives evaluated for their ability to reduce clay swelling, Citric
acid:Glycerine NADES emerges as the top-performing additive across all
temperatures, exhibiting the highest reduction in linear swelling
compared to the base sample. At 25°C, Citric acid:Glycerine NADES
demonstrates a remarkable percentage reduction of 76.1 %, followed by
[EMIM]CI with 65.7 % and Choline Chloride:Urea DES with 62.7 % at
25°C as shown in Fig. 5. These additives exhibit significant effectiveness
in controlling clay swelling at lower temperatures, contributing to
improved wellbore stability. At elevated temperatures of 100 °C and 150
°C, Citric acid:Glycerine NADES maintains its dominance, highlighting
the highest reduction in linear swelling compared to the base sample,
with impressive percentage reductions of 79.1 % and 73.6 %, respec-
tively. [EMIM]CI] and Choline Chloride:Urea DES also maintain their
effectiveness across all temperatures, further emphasizing their impor-
tance in mitigating formation-related challenges and optimizing drilling
operations in shale formations.

Among sets, SET B and SET G showed dominance with 68.7 % and
59.7 % reduction in linear swelling at 25°C. SET B and SET G maintained
the same dominance at elevated temperatures as well. SET C and SET E
gave optimized and also similar performance at all temperatures as
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Fig. 5. Linear Swelling of bentonite clay resulted by various additives based mud reported at 25 °C,100 °C and 150 °C.
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shown in Fig. 5. However, SET ABCEF and SET ACG, gave negative
improvement in clay swelling. Overall, CA NADES, SET B and SET G
were the best performing inhibitors in terms of improving clay swelling,
and thus can be regarded as potential shale inhibitors. The more dis-
cussion, to elucidate the working of these additives has been carried out
in the subsequent sections.

3.5. Shale recovery

Shale recovery is a critical aspect of drilling operations, particularly
in formations where shale constitutes a sizable portion of the rock ma-
trix. When shale formations are encountered during drilling, they tend
to destabilize upon contact with water-based drilling fluids. Shale is
inherently hydrophilic, meaning it has an affinity for water, and as such,
when exposed to water-based mud, it absorbs moisture, causing it to
swell and disintegrate. This process, known as hydration, leads to the
release of fine particles and clay minerals from the shale matrix, which
can then disperse into the drilling fluid. As a result, shale recovery be-
comes challenging as shale disintegration can lead to wellbore insta-
bility, increased drilling fluid viscosity, bit balling and other operational
issues. Therefore, assessing shale recovery is crucial for understanding
the effectiveness of drilling fluid additives in mitigating shale destabi-
lization and improving overall drilling efficiency.

Similarly to the results of linear swelling, CA NADES resulted in the
most shale recovery which shows it has neutralized the charge on clay
surface by making a strong hydrogen bond with it, stabilizing it against
hydration. CA NADES resulted in 51.68 % improved recovery, [EMIM]
Cl gave 46.9 % recovery while DES gave 45.5 % recovery at 25 °C as
shown in Fig. 6. The same trend can be observed at elevated tempera-
tures for these three additives mentioned above. Following the pursuit,
in the individual category Si-NP was the worst performing while KCI,
ATPE and O.M gave average results. In the category of sets, SET B and
SET G resulted into 50 % and 48.1 % improved shale recovery at 25 °C.
Predictably, same as other drilling fluid properties, SET ACG and SET
ABCEF gave worst performing results for shale recovery as also depicted
in Fig. 6.

3.6. Surface tension

Surface tension plays a crucial role in shale inhibition mechanisms
through its influence on capillary pressure and subsequent effects on
shale hydration and swelling. Capillary pressure refers to the pressure
difference across the interface between two immiscible fluids in a porous
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medium, such as drilling fluid and formation fluids within shale for-
mations. This pressure gradient is influenced by surface tension, among
other factors. When the surface tension is high, as in the case of drilling
fluids with additives that increase surface tension, the capillary pressure
between the fluid and shale surfaces also tends to be higher. This
elevated capillary pressure can enhance the invasion of drilling fluid
into the shale matrix, leading to increased shale hydration and swelling.
On the other hand, additives that reduce surface tension effectively
lower capillary pressure. By decreasing the surface tension of the drilling
fluid, these additives weaken the capillary forces, thus mitigating the
invasion of drilling fluid into the shale pores. Consequently, the hy-
dration and swelling of shale formations are minimized. Shale forma-
tions are prone to instability when exposed to drilling fluids with high
invasion tendencies, leading to issues such as wellbore collapse, stuck
pipe, and lost circulation. Additives that effectively inhibit shale hy-
dration and swelling by affecting capillary pressure indirectly help
mitigate these risks, enhancing drilling efficiency and wellbore integrity.

In examining the percentage reductions in surface tension compared
to the base sample, varying degrees of alteration in interfacial properties
across different additives were observed. Citric acid:Glycerine NADES
emerges as the most impactful additive, with a substantial reduction in
surface tension of approximately 20.2 %. Following closely behind are
SET B and SET G, exhibiting notable reductions of about 18.8 % and
17.4 %, respectively as shown in Fig. 7. These additives demonstrate
significant potential in modifying the drilling fluid’s interfacial char-
acteristics, which can play a crucial role in enhancing shale stability and
mitigating drilling challenges associated with shale hydration and
swelling. Conversely, additives such as SET ACG and SET ABCEF show
minimal reductions in surface tension, suggesting lesser influence on
interfacial properties compared to others in the study. The results of
surface tension follow the trend observed for clay swelling and shale
recovery results.

In summary, the surface tension of drilling fluids indirectly impacts
capillary pressure, which in turn influences shale hydration and swelling
behavior. Additives that lower surface tension play a crucial role in
mitigating capillary pressure, thereby inhibiting shale hydration, and
swelling and promoting wellbore stability during drilling operations.

3.7. Zeta Potential

The zeta potential, which reflects the magnitude of the electrostatic
charge at the interface between the clay particles and the surrounding
fluid, plays a crucial role in determining the interaction between these
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Fig. 7. Surface tension of drilling mud resulted by various additives reported at 25 °C.

particles. When an additive reduces the zeta potential of the drilling
mud, it effectively diminishes the strength of the electrostatic repulsion
between the clay particles. This reduction in repulsion allows the par-
ticles to approach each other more closely, leading to the formation of
aggregates or flocs. As a result, the aggregation of clay particles reduces
their individual mobility and tendency to disperse, ultimately enhancing
shale stability. Furthermore, the mechanism by which additives lower
the zeta potential involves their interaction with the clay surfaces. These
additives may absorb onto clay particles, altering their surface proper-
ties and modifying the distribution of surface charges. This adsorption
process can effectively neutralize or shield the charges on the clay sur-
faces, leading to a decrease in the zeta potential of the system and thus
stabilizing clay against hydration.

Moreover, additives that lower the zeta potential tend to decrease
the thickness of the electrical double layer (EDL) surrounding the clay
particles. A thinner EDL implies a weaker repulsive force between the
particles, facilitating their aggregation and minimizing the likelihood of
clay swelling and dispersion. By promoting particle aggregation and
reducing swelling tendencies, these additives contribute to the overall
stabilization of shale formations.

Among the additives, Citric acid:Glycerine NADES exhibits the
highest reduction, with approximately 46.5 % lower ZP compared to the
base sample. This significant reduction underscores the strong interac-
tion of NADES with clay particles, leading to improved shale stability.
KCl demonstrates a notable reduction of approximately 28.6 %
compared to the base ZP, indicating its potential in improving shale
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stability. Similarly, [EMIM]CI] exhibits a reduction of around 35.9 %,
suggesting its effectiveness in mitigating electrostatic forces and
enhancing shale inhibition as shown in Fig. 8. SiO2 nanoparticles (Si-NP)
display a reduction of approximately 19.4 % compared to the base ZP,
indicating moderate effectiveness in promoting shale stability. Poly-
etheramine (ATPE) and Okra mucilage (O.M) also show substantial re-
ductions of about 33.3 % and 28.2 %, respectively, emphasizing their
roles in enhancing shale inhibition properties. Choline Chloride:Urea
DES demonstrates a reduction of around 33.2 %, further highlighting its
potential as a shale stabilizer. Moving to additive sets, SET B stands out
with a substantial reduction of about 42.6 % compared to the base ZP,
indicating its efficacy in enhancing shale inhibition. Similarly, SET ABC
shows a significant reduction of approximately 41.9 %, suggesting
synergistic effects among the additives in promoting shale stability.

3.8. d-spacing (XRD)

The d-spacing measurements obtained from XRD provide valuable
insights into the intercalation of additives within the clay layers of the
shale, indicating the potential improvement in drilling fluid properties.
A lower d-spacing value of drilling mud suggests additive has success-
fully expelled the water out from clay layers, indicating enhanced
interaction and potential enhancement in drilling fluid performance.
Analyzing the results, it is evident that several additives lead to a
reduction in d-spacing compared to the base sample. Notably, Citric
acid:Glycerine NADES exhibits the lowest d-spacing value among all
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Fig. 8. Zeta Potential of of drilling mud resulted by various additives reported at 25 °C.
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additives, indicating effective intercalation into the clay layers. The
reduction in d-spacing for NADES signifies its strong affinity for the clay
surfaces and efficient expulsion of water molecules, contributing to
improved shale stability and drilling fluid performance, with a reduction
of approximately 32.7 % compared to the base sample as shown in
Fig. 9.

Similarly, SET B, comprising a combination of various additives, also
demonstrates a significant reduction in d-spacing compared to the base
sample, with a decrease of approximately 27.4 %. This suggests that the
combination of additives in SET B effectively interacts with the clay
layers, leading to improved properties of the drilling fluid. Additionally,
SET G, consisting of other additives, also shows a notable reduction in d-
spacing, with a decrease of approximately 30.6 %, indicating favorable
intercalation and potential enhancement in drilling fluid performance.
Conversely, additives like SiO, nanoparticles (Si-NP) and polyether-
amine (ATPE) show relatively higher d-spacing values compared to the
base sample, with increases of approximately 0.8 % and 3.4 %, respec-
tively. While these additives still contribute to some degree of interca-
lation, their effectiveness in modifying the clay structure may be
comparatively lower than other additives.

Furthermore, SET ABCEF and SET ACG exhibit the highest d-spacing
values among all additives and sets, with increases of approximately
9.8 % and 15.1 %, respectively, indicating less effective intercalation or
even possible agglomeration within the clay layers. This suggests that
despite the inclusion of multiple additives, these combinations may not
be as efficient in modifying the clay structure to enhance drilling fluid
properties. Considering the reduction in d-spacing, additives leading to
lower values, such as Citric acid:Glycerine NADES and certain combi-
nations like SET B and SET G, are likely to contribute to improved shale
stability and overall drilling fluid performance. The reduction in d-
spacing reflects the enhanced intercalation of additives within the clay
layers, facilitating better control over shale swelling and overall drilling
fluid behavior.

3.9. Data reliability

The SD values for all measured properties remained within an
acceptable range across all experimental conditions, ensuring the reli-
ability and reproducibility of the data. For most formulations, low SD
values indicate minimal variability between triplicate measurements,
demonstrating the consistency of the experimental procedures.

Across different temperatures, a slight increase in SD was observed at
higher temperatures (100 °C and 150 °C), particularly for rheological
properties (PV, YP) and filtration characteristics (mudcake thickness,

d-spacing (A°)
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filtrate volume). This variation is expected due to thermal effects on
fluid stability, which can lead to minor fluctuations in viscosity, fluid
loss, and shale interactions. Despite this, the SD values remained within
acceptable limits, confirming that temperature-induced variations were
not significant enough to compromise data reliability as shown in
Tables 2a 2b.

For shale stability tests, linear swelling and shale recovery exhibited
slightly higher SD values compared to rheological properties, particu-
larly in formulations with multiple additives (e.g., SET ABCEF, SET
ACG). This can be attributed to complex interactions between inhibitors
and shale particles, leading to minor inconsistencies in swelling reduc-
tion and dispersion control. However, the overall SD values remained
low, ensuring that observed trends are representative of actual perfor-
mance differences rather than experimental errors.

Furthermore, for zeta potential and surface tension measurements,
SD values were consistently low across all formulations at 25°C, con-
firming stable electrochemical interactions within the fluid systems as
shown in Tables 3a 3b. The low variability in these measurements
suggests that surface-active additives provided uniform effects on fluid
properties.

Overall, the reported SD values support the statistical robustness of
the results, ensuring that observed differences between formulations are
meaningful and not due to random experimental variations. The use of
triplicate measurements and controlled testing conditions further re-
inforces the reliability of the findings.

4. Summary and discussion

Shale instability poses a significant challenge in drilling operations,
primarily due to the presence of clay minerals in shale formations. Clay
mineral, such as montmorillonite, is hygroscopic in nature, meaning
they have a strong affinity for water molecules. When exposed to drilling
fluids, these clay minerals can absorb water and undergo hydration,
leading to swelling and destabilization of the shale matrix. This swelling
behavior can cause various issues, including borehole instability, well-
bore collapse, and increased drilling fluid filtration.

To mitigate shale instability, various additives are incorporated into
drilling fluids to inhibit clay hydration and swelling. Each additive in-
teracts with the clay minerals through different mechanisms, ultimately
leading to improved shale stability. For instance, KCl acts as a shale
inhibitor by exerting electrostatic forces of attraction on clay minerals,
effectively reducing their ability to absorb water molecules and swell.
This mechanism helps maintain the integrity of the shale formation and
prevents borehole instability.Similarly, other additives like [EMIM]CI,

Fig. 9. d-spacing of modified bentonite wafers resulted by various additives reported at 25 °C.
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Table 2a
Standard Deviation of experiments conducted for ‘individual’ additives.
Category Additive/Set Temperature Linear Swelling Shale Recovery YP (Ib/ PV (cP) Mudcake Thickness Filtrate Volume
Q) (%) + SD (%) + SD 100 ft?) + SD + SD (mm) + SD (mL) + SD
Individual Base 25 +1.2 + 0.05 + 0.3 + 0.4 + 0.1 + 0.8
100 +1.5 + 0.02 + 0.4 +0.5 + 0.2 +1.0
150 +1.8 + 0.1 +0.9 +1.2 +0.2 +1.2
KCl 25 + 1.0 + 0.5 + 0.3 + 0.4 + 0.1 + 0.7
100 +1.3 + 0.6 + 0.4 +0.5 + 0.2 +0.9
150 +1.5 + 0.7 +0.9 +0.8 +0.2 +1.0
[EMIM]CL 25 +1.1 + 0.6 +0.3 + 0.4 +0.1 +0.8
100 +1.4 +0.7 + 0.4 +0.5 +0.2 +0.9
150 +1.6 +0.8 +0.9 + 0.6 +0.2 +1.1
SiOz Nanoparticles (Si- 25 +1.0 +0.5 +0.3 +0.4 +0.1 +0.7
NP) 100 +1.3 + 0.6 + 0.4 +0.7 +0.2 +0.9
150 +1.5 +0.7 +1.2 +1.4 +0.2 +1.0
Polyetheramine 25 +1.2 +0.6 +0.3 +0.4 +0.1 +0.8
(ATPE) 100 +1.4 +0.7 + 0.4 +0.5 +0.2 + 0.9
150 +1.7 +0.8 +1.1 + 0.6 +0.2 +1.1
Okra Mucilage (0.M) 25 +1.1 + 0.6 +0.3 + 0.4 +0.1 +0.8
100 +1.4 +0.7 + 0.4 + 0.5 + 0.2 + 0.9
150 + 1.6 +0.8 +0.5 + 0.6 +0.2 +1.1
Choline Chloride:Urea 25 +1.2 +0.7 +0.3 +0.4 +0.1 +0.9
DES 100 +1.5 +0.8 + 0.4 + 0.5 +0.2 +1.0
150 +1.7 +0.9 +0.5 + 0.6 +0.2 +1.2
Citric Acid:Glycerine 25 +1.1 +0.6 +0.3 +0.4 +0.1 +0.7
NADES 100 +1.3 +0.7 + 0.4 +0.5 +0.2 +0.9
150 + 1.5 + 0.8 +1.3 +1.4 + 0.2 + 1.0
Table 2b
Standard Deviation of experiments conducted for ‘sets’ additives.
Set Temperature Linear Swelling (%) Shale Recovery (%) YP (1b/100 ft?) (%) PV (cP) Mudcake Thickness (mm) Filtrate Volume (mL)
Q) + SD + SD + SD + SD + SD + SD
SET A 25 + 0.4 +0.3 +1.0 +0.6 + 0.1 +0.7
100 +0.5 + 0.4 +1.3 +0.7 +0.2 +0.9
150 + 0.6 + 0.5 +1.5 +0.8 +0.2 + 1.0
SET B 25 + 0.4 +0.3 +1.1 +0.6 + 0.1 +0.8
100 +0.5 + 0.4 +1.4 +0.7 +0.2 +0.9
150 + 0.6 +0.5 +1.6 +0.8 +0.2 +1.1
SET C 25 + 0.4 +0.3 +1.0 + 0.6 +0.1 +0.7
100 +0.5 + 0.4 +1.3 +0.7 +0.2 +0.9
150 +0.6 +0.5 +1.5 +0.8 +0.2 + 1.0
SET D 25 + 0.4 +0.3 + 1.1 + 0.6 +0.1 + 0.8
100 + 0.5 + 0.4 +1.4 +0.7 + 0.2 +0.9
150 +0.6 +0.5 +1.6 +0.8 +0.2 +1.1
SETE 25 + 0.4 +0.3 + 1.0 + 0.6 +0.1 +0.7
100 + 0.5 + 0.4 +1.3 +0.7 +0.2 +0.9
150 +0.6 +0.5 +1.5 +0.8 +0.2 + 1.0
SET G 25 +0.4 +0.3 +1.0 + 0.6 +0.1 +0.7
100 + 0.5 + 0.4 + 1.3 + 0.7 + 0.2 +0.9
150 + 0.6 + 0.5 +15 +0.8 + 0.2 + 1.0
SET AB 25 +0.4 +0.3 +1.1 + 0.6 +0.1 +0.8
100 + 0.5 + 0.4 +1.4 + 0.7 + 0.2 +0.9
150 + 0.6 + 0.5 +1.6 +0.8 + 0.2 +1.1
SET ABC 25 +0.4 +0.3 +1.0 + 0.6 +0.1 +0.7
100 + 0.5 + 0.4 + 1.3 + 0.7 + 0.2 +0.9
150 + 0.6 + 0.5 + 1.5 + 0.8 + 0.2 +1.0
SET ABE 25 + 0.4 +0.3 +1.1 + 0.6 +0.1 + 0.8
100 +0.5 + 0.4 +1.4 +0.7 +0.2 +0.9
150 + 0.6 + 1.5 + 1.6 + 0.8 + 0.2 +1.1
SET ABCE 25 +1.4 +1.3 +1.0 + 0.6 +0.1 + 0.7
100 +1.5 +1.4 +1.3 +0.7 +0.2 +0.9
150 + 1.6 + 0.5 + 1.5 + 0.8 + 0.2 + 1.0
SET 25 +1.9 +1.7 +1.1 + 0.6 +0.1 + 0.8
ABCEF 100 +1.5 +1.4 +1.4 +0.7 +0.2 +0.9
150 +1.3 +1.3 +1.6 +0.8 +0.2 +1.1
SET ACG 25 + 0.4 +0.3 +1.0 +0.6 + 0.1 +0.7
100 +0.5 + 0.4 +1.3 +0.7 +0.2 +0.9
150 + 0.6 + 0.5 +1.5 +0.8 +0.2 + 1.0

functionalized SiO2 nanoparticles (Si-NP), polyetheramine (ATPE), and
Okra mucilage (O.M) also contribute to shale inhibition through distinct
mechanisms. [EMIM]CI, an ionic liquid, interacts with clay minerals
through neutralizing surface charge by cation exchange and surface
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adsorption, disrupting the hydration process and reducing shale
swelling. SiO2 nanoparticles provide mechanical reinforcement to the
shale matrix, preventing excessive swelling and improving overall sta-
bility and the functional group may also alter the surface properties of
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Table 3a
Standard Deviation of Zeta Potential and Surface Tension testing conducted for
‘individual’ additives.

Category Additive/Set Temperature Zeta Surface
Q) Potential Tension
(mV) + SD (mN/m)
+ SD
Individual  Base 25 +0.5 +0.4
KCl 25 + 0.6 +0.5
[EMIM]CI 25 +0.7 +0.5
SiOz Nanoparticles 25 +0.6 +0.4
(Si-NP)
Polyetheramine 25 +0.7 +0.5
(ATPE)
Okra Mucilage (O. 25 +0.6 +0.4
M)
Choline Chloride: 25 +0.8 +0.6
Urea DES
Citric Acid: 25 +0.7 +0.5
Glycerine NADES
Table 3b

Standard Deviation of Zeta Potential and Surface Tension testing conducted for
‘sets’ additives.

Set Temperature Zeta Potential (mV) Surface Tension (mN/
Q) + SD m) £+ SD
SET A 25 + 0.6 +0.5
SET B 25 +0.7 +0.5
SET C 25 + 0.6 +0.4
SET D 25 +0.7 +0.5
SET E 25 + 0.6 +0.5
SET G 25 + 0.6 +0.4
SET AB 25 +0.7 +0.5
SET ABC 25 +0.6 +0.4
SET ABE 25 +0.7 +0.5
SET ABCE 25 +0.8 +0.6
SET 25 +0.8 +0.6
ABCEF
SET ACG 25 +0.7 +0.5

the clay. Polyetheramine and Okra mucilage act as shale inhibitors by
bonding with clay surface, preventing water intrusion and maintaining
shale integrity.

Analyzing the results of surface tension, zeta potential, and d-spacing
measurements further elucidates the mechanisms through which these
additives inhibit shale instability. Lower surface tension values indicate
modifying the capillary pressure, leading to decreased water penetration
into the shale matrix. Additives that exhibit lower zeta potential values
effectively reduce the electrostatic repulsion between clay particles,
promoting closer packing and minimizing clay swelling. Additionally,
additives that cause a reduction in d-spacing values indicate effective
intercalation into the clay layers, further hindering water absorption
and shale destabilization.

Some sets demonstrate superior performance in inhibiting shale
instability compared to individual additives alone, which can be
attributed to the synergistic effects of the combined additives within the
sets. For instance, SET A (Base + KCl + [EMIM]CI) and SET G (Base +
KCl + ATPE) exhibit enhanced shale inhibition due to the complemen-
tary mechanisms of their constituent additives.In SET A, the inclusion of
KCl and EMIM[CI] contributes to shale inhibition through different
mechanisms. KCI, known for its ability to reduce clay swelling by elec-
trostatic forces, works by increasing the ionic strength of the drilling
fluid, thereby decreasing the water activity and clay hydration. On the
other hand, EMIM[CI], an ionic liquid, interacts with clay minerals
through surface adsorption and cation exchange, inhibiting clay
swelling and hydration. The combined action of KCl and EMIMI[CI] in
SET A synergistically enhances shale stability by effectively reducing
water penetration and clay swelling.
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The combined effects of KCl and ATPE in SET G result in improved
shale inhibition compared to individual additives.When considering
additive combinations, such as SETs, the synergistic effects of individual
additives contribute to enhanced shale inhibition. In SET B, the syner-
gistic mechanism is achieved by the complementary actions of KCl and
ATPE. KCl promotes ion exchange and electrostatic adsorption on the
clay surfaces, thereby reducing the hydration forces that lead to shale
swelling. Concurrently, ATPE forms a protective barrier through
hydrogen bonding interactions with the clay, which not only reinforces
the structural integrity of the shale but also facilitates intercalation be-
tween the clay layers. In SET G, a similar dual mechanism is observed,
where KCl again acts to neutralize the surface charges and mitigate
hydration through cation exchange, while [EMIM]CI further enhances
shale stability by establishing hydrogen bonds with clay particles. The
combination of these mechanisms electrostatic stabilization by KCl and
the formation of a cohesive interfacial layer through hydrogen bonding
by ATPE or [EMIM]CI results in improved inhibition of shale swelling.
This dual-action approach, supported by relevant literature and our
experimental observations, underscores the enhanced performance of
SET B and SET G in maintaining wellbore stability and optimizing
drilling fluid properties.

In this study, certain mixed additive combinations, notably SET
ABCEF, exhibited poorer performance relative to other formulations. It
was hypothesized that the excessive number of additives and their
higher combined concentration may lead to conflicting interactions
among the components. In such over-saturated formulations, the
intended synergistic effects are compromised by additive interference.
Specifically, excessive additive loading can result in aggregation and
micro-scale pore blockage, which obstructs the effective adsorption and
intercalation processes necessary for optimal shale inhibition. The
literature supports the notion that each additive has an optimal con-
centration range, and deviations from this range may trigger antago-
nistic interactions. Consequently, the failure mechanisms in SET ABCEF
likely stem from the imbalance between synergistic and interfering ef-
fects, resulting in a reduced capacity to maintain wellbore stability.

In conclusion, the comprehensive analysis of additives and additive
combinations provides valuable insights into their roles in shale inhi-
bition during drilling operations. By understanding the mechanisms
through which these additives interact with clay minerals, drilling fluid
formulations can be optimized to achieve better shale stability, mini-
mize borehole instability, and enhance overall drilling performance.

5. Conclusions
The following conclusions can be drawn from this study:

1. The research evaluated the effectiveness of different additives in
inhibiting shale swelling and improving drilling fluid properties.
Additives such as KCl, [EMIM]CI, SiO nanoparticles, polyether-
amine, Okra mucilage, Choline Chloride:Urea DES, and Citric acid:
Glycerine NADES representing wide categories of drilling fluids were
studied individually and as combinations for their impact on shale
stability.

2. Through comprehensive analysis, it was determined that certain
additives exhibited superior performance in shale inhibition
compared to others. Among the additives tested, Citric acid:Glyc-
erine NADES showed superior performance by reducing mudcake
thickness by 42.8 %, filtrate volume by 40.3 %, and linear swelling
by 76.1 %. Moreover, shale recovery improved by 51.7 % compared
to the base fluid.

3. SET B (0.5 % KCl + 0.5 % ATPE) and SET G (0.5 % KCl + 0.5 %
[EMIM]C]) significantly enhanced rheological properties, with YP/
PV ratios approaching the optimal range.Their performance is
attributed to the synergistic effects of KCI’s ion exchange and the
hydrogen bonding/intercalation capabilities of ATPE or [EMIM]CI,
which together improve cuttings transport and wellbore stability.
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Recommendations

Based on our findings, we recommend further exploration of opti-
mized additive combinations, particularly focusing on the synergistic
interactions that lead to improved shale inhibition. In future studies, we
propose supplementing the current work with advanced experiments
such as adsorption isotherms, SEM analysis for pore blockage, and mo-
lecular dynamics simulations to better elucidate the underlying failure
mechanisms in underperforming formulations (e.g., SET ABCEF and SET
ACG). These additional investigations will provide deeper insights into
additive compatibility and optimize drilling fluid formulations for
enhanced wellbore stability and operational efficiency.Moreover, future
work should include a comprehensive cost-benefit and technoeconomic
analysis to evaluate the economic viability of the optimized drilling fluid
formulations.
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