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ABSTRACT

The exploration of untapped unconventional reservoirs has increased to fulfill the growing global de-
mand for energy. Traditionally, oil-based mud (OBM) is preferred for drilling such formations; however,
it has shortcomings such as environmental concerns, high cost, complex handling and disposal, and
logistical challenges. In this regard, vegetable oil derivatives offer a viable alternative, addressing the
shortcomings of OBMs while maintaining performance. In this study, mahua oil methyl ester (MME) is
synthesized from mahua oil (Madhuca indica) through a transesterification reaction. The synthesized
MME is used as a dispersed phase to formulate an oil-in-water (O/W) emulsion mud (MME mud). The
rheological, filtration, and shale inhibition capabilities of the formulated MME mud are compared with
those of the conventional diesel oil-based mud (diesel mud). The MME mud offered an improved
performance with an 18% increase in rheological properties and a 40% reduction in filtration loss volume
as compared to diesel mud. The developed MME mud also demonstrated excellent tolerance towards
salt contamination and enhanced lubricity compared to diesel-based mud. The viscoelastic studies of
the MME mud showed the dominance of elastic modulus over viscous modulus, indicating the struc-
tural stability of the O/W emulsion mud. Additionally, the frequency sweep test revealed the mud to
behave as a viscoelastic solid under both fast and slow deformation, which is essential for suspending
drill cuttings during drilling and periods of low or no flow. The interaction of formulated mud with drill
cutting was evaluated by the shale dispersion and slake durability tests. The primary shale recovery of
the MME mud was 91.5%, indicating a benign and non-interacting nature of MME mud. Similarly, the
slake durability index of MME mud was 86.15%, indicating outstanding inhibitive properties in MME
mud. The environmental assessment of MME revealed the absence of aromatic components and a
higher LCsg, indicating better biodegradability and lower toxicity compared to diesel. The findings of the
study indicate that MME mud offers improved drilling performance, environmental compliance, and
economic benefits, positioning it as a sustainable alternative to diesel oil-based mud and making it
possible for application in drilling unconventional reservoirs.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

decrease of shallow fossil fuel assets and rising energy needs

The petroleum industry is under pressure to find untapped  (Bayat et al,, 2021). These reservoirs frequently experience chal-
potential in deep and unconventional regions due to the ongoing lenging circumstances, such as high temperature or pressure, and
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shale-related problems, such as sloughing, swelling, and disper-
sion, demanding improved technologies and careful drilling stra-
tegies (Adams and Charrier, 1985). So, for a competitive and cost-
effective drilling process, it is crucial to develop drilling mud for
drilling unconventional reservoirs. The drilling fluid, also called
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drilling mud, is a central part of the drilling process. Its primary
functions include lifting drilling cuttings and solids from the
wellbore floor to the surface and keeping them suspended during
breakdowns to prevent precipitation (Saleh and Ibrahim, 2019).
Additionally, the drilling mud controls the formation pressure to
stop the fluid influx into the borehole during drilling and preserves
wellbore stability while lubricating and cooling the drill bit (Abdo
and Haneef, 2012). Based on the features of the lithologies, the
choice of drilling fluid is made to maximize the drilling process.
Therefore, effective fluid choice is essential for smooth drilling and
completion processes (Fakoya and Ahmed, 2018). A poor choice of
drilling fluid can result in several drilling issues, such as wellbore
instability, pipe sticking, clay swelling, lost circulation, and shale
sloughing (Abdo and Haneef, 2012; Saleh and Ibrahim, 2019).
Drilling muds are typically categorized into three primary types:
water-based muds (WBM), oil-based muds (OBM), and synthetic-
based muds (SBM). Water-based mud (WBM) is the most utilized
drilling fluid in the drilling process. It is cost-effective, environ-
mentally acceptable, and recommended for low-pressure, low-
temperature drilling processes (Edalatfar et al., 2021). However,
OBM is preferred for its exceptional ability to drill difficult high-
pressure and high-temperature (HPHT) wells. OBM offers excel-
lent shale stabilization, contaminant resistance, higher tempera-
ture stability, and faster penetration rates (Cheraghian, 2017).
Moreover, compared to WBMs, the characteristics of OBMs do not
significantly alter upon physical contact with the formation fluid
(Fakoya and Ahmed, 2018).

Several authors reported that 423.7 tonnes (on average) of
cuttings are typically brought to the surface after drilling a con-
ventional well (Melton et al., 2000; Sulaimon et al., 2017). OBMs
can often be poisonous and pollute these cuttings, making them
hazardous to the environment. Therefore, before being disposed
of, drill cuttings need to be treated, which increases the drilling
cost significantly. Further, conventional diesel oil contains
10%-30% aromatics, making it non-biodegradable and prone to
bioaccumulate (Sulaimon et al., 2017). Due to its environmental
shortcomings, diesel is being replaced with more environmentally
friendly alternatives such as white synthetic oils. However, it still
finds significant use in onshore drilling operations, especially in
challenging geological formations such as unconventional shale
and HPHT reservoirs (Baxter et al.,, 2018). Its cost-effectiveness
makes it a preferred choice for drilling cost-sensitive locations
(Tiwari et al., 2020). Despite several environmental concerns,
diesel oil continues to be widely used in drilling operations,
making it a critical area of research to develop ecologically
acceptable and economically viable alternatives.

As a potential substitute for traditional mineral/diesel oils,
vegetable oils are affordable, easily accessible, and environmen-
tally benign (Sulaimon et al., 2017). In this regard, several authors
have studied the possible utilization of vegetable oils to formulate
environmentally friendly drilling fluids (Amanullah, 2005; Razali
et al., 2018). Vegetable oils, such as castor oil (Setyawan, 2018),
soybean oil (Ratkievicius et al., 2017), groundnut oil (Adewale and
Ogunrinde, 2010), and rapeseed oil (Lysakova et al., 2025), have
been directly utilized as a replacement for diesel or mineral oil in
a typical drilling fluid formulation. Although vegetable oil may be
directly used for drilling fluid formulation, it poses challenges like
(a) degradation at high temperatures, (b) oxidation and rancid-
ification over time, and (c) incompatibility with existing drilling
fluid additives (Fox and Stachowiak, 2007). Additionally, typical
vegetable oil may have a viscosity 4-5 times higher than diesel
oil, thus violating the ASTM specification D975 (ASTM D975,
2021), which mandates a diesel viscosity of 1.3-4.1 cSt. Conse-
quently, the high viscosity of the base fluid can cause undesirable
rheological characteristics, resulting in reduced penetration rate,
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increased swab and surge pressure, differential sticking, high
pumping pressure to initiate flow, and high equivalent circulating
density, which may result in formation fracture and lost circula-
tion (Aboulrous et al., 2022). Thus, vegetable oils are inappro-
priate for application in synthetic base mud (Adewale and
Ogunrinde, 2010).

Considering the essential properties of vegetable oil, such as
affordability, accessibility, and an environmentally benign nature,
it is necessary to modify vegetable oil to address the above-
mentioned challenges and utilize it as an additive for drilling ap-
plications. This can be achieved by converting raw vegetable oil
into an associated methyl ester via esterification and trans-
esterification reactions (Sulaimon et al., 2017). The process con-
sists of converting vegetable oil (triglycerides) into fatty acid
methyl ester by reacting it with alcohol in the presence of a
catalyst. The process reduces the viscosity and improves the
biodegradability of formulated drilling fluids (Arain et al., 2022).
Several studies have recently been conducted to utilize vegetable
oil-derived methyl ester as an alternative to conventional diesel
oil. The details of recent studies involving the conversion of raw
vegetable oil into associated methyl ester and utilization in drilling
fluid are presented in Table 1.

In this study, mahua oil (obtained from the seed kernel of
Madhuca indica) with a fatty acid profile of palmitic acid, stearic
acid, oleic acid, and linoleic acid is used as a vegetable oil for the
preparation of the corresponding methyl ester (mahua oil methyl
ester: MME) through transesterification reaction (Singh and
Singh, 1991). Mahua is a native, biodegradable, and abundantly
available plant. Additionally, the high flash point and fire point of
mahua oil and its derivatives make it less dangerous to store and
transport (Sharma Dugala et al., 2021), therefore avoiding the risk
of fire hazards typically encountered with diesel oil. Thus, making
it a suitable choice for exploring as an alternative to diesel in the
formulation of oil-in-water (O/W) emulsion-based drilling mud.
The O/W emulsion mud is preferred in this study over a more
conventional invert emulsion (W/O) based mud due to the
following inherited advantages such as (a) improved hole clean-
ing efficiency, (b) environmental friendliness and regulatory
compliance (Liu et al., 2020), (c) lower cost (Paswan and Mahto,
2020), and (d) reduced risk of formation damage (Yue and Ma,
2008).

Over the years, the development of environmentally friendly
alternatives to OBMs has received significant interest. However,
existing studies have largely focused on empirical performance
evaluation, with limited exploration of the molecular-level struc-
ture-performance relationships that govern drilling fluid behavior.
The present study attempts to address this gap by systematically
investigating the impact of the MME on the key performance
characteristics of drilling fluid and linking them with the charac-
teristics and molecular structure of MME. Therefore, the novelty of
the present study is (a) formulation of MME-based O/W emulsion
mud and evaluation of the mud performance parameters under
both ambient and simulated downhole conditions, (b) a detailed
comparative assessment with conventional diesel-based mud
systems, including compatibility with additives, thermal stability,
salt tolerance, lubricity, cuttings transport, formation damage, and
shale inhibition, and (c) to establish a direct structure-
performance relationships by linking the molecular structure
and characteristics of MME to the enhanced drilling fluid proper-
ties. To the best of our knowledge, the mechanistic insight of the
structure-performance relationship is not available in prior liter-
ature and represents a significant step toward the rational design
of sustainable and high-performance drilling fluids involving
vegetable oil-based methyl ester. The methodology adopted in this
study is presented in Fig. 1.
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Table 1
Utilization of vegetable oil-based derivatives for drilling fluid formulation.
Vegetable oil Method Mud type Drilling fluid properties Salient features Reference
Palm oil Interesterification Invert emulsion mud PV: 52 cP; YP: 5.76 Pa; The formulated mud showed Udoh et al. (2012)
10 m GS: 4.79 Pa; MW: 8.28 stable rheology up to a mud
ppe. weight of 9.58 ppg.
Soybean oil Soxhlet extraction Invert emulsion mud AV: 19 cP; PV: 11 cP; The formed mud cake was thin Agwu et al. (2015)

Waste cooking oil

Palm oil

Mango seed oil

Sunflower oil

Neem seed oil

Soybean oil

Calophyllum
inophyllum

Castor oil

Black seed
oil (Nigella Sativa L.)

Transesterification

Transesterification

Transesterification

Transesterification

Transesterification

Transesterification

Two steps-Esterification
and Transesterification

Transesterification

Transesterification

Invert emulsion mud

Invert emulsion mud

Oil-in-water
emulsion mud

Oil-in-water

emulsion mud

Invert emulsion mud

Invert emulsion mud

Invert emulsion mud

Invert emulsion mud

Invert emulsion mud

YP: 14 1b/100 ft2;

GS (10 s/10 m): 5/6 1b/100 ft?;
FL: 23 mL

AV: 39.5 cP; PV: 29.0 cP;
YP: 10.5 Pa;

GS (10 s/10 m): 10/11 Ib/
100 ft?;

FL: 4 mL; ES: 2000 V

AV: 58.5 cP; PV: 30 cP;

YP: 17 1b/100 ft?;

GS (10 s/10 m): 16/22 Ib/
100 ft?;

ES: 1600 mV

AV: 26 cP; PV: 19 cP;

YP: 14 1b/100 ft?;

GS (10 s/10 m): 3/4 1b/100 ft?;
FL: 3.0 mL

AV: 25.5 cP; PV: 15 cP;

YP: 21 1b/100 ft?;

GS (10 s/10 m): 3.0/5.5 Ib/
100 ft?;

FL: 8.0 mL

PV: 15 cP; YP: 25 1b/100 ft?;
FL: 8.0 mL; MW: 8.05 ppg;
CoF: 0.1768

PV: 39 cP; YP: 9.2 Pa;

GS (10 s/10 m): 3.5/4.0 Pa;
FL: 1.4 mL

PV: 32 cP; YP: 6 1b/100 ft%;
FL: 3.6 mL; MW: 10.0 ppg;
ES: 1475V

PV: 34 cP; YP: 8 1b/100 ft?;
GS (10s/10 m): 7/9 1b/100 ft?;
FL: 3.2 mL; ES: 1232V

MW: 10 ppg; AV: 46.5 cP;
PV: 41 cP; YP: 11 1b/100 ft%;

GS (10's/10 m): 10/12 1b/100 ft?

and soft, making it suitable for
averting stuck pipe situations.

The formulated mud was non-
toxic and exhibited excellent
lubricity, making it suitable for
extended-reach or directional
wells.

The mud showed a flat
rheological profile and was
found to be stable up to 120 °C
and 10,000 psi.

The mud showed high-
temperature stability with
constant viscosity up to 120 °C.

The mud showed high-
temperature stability up to
140 °C.

The formulated methyl ester
showed enhanced
compatibility with OBM
additives.

The mud showed temperature
tolerance up to 160 °C and
seawater tolerance up to 5%.
The methyl ester has low
kinematic viscosity and high
flash point, making it suitable
for forming a stable emulsion.
The mud exhibits a fragile gel
structure, facilitating efficient
cutting and transport.

The formulated mud has a less
harmful effect on plant growth.

Li et al. (2016b)

Said and El-Sayed (2018)

Kumar et al. (2020b)

Paswan and Mahto (2020)

Fadairo et al. (2021)

Jiang et al. (2022)

Arain et al. (2022)

Arain et al. (2023)

Olaniyan and Sarah (2024)

AV: apparent viscosity; PV: plastic viscosity; YP: yield point; GS: gel strength; MW: mud weight; ES: electronic stability; FL: fluid loss volume.

2. Materials and methods

2.2. Transesterification of mahua oil

2.1. Materials

Raw mahua oil (color: dark yellow; density: 0.914 g-cm~3; ki-
nematic viscosity at 40 °C: 26.8 ¢St) was procured from a local oil
mill (Siwan, Bihar, India). Methanol (99.5%) is employed in the
reactions, while KOH (in pellet form), which is used as a base
catalyst and has a 99.5% purity level, is also used in the reactions.
Xanthan gum (XG: molecular weight, 1.1 x 108 Da) and carboxy
methyl cellulose (CMC: molecular weight, 2.6 x 10° Da; degree of
substitution of carboxylic group: 0.51) were used as viscosifier and
stabilizer and were obtained from Sigma Aldrich, USA. Polyanionic
cellulose (PAC: molecular weight, 3.3 x 10° Da; degree of substi-
tution of carboxylic group: 0.92) was supplied by Gumpro Drilling
Fluids Pvt. Ltd (India), which was used as a fluid loss-controlling
agent. Sodium lauryl sulphate (SLS) with an HLB index of 40 was
used as an emulsifier to formulate oil-in-water emulsion-based
mud. Diesel oil (color: yellow; density: 0.823 g-cm™3; viscosity at
40 °C: 2.4 cSt) was obtained from a local fueling station and was
used to prepare oil-in-water emulsion mud for comparison with
the proposed MME mud.

Initially, the raw mahua oil was heated at 100 °C in a water bath
for half an hour, and stirring was done to remove the unwanted
water substance present in the raw oil. The heated oil was further
filtered to eliminate undesired dirt and other pollutants. The
transesterification process was carried out to convert the tri-
glycerides in the oil into methyl esters (Knothe, 2005). A three-
necked round-bottom flask (with a reflux condenser having a ca-
pacity of 500 mL) was taken, and 180 g of mahua oil was put into
the flask. The bottom flask was set up on a magnetic stirrer with a
temperature and speed controller. Meanwhile, 40 g of methanol
(reactant) and 1.0 g of KOH (catalyst) were mixed before being
added to mahua oil. The transesterification reaction was con-
ducted at 200 rpm and 60 °C for 30 min. After completion, the
solution mixture was placed into a separating funnel and left to
settle for 12 h. After 12 h, the solution was separated into two
distinct layers; the upper layer was crude MME, whereas the
bottom layer was glycerol. The excess amount of methanol was
removed through vacuum distillation, and the obtained MME was
further purified by washing with 100 mL of warm water at 60 °C
until its pH reached 7. After removing the water, the crude MME
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Fig. 1. The details of the research methodology employed in this study.

was heated on a hot plate at 100 °C with gentle stirring for 30 min
to facilitate water evaporation. The remaining MME (pale yellow
color) was collected and stored at room temperature. The typical
physicochemical properties, such as density, kinematic viscosity,
and acid value of synthesized MME, were determined using ASTM
protocols. The details of the reaction scheme of the trans-
esterification reaction of mahua oil are shown in Fig. 2.

2.3. Formulation of oil-in-water (O/W) mud

An O/W emulsion mud was formulated using MME. The MME
was utilized as a dispersed phase, whereas deionized water was
used as a continuous phase. Following the API recommended
procedure (API RP 13B-2, 2019). The mud was prepared to get the
mud weight of 10 ppg with an oil-water ratio of 20:80 for one
laboratory barrel (equivalent to 350 mL). The composition of the
base fluids of the O/W mud system is tabulated in Table 2. The
additives were blended using an overhead laboratory stirrer

Ry
© N
(o) Ry
0 +
OH
KOH |
0 + 3CHOH — N _~ ~_ + HO OH
(0] R,
Methanol
o + Glycerol
R, 0 )L 5\
(0]
\o R (e ]
Rs
Vegetable oil/Plant oil Methyl esters

(Model: Hamilton Beach Mixer) at a rotational speed of 8000 rpm.
A dilution test was conducted to ascertain the formation of the
desired oil-in-water emulsion by dropping the prepared formu-
lation on the water surface. It was observed that the droplets
dispersed in the water, confirming the formation of an oil-in-water
emulsion.

2.4. Evaluation of drilling fluid properties

2.4.1. Rheology and filtration loss behavior

The rheology of formulated drilling fluid (Table 2) was
measured using a viscometer (Make: Fann, Model: 35) as per
recommended API protocols (API RP 13B-2, 2019). The prepared
mud samples were put in a viscometer cup and sheared at 3, 6,100,
200, 300, and 600 rpm, and the corresponding dial reading values
were recorded. The experiments were conducted in triplicate, and
average values were reported. The dial reading obtained from the
viscometer is used to estimate rheological properties such as

Fig. 2. Synthesis of mahua oil methyl ester using the transesterification reaction of mahua oil [inset: mahua oil and MME].
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Table 2

Mud composition of O/W emulsion mud system.
Additives Unit Function Order MME mud Diesel mud
Water mL Continuous phase 1 280 280
Clay g Viscosifier and fluid loss 2 7 7
XG g Primary viscosifier and emulsifier 3 1.75 1.75
PAC g Fluid loss control 4 14 14
CMC g Viscosifier and fluid loss 5 14 14
SLS g Emulsifier 6 2.1 2.1
Oil mL Dispersed phase 7 70 70
Barite g Weighing agent 8 68 68

apparent viscosity (AV), plastic viscosity (PV), and yield point (YP).
The property AV is the ratio of observed fluid stress to the rate of
shear and is typically measured at 600 rpm. PV refers to the
resistance of the fluid to flow, which occurs in drilling mud due to
mechanical friction between solids and liquids. YP represents the
minimum shear stress necessary to initiate fluid flow. These
properties are determined using Eqs. (1)-(3):

AV:H‘;ﬂ (cP) 1)
PV =600 — 0300 (CP) (2)
YP = 0300 — Pv(lb/ 100 ftz) (3)

where 60gop and 60309 represent the dial readings at 600 and
300 rpm, respectively. Gel strength (GS) is measured at a low shear
rate after allowing the mud sample to remain undisturbed for 10 s
and 10 min. To determine the gel strength, the cylinder is rotated
at 3 rpm, and the maximum deflection is recorded before the gel
structure breaks. Additionally, the consistency plots (shear stress
vs shear rate) of the formulated MME mud samples were deter-
mined using an air-bearing rheometer (Make: Anton Par, Model:
102) equipped with a cup and bob geometry in dynamic mode to
describe the flow behavior of the drilling mud system. The shear
rate for the experiment was varied from 0.1 to 1000 s~ .. The ob-
tained consistency plots were used to estimate rheological pa-
rameters of rheological models such as Bingham-Plastic (BP),
Power Law (PL), Herschel-Bulkley (HB), Robertson-Stiff (RS), and
Cross (CS). API filtration loss experiments were conducted at a
pressure of 100 psi for 30 min to determine the filtration charac-
teristics of the formulated mud samples (Table 2), and the filtra-
tion volumes were recorded at 1, 7.5, 15, 20, 25, and 30 min.

2.4.2. Thermal stability

To examine the effect of temperature on MME mud, a hot
rolling aging test was performed at 120 and 150 °C under dynamic
conditions of 30 rpm (API RP 13B-2, 2019). The rheological prop-
erties of each mud sample are measured both before and after hot
rolling aging. Initially, the properties were measured under
ambient conditions, referred to as before hot rolling (BHR). The
mud samples were then placed in an aging cell inside a hot-roller
oven (Make: Alliance Tech, Model: AT-HRO-2023) for 16 h. After
the hot rolling process (AHR), the rheological properties were
reassessed.

2.4.3. Viscoelasticity

The viscoelastic properties of formulated MME mud samples
(Table 3) were evaluated using an air-bearing rheometer (Make:
Anton Par, Model: 102) equipped with a cup and bob geometry.
Before the start of the test, a pre-shear for 5 min at 1000 s~! was
applied to the sample, followed by a 10-min rest stage for the
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growth of the microstructure. The amount of deformation energy
that is stored in the sample during a shear process is represented
by the storage modulus (G'), and the amount of deformation en-
ergy that is used up and lost by the sample is represented by the
loss modulus (G") (Mezger, 2006). The linear viscoelastic range
(LVER: the range of strains where the G' and G’ curves exhibit
constant plateau values before the samples internal structure be-
ing shattered), dynamic yield point (YPp), and flow point (FP) were
estimated using amplitude sweep at 30 °C and a constant fre-
quency of 6.25 rad/s with a strain amplitude ramp of
0.001%-1000%. Frequency sweep tests were conducted by varying
frequencies from 100 to 0.001 rad/s at constant shear strain values
of 0.05% and were used to investigate the time-dependent
behavior and structural stability of formulated mud samples.
Further, to assess gel recovery as a function of time, the time sweep
test was performed with constant strain and frequency of 0.05%
and 6.25 rad/s, respectively.

2.4.4. Salt tolerance

Salt tolerance is crucial to combat mud contamination prob-
lems that can arise from encountering salt during drilling opera-
tions. Drilling mud can become contaminated with salt from
diverse geological formations, which degrades its effectiveness.
MME emulsion muds were exposed to different salt concentra-
tions (NaCl: 1.0-3.0 wt% and CaCl;: 1.0-3.0 wt%) to evaluate their
salt resistance and assess the impact on rheological and filtration
properties.

2.4.5. Static sag test

A static sag test was conducted using a hot-roller oven to
determine the suspension properties of MME emulsion muds. The
MME mud samples were aged for 16 h at 120 °C. The mud samples
used in the study were aged for 16 h at 120 °C under static con-
ditions (rotation = 0 rpm). A syringe is used to collect a known
volume of mud sample from the upper and lower parts of the cell
to calculate its density. The measured densities of MME emulsion
mud are used to calculate the sag factor using Eq. (4).

Pbottom
Ptop T Pbottom

(4)

(Sag Factor)g;,ic =

Table 3
Physicochemical properties of MME.

Properties Mahua oil methyl ester
Color Pale yellow
Appearance Clear

Density, g-cm > 0.837

Kinematic viscosity at 40 °C, cSt 4.1

Acid value, mg KOH/g 0.5

Flash point, °C 129
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2.4.6. Cutting carrying efficiency

Hole cleaning is a vital function of drilling fluid, ensuring the
effective removal of cuttings from the wellbore to the surface. It is
estimated using the dimensionless parameter known as the cut-
tings carrying index (CCI, Eq. (5)) as per the API recommended
practice (API RP 13D, 2017):

K xV x My

1 =—200000

(5)
where K is the consistency index, V is the annular velocity feet per
minute (ft/min), and M,y is the density of the prepared mud in
pounds per gallon (ppg). The value of K was calculated using Eq. (6).

(6)

where n is the flow behavior index, PV is the plastic viscosity (cP),
and YP is the yield point (Ib/100 ft?) obtained using dial readings
(#) at 600 and 300 rpm from the Fann VG meter. The flow behavior
index (n) was calculated using Eq. (7).

n—3.322 1og%

K= 5111"" x (PV+YP)

(7)

2.4.7. Lubricity

The lubricating behavior of the prepared MME mud sample was
determined using a lubricity tester (Make: OFITE; Model: 112-00-
1). The standard lubricity coefficient test was conducted at 60 rpm
with 150 in-Ib of force applied by a torque arm. Initially, a calibra-
tion for measuring the coefficient of friction (CoF) was performed
using deionized water, and a correction factor corresponding to
deionized water was obtained using relation (Eq. (8)).

34(Standard reading made for deionized water)
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maintaining the integrity of the cuttings and to determine the
interaction of cuttings with prepared mud samples. The shale
dispersion test was conducted as per the API standard testing
protocol (API RP 13I, 2023). The shale used in this study was ob-
tained from the Damodar Valley Basin, India. X-ray diffraction
analysis (Make: Panalytical, Model: Empyrean-QTY1) was done to
identify and determine the bulk mineralogical composition. Based
on the characteristic 26 values, the shale was found to be
composed of quartz (35.96%), muscovite (34.33%), kaolinite
(15.54%), and siderite (14.17%). The details of the XRD analysis are
provided in Supplementary Information (Fig. S1).

For the shale dispersion test, 150 g (W,) of screened shale
fragments (passing through mesh 10 and retaining at mesh 16)
along with 350 mL of drilling fluid were placed in an aging cell and
subjected to dynamic aging in a hot roller oven at a temperature of
120 °C for 16 h. After 16 h, the aging cell was cooled at ambient
temperature, and mud was poured over a sieve. The retained shale
sample pieces are retrieved, cleaned, weighed, and dried overnight
at 60 °C in an oven. Then, the shale sample weight was measured
(W1) to calculate the shale recovery (R1) in percent. Additionally, to
establish a baseline for the assessment of shale reactivity, the
primary recovery (R;) was performed using deionized water to
simulate clay-freshwater interaction in near-well or swept zones,
which is essential to determining the maximum possible disper-
sion tendency of the shale. Further, to assess the longevity of the
effect of the formulated MME emulsion mud in inhibiting the
dispersion of cutting, a re-run dispersion test was performed. In
this test, the above-obtained dried sample was added to the aging
cell containing 350 mL of deionized water and heated at 120 °C for
16 h in the roller oven. After 16 h of aging, the sample was cooled,

Correction factor (CF) = Observed water reading

Finally, the test cup was filled with the test sample, and the test
was conducted for 5 min. The final torque reading was recorded,
and CoF was determined using Eq. (9).

_ Meter reading x Correction factor
o 100

CoF (9)

2.5. Emulsion stability using zeta potential

The zeta potential of the MME mud system was measured using
the laser Doppler electrophoresis method (Make: Anton Paar,
Model: Lite-sizer 500). The prepared mud test samples were
diluted in deionized water in a ratio of 1:50. The solution was
poured into a disposable cuvette, and the zeta potential value was
measured. All the measurements were conducted in triplicate at a
temperature of 25 °C by selecting the Huckel approximation.
Additionally, the effect of thermal aging on the colloidal stability of
the formulated mud system was evaluated by measuring the zeta
potential of the mud samples after subjecting them to hot rolling
at 120 °C (AHR).

2.6. Evaluation of rock-fluid interaction
2.6.1. Shale dispersion test

The shale dispersion test was performed to ascertain the
effectiveness of prepared MME emulsion mud samples in

collected, and dried overnight at 60 °C in an oven. Finally, the
weight of the shale sample (W5) was recorded to calculate the
second shale recovery (Ry) in percent. The following equations
(Egs. (10) and (11)) were used to compute the shale recovery on a
dry mass basis (Khodja et al., 2010).

(10)

(11)

2.6.2. Slake durability index

The slake durability test was performed to determine the
resistance of shale samples (treated as cuttings) to weakening and
disintegration arising from a regular drying and wetting cycle. A
standard testing procedure suggested by Franklin and Chandra
(1972) was followed to estimate the slake durability index. Prior
to the test, the sieved shale cuttings were dried at 120 °C in an
oven for 16 h. A 350 g of dried shale cutting (W) was placed in a
wire mesh drum of 2 mm mesh size. The mesh drum was rotated at
20 rpm for 10 min while being partially submerged in the
formulated MME mud system kept inside the trough. In addition,
the drum was taken out of the trough and dried in the 120 °C oven.
After that, the total weight (WE) of the drum and the preserved
shale sample was recorded. Afterward, the drum was thoroughly
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cleaned, and its weight (Wp) was noted. The slake durability index
(Iq) is defined as the final to initial weight percent of the dry shale
sample and is determined using Eq. (12).

Wg — Wp

:mx 100%

Iy (12)

2.6.3. Return permeability test

The return permeability test (RPT) aims to determine the
reduction of permeability induced by the invasion of drilling mud
into oil and gas reservoirs during the drilling process. The RPT was
conducted by adopting the methodology described by
Yonebayashi et al. (2017). The test was performed using a core
flooding setup (Make: DCAM) comprising two fluid collectors, a
syringe pump, a core holder, and a measuring cylinder to measure
the effluent volume. For this test, a core of length 4.8 cm, diameter
of 2.2 cm, and porosity of 0.41 was considered, and all experiments
were performed at a controlled temperature of 30 °C. The core was
initially flooded using KCl brine (23.47 wt%) to measure initial
permeability (Kj), and then the drilling fluid was injected into the
core to simulate downhole drilling conditions. After the injection,
the core was reversed and further flushed with KCl brine to mea-
sure the final permeability (Kf). The return permeability (Ry) is

calculated using Ry = (%) x 100%. To ensure reproducibility, the
core flooding experiments were performed in triplicate on the
clean core extracted from the same sandstone block. The average
differential pressure values were used to calculate the initial and
final permeability. The core used in this study was drilled from the
block sandstone rock sample obtained from Jodhpur, India. X-ray
diffraction analysis was done to identify and determine the bulk
mineralogical composition of the sample. Based on the charac-
teristic 20 values, the sandstone core sample was found to be
composed of quartz (61.58%), kaolinite (19.18%), muscovite
(12.40%), and orthoclase (6.84%). The details of the XRD analysis
are provided in Supplementary Information (Fig. S2).

3. Results and discussion
3.1. Transesterification of mahua oil

The transesterification of mahua oil was confirmed using FTIR
analysis. Fig. 3 shows the FT-IR plots of raw mahua oil and syn-
thesized mahua oil methyl ester (MME. The characteristic peak of
triglyceride in raw mahua oil appears at 1746 and 1153 cm™~, due
to the stretching and bending vibration of the carbonyl (0—C=0)
group, respectively, within the triglyceride molecule of a complex
glycerol backbone. However, in MME, the stretching vibration of
the carbonyl (O—C=0) group was observed at a slightly lower
wavenumber, i.e., 1739 cm~! (Kania et al., 2021), whereas the
bending vibration was observed at a slightly higher wavenumber,
i.e., 1170 cm~ . The shift in wavenumber is attributed to the change
in the chemical environment of the carbonyl group arising due to
the replacement of the complex ester linkage in triglycerides of
mahua oil with the simpler methyl ester group in MME. The
electron-donating methoxy (—OCHs3) group in MME increases
electron density around the carbonyl functional group (O—-C=0)
and, thus, slightly strengthens the O—C bond and weakens the
C=0 bond. This results in a higher bond force of the O—C bond and
a lower bond force of the C=0 bond, thus resulting in the shifting
of the corresponding peaks to higher and lower wavenumber,
respectively (Socrates, 2004). Further, the peak corresponding to
the methyl group (—CHsz) of methyl ester was observed at
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Fig. 3. FT-IR spectra of mahua oil and MME.

1438 cm~! and was found to be absent in the mahua oil sample.
The peak at 1377 cm™~! in raw mahua oil, attributed to the glycerol
group (O—CHy), was absent in the spectrum of MME (Rabelo et al.,
2015). Additionally, no peaks were observed in the wavenumber
range of 3200 through 3570, indicating the absence of residual
fatty acid, unreacted methanol, or water in the MME samples. The
combined presence of the ester-specific bands, appearance of
the —CHj3 peak, the absence of the glycerol group, and the shifting
of the stretching and bending vibration of the carbonyl group
confirm the formation of long-chain fatty acid methyl esters
(FAMEs). The physicochemical properties of MME are presented in
Table 3. The percentage yield of methyl ester

(Yield :%x 100%) was estimated to be 89.1%

(Sabariswaran et al., 2014).

3.2. Evaluation of drilling fluid properties

3.2.1. Rheology and filtration loss behavior

The rheology of the drilling fluid is one of the crucial properties
that govern flow features, cutting carrying efficiency, and hy-
draulics during drilling operations (Caenn and Chillingar, 1996).
Further, the rheological characteristics (AV, PV, YP, and GS) of mud
significantly impact drilling parameters such as hole clean-up,
borehole hydraulics, mud cake structure, rate of penetration, and
stability. The dependence of rheology on several aspects of drilling
and well stability makes it a crucial property and requires a proper
understanding both before and during drilling operations. Another
crucial aspect of drilling is the filtration volume, which must be
kept to a minimum to prevent formation damage and wellbore
instability (Tiwari et al., 2020).

3.2.1.1. Effect of oil on mud. The rheological and filtration proper-
ties of prepared mud samples (Table 2) were determined using a
Fann VG meter and API filter press, respectively. The details of
observed dial reading at 3, 6, 100, 200, 300, and 600 rpm are
shown in Fig. 4(a). The dial reading values were used to calculate
rheological parameters such as AV, PV, and YP. The details of
estimated rheological parameters (AV, PV, and YP), gel strengths,
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Fig. 4. (a) Fann viscometer readings for MME and diesel oil-based emulsion mud; (b) Estimated rheological (AV, PV, YP, 10 sec- and 10 min-gel strength) and filtration loss

properties.

and fluid loss volume are shown in Fig. 4(b). According to the
laboratory investigation, the MME mud shows significantly higher
values of AV, PV, and YP than diesel oil-based mud. Despite both
having identical additive content, the AV, YP, and PV of the MME
mud were greater than those of the diesel mud by 17.9%, 17.6%, and
18.1%, respectively. The enhanced viscosity (AV and PV) of MME
mud is attributed to the higher kinematic viscosity of MME
(4.1 cSt) as compared to diesel oil (2.6 cSt), resulting from the
presence of a long-chain oxygen-containing ester functional
group, which increases intermolecular interaction (Bai et al.,
2021). Additionally, the oxygen-containing ester group gets
adsorbed to the clay surface via polar attraction, promoting a
flocculated network structure that results in higher YP values. The
YP/PV ratio, a measure of cutting lifting capacity and structural
stability of drilling mud, was estimated using the measured YP and
PV values. A higher YP/PV ratio indicates a dominant gel structure
of drilling fluid with good cutting transport and hole-cleaning
ability. In contrast, a lower YP/PV ratio indicates a lower ten-
dency for gas cutting, lower swabbing, and higher structural sta-
bility of mud (Chilingarian et al., 1986). However, if not in range,
the higher YP/PV ratio leads to coagulation and flocculation of
mud, whereas the lower YP/PV ratio leads to inadequate hole
cleaning (Kania et al., 2021). Therefore, the YP/PV ratio should be
in the optimal range to maximize cutting transport efficiency
while minimizing mud coagulation and flocculation. The pre-
scribed desirable range of the YP/PV ratio is mentioned to be
1.0-2.0 (Gautam and Guria, 2020). It is observed that despite
different rheological behaviors, the YP/PV ratio of both MME and
diesel-based mud systems was found to be identical, i.e., 1.54,
indicating similar cutting lifting capacity and structural stability of
both the muds. Hence, MME is a suitable alternative to diesel for
the formulation of O/W emulsion-based mud. Additionally, the gel
strength (Fig. 4(b)) of MME emulsion mud was found to be higher
than that of diesel oil emulsion-based mud. However, both initial
gel strength and final gel strength remain in the desired range of
6-10 and 8-12 Ib/100 ft? respectively (Sulaimon et al., 2017).
Therefore, the MME mud is suitable for preventing cuttings and
weighing materials from settling during static conditions. Addi-
tionally, the desirable gel strength of mud makes it ideal for uti-
lization in drilling a deviated or horizontal well with a prominent

gravity effect. The mud may prevent the accumulation of solids on
the lower side of the borehole, thus preventing blockage (Caenn
et al., 2011). The filtration loss volume of MME mud was found
to be lower than that of diesel mud, indicating a superior filtration
control characteristic. The superior filtration behavior of the MME
mud is attributed to the polar interaction of oxygen oxygen-
containing ester functional group with the clay particles, which
leads to the formation of a networked structure (Ahmed et al.,
2021). Additionally, the higher viscosity of MME mud provides
higher resistance to filtrate flow. Thus, leading to further
improvement in filtration control performance (Tiwari et al.,
2020).

3.2.1.2. Effect of polymers. The MME mud (Table 2) comprises
xanthan gum (XG), polyanionic cellulose (PAC), and carbox-
ymethyl cellulose (CMC); the effect of individual polymers on
rheological and filtration control characteristics was studied by
varying the loading of individual polymers. The details of the
impact of individual polymers, i.e., XG, PAC, and CMC, on rheo-
logical properties such as AV, PV, YP, and 10 s and 10 min GS are
shown in Fig. 5(a—c), and the effect of individual polymers on fluid
loss volume is shown in Fig. 5(d).

The effect of XG biopolymer on the rheological properties of
formulated MME mud was analyzed with increased loading from
0.3 to 0.7 wt%. From Fig. 5(a), the value of AV, PV, YP, and GS of
MME mud formulation was observed to increase with an increase
in XG loading. The increase in plastic viscosity (PV: from 10 to
20 cP) is attributed to the viscosifying nature of the XG biopolymer,
which forms a complex network structure through the adsorption
of its polar groups (carboxyl and hydroxyl) onto bentonite particles
(Wei et al., 2022). The formation of a complex network structure
also leads to resistance of the flow under low shear rates, which
leads to a significant increase in the YP values (i.e., from 18 to 28 1b/
ft?). The entanglement of long-chain XG polymer at a high shear
rate causes an increase in AV values, i.e., from 19 to 34 cP. The
increase in both YP and PV values leads to a slight decrease in the
YP/PV ratio; however, the ratio remains in the desired range be-
tween 1 and 2.

Similarly, the effect of polyanionic cellulose (PAC) was estab-
lished by varying the loading of PAC from 0.3 to 0.7 wt% in MME
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Fig. 5. Effect of polymer loading (a) XG, (b) PAC, and (c) CMC on rheological parameters (AV, PV, and YP, and 10 s and 10 min gel strength), and (d) effect of individual polymer on

fluid loss volume.

mud formulation. The details of AV, PV, YP, 10 s- and 10 min-gel
strength with varying PAC are shown in Fig. 5(b). Interestingly,
an increase in rheological properties (AV, PV, YP, and GS) was
observed with an increase in PAC concentration, attributed pri-
marily to the creation of the network and binding with bentonite
platelets (Li et al., 2024). However, the increase in viscosity is less
prominent than that observed with XG as the molecular weight of
PAC (3.3 x 10° Da) is less than that of XG (1.1 x 10° Da), and
therefore, PAC behaves as a filtration control additive with less
effect on rheology than XG biopolymer. Fig. 5(c) shows the effect of
CMC loading on rheological properties. Like the PAC biopolymer,
the rheological parameters (AV, PV, and YP) of MME mud increased
with CMC loading. The increase in viscosity is due to the presence
of the sodium carboxymethyl group in the CMC, which releases the
Na' ion in an aqueous solution, making it anionic and hydrated.
Over the hydration period, the adsorbed molecules provide the
polymer with an extended structure, increasing the viscosity of
MME mud. The increase in viscosities (AV and PV) was less
prominent than that observed with PAC, which has a similar mo-
lecular structure to CMC. However, the PAC has a higher degree of
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substitution than CMC (PAC: 0.92 > CMC: 0.51), i.e., more hydroxyl
groups (—OH) on the cellulose backbone are replaced with anionic
carboxymethyl group (—CH,—COOH). It is interesting to note that,
with the highest loading of XG, PAC, and CMC, the YP/PV ratio of
the mud system remained in the desired range, i.e., between 1 and
2, indicating excellent compatibility with the MME mud system
with the traditional biopolymers and showed no visible sign of
coagulation or flocculation. Thus, the MME may be used as a
replacement for diesel in the formulation of oil-based mud.

The filtration properties of MME mud were analyzed by varying
the loading of individual polymers (XG, PAC, and CMC) from 0.3 to
0.7 wt%. The effect of individual polymers on filtration loss volume
is shown in Fig. 5(d). It was observed that fluid loss volume
decreased with increased loading of all polymers. However, the
decrease was more prominent in PAC, i.e., from 10 to 3.7 mL. The
superior filtration control by PAC is chiefly attributed to the ab-
sorption of negatively charged carboxylic groups of PAC onto the
positively charged edge of clay platelets via the formation of
electrostatic attraction (Li et al., 2016a), resulting in the formation
of a networked microstructure. It is mentioned that API
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recommends a filtration loss volume of less than 10 mL/30 min for
adequate filtration control (Arain et al., 2022), thus making the
MME mud a suitable choice for drilling.

3.2.1.3. Effect of clay. To study the effect of clay on the rheological
and filtration properties of MME mud, the concentration of clay
varied from 1.5 to 3.5 wt%. The details of rheological behavior (AV,
PV, YP, 10 s- and 10 min-gel strength) and filtration behavior with
varying loading of clay content are shown in Fig. 6(a) and (b),
respectively.

It is observed that with an increase in the loading of clay from
1.5 to 3.5 wt¥%, the AV and PV values of the mud sample increased
from 20 to 39 cP and 12 to 21 cP, respectively. The increase in
viscosity (AV and PV) and yield point (YP) is attributed to the
enhanced interaction among clay particles by virtue of attractive
(van der Waals forces) and repulsive (electrostatic) forces, forming
a networked structure that resists shear, thus contributing to
higher viscosity (William et al., 2014). The YP/PV ratio of the mud
samples was found to increase with the increase in the clay con-
tent. However, the ratio remained in the desirable range of 1-2.
This behavior may be attributed to increased particle-particle in-
teractions, making the drilling fluid more susceptible to coagula-
tion or flocculation (ASME, 2005). The increase in the YP/PV ratio is
an early sign of the decrease in fluid stability, which may further
deteriorate in the presence of salt contamination (Chilingarian
et al., 1986). Additionally, the fluid loss volume was found to
decrease with an increase in clay concentration. However, the
thickness of the observed mud cake was found to increase with the
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clay concentration due to an increase in clay content. The reduc-
tion in fluid loss volume is due to the formation of a denser and
more compact filter cake, which reduces the permeability of the
cake, resulting in reduced filtration volume (Abed and Rasaei,
2024). Additionally, the swelling of clay particles results in high
gel strength and consequently leads to the sealing of the pores of
the filter paper, thus reducing the volume of fluid loss.

3.2.2. Thermal stability of drilling fluid

The effect of temperature on MME and diesel mud was evalu-
ated by subjecting the mud samples to a hot rolling aging test in a
roller oven for 16 h. The details of drilling fluid properties before
(BHR) and after hot rolling (AHR) aging test are presented in
Table 4. It is observed that the rheological properties (AV, PV, YP,
and GS) of MME mud marginally decreased with an increase in
aging temperature, indicating the thermal stability of the mud and
the absence of temperature-induced gelation. The enhanced
thermal stability of the MME mud is attributed to the presence of
the methyl ester functional group (—COOCH3), which contributes
to strong dipole-dipole interaction, requiring higher thermal en-
ergy to overcome thermal decomposition and structural break-
down (Atkins et al,, 2023). In contrast, the diesel mud initially
showed a slight decrease in viscosity at an aging temperature of
120 °C. However, on further increase in temperature, i.e., at 150 °C,
a sharp decrease in viscosity (AV and PV) and gel strength was
observed. This behavior is attributed to the decomposition of
diesel oil at temperatures above 120 °C, resulting in destabilization
of the O/W emulsion and destruction of the networked gel
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Fig. 6. Effect of clay concentration on (a) rheological properties and (b) filtration loss of MME mud.
Table 4
The effect of the hot rolling aging test on rheology, lubricity, and filtration behavior of MME and diesel O/W emulsion mud.
MME mud Diesel mud
BHR AHR BHR AHR
(Ambient) 120 °C 150 °C (Ambient) 120°C 150 °C
AV, cP 23.0 21.0 19.5 19.5 17 10.5
PV, cP 13.0 11.0 10.0 11 10 11
YP, 1b/100 ft? 20.0 20.0 19.0 17 14 5.0
YP/PV 1.54 1.82 1.90 1.55 1.40 2.20
Initial gel strength, Ib/100 ft? 5.0 4.0 3.0 3 2.5 1.5
Final gel strength, 1b/100 ft? 8.0 7.0 5.0 4 3 2.5
API filtration loss, mL 6.0 6.3 6.9 10.0 12.1 17.4
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structure of drilling mud. Additionally, API filtration loss (FL) of
mud samples was also observed to increase with aging tempera-
ture. However, the FL of MME mud remained within the acceptable
limit (FL < 10 mL) at 150 °C. In contrast, the FL of diesel mud was
17.4 mL at 150 °C, further confirming the degradation and desta-
bilization of diesel mud.

3.2.3. Flow behavior and rheological modelling

The flow behavior of the formulated MME mud was determined
using an air-bearing rheometer in a shear rate range of
0.1-1000 s~ The details of the obtained shear stress (z) vs. shear
rate (y) plot and corresponding viscosity (1) vs. shear rate (y) plot
are shown in Fig. 7(a). The shear viscosity of the mud sample was
found to decrease with an increase in shear rate, showing a typical
non-Newtonian shear thinning behavior. To further describe the
non-Newtonian rheological behavior of the MME mud, mathe-
matical modeling was performed to identify the best-fitted rheo-
logical models. In this study, commonly used rheological models,
such as BP, PL, HB, RS, and CS models, were considered for char-
acterizing the rheology of MME mud. These rheological models are
used to establish the relationship between the measured shear
stress (r) and shear rate (y) values. The BP and PL models were
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Shear viscosity i, Pa's

0.1 4

0.01 T T T T T
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fitted using linear regression, whereas the generalized reduced
gradient search algorithm was adopted to estimate the model
parameters of HB, RS, and CS models. The objective function of the
algorithm was set to minimize the sum of squares of residuals

2 . .
[SSR =3 (racmal?,- — Tmodel predicted‘,) ].Addltlonally, coefficient

of determination(r-squared) i.e., R (: 1 f%‘;) was determined to

quantify the goodness of fit of the above rheological models (TSS,

total sum of squares = "' ; (71 — 7)2). It is mentioned that the R?
values vary from O to 1, where 1 indicates a perfect fit of the model
to the experimental data. The details of rheological models, initial
guesses, model constraints, and fitting statistics (SSR and R?) are
presented in Table 5. The comparison of experimental and model-
fitted shear stress values for BP, PL, HB, RS, and CS models is shown
in Fig. 7(b).

Based on the rheological modeling, the SSR was found to follow
the order BP > PL > CS > RS > HB, with the HB model having the
lowest SSR value of 5.57. Fig. 7(b) reveals that the HB model pro-
vides a better fit for the overall shear rate range. Thus, the three-
parameter HB model was found to be the most accurate model
for describing the rheology of the MME mud. It is mentioned that
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10 100 1000

Shear rate 7, s~

Fig. 7. (a) Shear stress vs. shear rate and corresponding shear viscosity plots of MME mud, and (b) comparison of the experimental and model fitted shear stress values for BP, PL,

HB, RS, and CS model.

Table 5

The details of rheological models, corresponding initial guess, and constraints used for model fitting of rheology data, and corresponding estimated parameters and fitting

statistics (SSE and R? values).

Model Model equation Initial guess and constraints Parameters Fitting stats

BP T =1+ HpY IG: 7o = 0 and 4, = 0.05 To: 3.914 Pa SSR: 54.7
Constraints: z, > 0 and y, > 0.05 up : 0.019 Pa-s R?: 0.8919

PL 7 = k™ IG: k=1and m = 0.5 k: 2.063 (Pa-s)" SSR: 12.39
Constraints: k>0and 0 <m < 1 m: 0.318 R?: 09777

HB T =10+ k™ IG:7o=0,k=1andn=0.5 7: 1.782 Pa, k: 0.8489 (Pa-s)" SSR: 5.57
Constraints: 7o >0,k >0and 0 <m < 1 n: 0.4414 R?: 0.9890

RS r=AG+0)B IG:A=1,B=05and C=0 A: 1.617 SSR: 8.951
Constraints: A>0,0<B<1land C>0 B: 0.3587 R?: 0.9825
IG: yy = 0.1, u, =0.05and a = 1 C: 2.1668

CS ) { o — Heo ] Ho: 193.16 Pa-s SSR: 12.15

T=V ot 3 Constraints: yy >0, u, >0and a > 1 Heo: 0.0017 Pa-s R?: 0.9873
T+ ()3 a: 1105

7o: yield stress; uy: plastic viscosity; k: consistency index; m: flow behavior index; A, Band C: RS model parameter; 4, : zero-shear viscosity, u,: infinite shear viscosity, and a:

cross model constant.
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the precise estimation of rheological parameters leads to the exact
calculation of mud hydraulics, ensuring optimal wellbore cleaning,
precise pressure loss prediction, efficient pump performance, and
proper control of equivalent circulating density, thereby
enhancing overall drilling efficiency and wellbore stability
(Gautam and Guria, 2022).

3.2.4. Evaluation of viscoelastic properties

3.2.4.1. Amplitude sweep. Dynamic oscillatory measurement using
an air-bearing rheometer was used to examine the viscoelastic
properties of MME mud (Table 2). The variation of storage modulus
(@), loss modulus(G”), and shear stress (z), obtained from the
oscillatory amplitude sweep test of MME mud, is shown in Fig. 8.
The linear viscoelastic range (LVER), a sign of a stable gel structure,
is characterized by constant values of G' and G” and represents the
maximum strain the sample can withstand before the internal
structure is destroyed. The LVER of the mud sample was deter-
mined to be 0.136%. It is also observed that the G' consistently
remained higher than the G” in the LVER, indicating the predom-
inance of a solid gel-like structure in MME mud. Additionally, the
greater G’ over G” values confirm that the MME-based drilling fluid
is entirely composed of pure dispersion and emulsion (Werner
et al., 2017). The gel-like behavior of MME mud persisted up to
the crossover point, where G’ equals G". At this point, the oscilla-
tory strain exceeds the threshold of the particles and droplets,
causing them to leapfrog. This results in a complete breakdown of
the structure and a subsequent decrease in G’ values (Werner et al.,
2017). Additionally, the YPp and FP were estimated based on the ¢
data obtained from the oscillatory amplitude sweep test. The YPp
corresponds to the end of the constant G' plateau region (i.e., the
shear stress corresponding to the end of LVER) and represents the
stress at which the material begins to deform plastically or ex-
hibits non-linear behavior. In contrast, the FP corresponds to the
stress at the crossover point between the G’ and G” and marks the
transition of the material from a stable gel-like state to a fully
flowing state (Chen et al., 2023). The region between YPp and FP is
termed the yield zone. From Fig. 8, the YPp of MME mud was found
to be 0.92 Pa, while the FP was found to be 3.65 Pa. It is interesting
to note that APl recommends the measurement of low-shear yield
point, a parameter similar to dynamic yield point, such that
LSYP = 0.51 x (203 — 0g) Pa. The LSYP is used to assess the ability
of drilling fluid to suspend solids under very low shear conditions.
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Fig. 8. Variation of storage (G, loss (G") modulus, and shear stress (z) with oscillation
strain for MME mud sample.
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Additionally, it provides insight into the structural integrity of
drilling fluid when at rest or under minimal agitation (Power and
Zamora, 2003). Based on the Fann VG meter readings (Fig. 4(a)),
the LSYP of the formulated MME mud sample was estimated to be
2.04 Pa, which lies in the yield zone region (i.e., YPp < LSYP < FP).
The above observations confirm the accuracy of the rheological
data obtained using the Fann VG meter against the highly so-
phisticated air-bearing rheometer.

3.2.4.2. Frequency and time sweep. Fig. 9(a) shows the variation of
G’ and G" for MME mud samples as a function of frequency (time).
It is observed that the values of G’ are always greater than G’
throughout the entire test frequency range. Thus, the test sample
behaves like a viscoelastic solid, and its response to deformation is
elastic under both fast and slow deformation conditions. This
consistently higher G’ value over G” across the entire test frequency
range indicates that the mud maintains a strong internal structure
over time and is entirely made up of a stable gel, which is essential
for suspending drill cuttings during periods of low or no flow. This
gel-like, elastic-dominant behavior suggests that the mud can
resist structural breakdown under both prolonged static condi-
tions and repeated mechanical stress, such as during circulation-
start-stop cycles. Additionally, it prevents the settling of weight-
ing agents, thereby maintaining uniform density and rheological
properties. Furthermore, the dominant elastic behavior of the mud
system minimizes fluid loss into porous formations, thereby
improving the filtration performance of the drilling fluid (Bui et al.,
2012).

A time sweep test (Fig. 9(b)) was conducted to assess the
evolution of the structure of MME mud over an extended period.
For emulsion-based mud, the gelling time of the sample refers to
the period during which the sample attains a stable gel structure,
typically characterized by the plateauing of the storage modulus
(G") (Werner et al., 2017). In the present study, stabilization of both
storage and loss moduli was observed after 400 s, confirming the
formation of a stable gel network that is essential for improving
the suspension capacity of the mud under static and low-shear
conditions.

3.2.5. Salt tolerance and barite sag

The influence of salt contamination (NaCl and CaCl,) on the
rheological properties and fluid loss behavior of MME mud was
analyzed by adjusting the salt concentration within the range of
0.0-3.0 wt%. The specific effects of NaCl and CaCl; on these prop-
erties are presented in Table 6.

The results in Table 6 indicate a decrease in rheological prop-
erties (AV, PV, YP, and GS), while FL volume was found to increase
with the increase in salt contamination. The reduction in the
observed rheological values is primarily attributed to the salt
screening effect (Sonmez et al., 2013). It is mentioned that a typical
drilling fluid comprising polymeric additives achieves viscosity by
virtue of the hydration thickening effect, whereas filtration loss
characteristics are achieved by the absorption of polymer on
bentonite (clay) platelets, leading to the formation of an imper-
vious networked layer which aids in fluid loss control (Gautam
et al,, 2025). However, when exposed to monovalent cations of
NaCl and divalent cations of CaCl,, the negatively charged func-
tional groups of polymers (XG, PAC, and CMC) become shielded by
the salt (Guo et al.,, 2015). This shielding effect weakens the
repulsive forces between these negatively charged groups, causing
areduction in viscosity and the ability to form a network, which in
turn leads to inadequate fluid loss control. Additionally, it is
observed that calcium contamination has a more adverse effect on
rheology and filtration performance than sodium salt, resulting
from the higher ion shielding effect of divalent calcium salt



B.K. Paswan, S. Naik, P. Hansdah et al.

(a) 102
—&— G
—@®— G
10" 4
© ©
oo
[GRG)
10°
10~ T T T T
10~ 10° 10! 10?

Frequency, rad/s

Petroleum Science 23 (2026) 278-296

(b)

—— G

T T T T T
200 300 400 500 600

Time, s

Fig. 9. (a) Variation of storage (G') and loss (G") modulus with oscillation frequency and (b) variation of storage and loss modulus (G’ and G") as a function of time for MME mud

sample.
Table 6
The influence of NaCl and CaCl, contaminations on rheological and fluid loss behavior of MME mud.
Salt content, wt% AV, cP PV, cP YP, 1b/100 ft? YP/PV GS (10 s/10 m), Ib/100 ft? FL, mL
NacCl 0 23 13 20 1.54 5/8 8
1 215 12 19 1.58 5/8 8.4
2 20 11 18 1.64 47 9.2
3 19 10 18 1.80 3/7 104
CaCl, 0 23 13 20 1.54 5/8 8
1 21 12 18 1.50 4/8 9.4
2 19 10 18 1.80 4/6 10.2
3 17.5 9 17 1.89 3/6 113

(Gautam et al., 2025). It is further observed that the YP/PV ratio of
the MME mud varied in the range of 1 and 2, indicating the sta-
bility of the emulsion at high salinity conditions.

Barite sag experiments were conducted to ascertain the sus-
pension properties of the MME mud formulation. Once the mud
samples have been aged for 16 h at 120 °C, the measurement of
barite sagging is carried out in a static environment. A mud sample
is regarded to have an appropriate suspension when its sag factor
is between 0.50 and 0.53, whereas it is deemed to have insufficient
suspension characteristics if the sag factor is higher than 0.53 (Ofei
et al., 2019). The measured densities at the top and bottom levels
of the aging cell are shown in Table 7. The findings indicate that the
sag factor of the mud samples (MME & diesel oil) falls between
0.50 and 0.53, which is considered acceptable. These findings
support the hypothesis that the formulated MME mud is stable
and capable of suspending cuttings at elevated temperatures.

3.2.6. Lubricity and cutting carrying efficiency

Minimizing friction between the drilling string and the well-
bore is one of the essential functions of drilling mud (Caenn et al.,
2011). Typically, for horizontal and directional wells, the drilling
string and the wellbore remain in constant contact, and thus, it is
essential to formulate a drilling fluid with adequate lubricating
properties. The frictional resistance encountered during drill
string rotation is referred to as torque, whereas it is referred to as
drag during the hoisting and lowering of the drill string. To eval-
uate the performance of the formulated mud system in controlling
the friction, formulated drilling fluid samples, i.e., MME and diesel

mud (Table 2), along with a water-based mud comprising all ad-
ditives mentioned in Table 2, except oil and SLS, were evaluated for
lubricity. The CoF value of MME mud was found to be 0.14, whereas
that of diesel mud was found to be 0.18. In contrast, the CoF of
water-based mud was found to be 0.21. A smaller value of CoF
indicates improved lubricating properties of the drilling muds. The
superior lubricity of the MME mud is attributed to the adhesion of
the methyl ester molecules with the metallic surface, resulting in
the formation of a lubricating boundary layer (Dai et al., 2024).
The capability of drilling mud to carry drilled cuttings in the
hole is estimated by its cutting carrying index (CCI) as per API
recommended practice (API RP 13D, 2017). It is mentioned that a
suitable hole cleaning is indicated by a CCI value more than or
equal to unity, whereas an inadequate hole cleaning is revealed by
a CClI value equal to or below 0.5 (API RP 13D, 2017). The CCI value
was calculated using Egs. (5)(7), respectively, and the estimated
n, K, and CCI values are presented in Table 8. Typically, CCI is
predicted in the annular fluid velocity range of 51.2-153.7 ft/min
(Maghrabi et al., 2020). Therefore, in this study, the CCI is calcu-
lated at 150 ft/min. Based on the calculation, the CCI of MME and

Table 7
The comparison of static sag factors of MME and diesel mud.
MME mud Diesel mud
Ptop 1.16 1.14
Pbottom 1.21 1.22
(Sag Factor)s,yic 0.511 0.517
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Table 8

CCI of the formulated MME and diesel mud.
Sample f600 630 PV YP n K ccl
MME mud 46 33 13 20 0.4792 849.41 3.185

Diesel mud 39 28 11 17 0.4781 725.77 2.722

diesel-based mud are estimated to be 3.185 and 2.722, respec-
tively. A higher CCI value indicates a better hole-cleaning capa-
bility of MME mud.

3.2.7. Zeta potential study

The zeta potential is a measure of the difference in electrical
potential between the dispersion medium and the stationary layer
surrounding a dispersed particle and significantly affects the sta-
bility of the emulsion. It is mentioned that a high value of zeta
potential (positive or negative) signifies the repelling of particles
due to strong electrostatic forces, thus preventing aggregation or
coalescence, leading to a stable emulsion (Li et al., 2023). Several
studies (Avranas et al., 1988; Kumar et al., 2020a) have utilized the
zeta potential to characterize the stability of oil-in-water (O/W)
emulsions. For the mud samples (Table 2), the zeta potential of
MME and diesel mud was found to be 38.5+0.4 and 39.4+0.5 mV,
respectively. It is mentioned that a stable emulsion is indicated by
a zeta potential value larger than +30 mV, indicating the MME
mud to be adequately stable in comparison to diesel oil-based
emulsion mud.

The effect of polymers (XG, PAC, and CMC) on the colloidal
stability of MME mud was studied by varying the concentration
from 0.3 to 0.7 wt%, as shown in Fig. 10(a). It is observed that the
zeta potential of the mud system increased with the polymer up to
a certain concentration. The behavior is attributed to the adsorp-
tion of the negative charges present in the polymer onto the sur-
face of emulsion droplets, causing a strong electrostatic repulsion
between the droplets, thus increasing the absolute values of zeta
potential (Wang et al., 2021). However, it is observed that the XG
polymer reached a minimum value of 0.6 wt%, whereas CMC and
PAC both showed plateau-like behavior in the 0.6-0.7 wt% regime.
The above behavior is attributed to the phenomenon of polymer
bridging, which leads to enhanced particle interconnectivity. Thus,
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the effective charge of each particle is reduced by sharing polymer
chains across multiple surfaces, resulting in a decrease in the
magnitude of zeta potential (Gregory and Barany, 2011). Addi-
tionally, the zeta potential of the aged (hot rolled) mud samples
was evaluated after aging for 16 h at 120 °C (shown in Fig. 10(b)).
From Fig. 10(b), a marginal reduction in zeta potential values was
observed, indicating that the formulated MME mud samples
remained unaffected, with enhanced colloidal stability at down-
hole conditions.

3.3. Rock-fluid interaction

3.3.1. Shale dispersion test

The effect of the interaction of formulated MME and diesel-
based mud (Table 2) and cutting samples was evaluated by the
shale dispersion test. The details of the weight obtained after the
shale dispersion test and re-run test, and estimated primary (Ry)
and secondary shale recovery (Rz) for both the MME and diesel-
based mud are present in Table 9. Additionally, the shale disper-
sion test was performed with deionized water to determine the
maximum possible dispersion tendency of the shale; the details of
primary shale recovery (Ry) using deionized water are also pre-
sented in Table 9.

From Table 9, it is observed that the primary recovery of the
shale samples treated with deionized water is 47.63%, while the
primary recoveries of MME and diesel mud were found to be
91.50% and 86.82%, respectively. The deionized water acts as a
neutral and unbuffered medium with zero ionic strength, offering
no suppression of clay (kaolinite) surface charges, leading to
disaggregation of shale particles. Additionally, the non-inhibition

Table 9
The weight of shale samples and estimated primary and secondary after the shale
dispersion test and re-run test.

Parameter Pure water MME mud Diesel mud
Wo, g 150.00 150.00 150.00
Wi, g 71.45 137.25 130.23
Wy g - 133.81 122.23
Ry 47.63 91.50 86.82
Ry - 89.20 81.48
(b) -25
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Fig. 10. The effect of polymer loading on zeta potential of MME mud at (a) ambient conditions and (b) after hot rolling at 120 °C for 16 h.
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of surface charge leads to enhanced delamination of muscovite.
Therefore, this results in the maximum possible shale dispersion,
shown by the lowest primary recovery ratio. In contrast, both MME
and diesel-based O/W emulsion mud comprise a dispersed oil
phase that gets adsorbed onto the shale surface, forming a hy-
drophobic barrier, resulting in reduced water diffusion and me-
chanical erosion of the shale matrix, thereby enhancing shale
stability and improving primary recovery. Furthermore, it is re-
ported that the dispersion of cutting into the mud is the function of
mud viscosity, shale compaction, testing temperature, time, and
speed of rolling, and surface area of exposed cutting samples (Al-
Awad and Smart, 1996). The higher viscosity of MME mud
(Fig. 4(b)) provides a better cushioning effect, resulting in me-
chanical protection of shale samples against abrasion and cutting
disintegration and, thus, further resulting in improved primary
recovery, indicating enhanced inhibition to the dispersion of shale
cuttings (Khodja et al., 2010). The higher recovery ratio of the re-
run test shows the adherence of the hydrophobic barrier formed
by MME on the shale surface, highlighting the effective shale in-
hibition under repeated cycles of hydration and drying or re-
suspension.

3.3.2. Slake durability test

A slake durability test was performed to study the weakening
and disintegration of the cuttings arising from a regular drying and
wetting cycle of formulated drilling fluid. The details of experi-
mental calculations are shown in Table 10. Based on experimental
data, the slake durability index (I4) in the case of MME mud and
diesel oil mud was measured to be 86.15% and 82.81%, respectively.
The above results ascertain that the shale sample had outstanding
inhibitive properties in MME mud. This behavior of the MME mud
is attributed to the adsorption of MME molecules onto shale sur-
faces, resulting in the formation of a protective film-like barrier
that limits water invasion, thereby contributing to the improved
shale inhibition. The behavior has been hypothesized by several
studies (Franklin and Chandra, 1972; Paswan et al., 2022).

3.3.3. Return permeability test

A crucial component of assessing drilling fluid performance is
the return permeability test, as it provides insights into potential
formation damage, hole cleaning efficiency, the performance of

Table 10
The weight of shale samples and the estimated slake durability index.
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drilling mud, and overall wellbore stability. In the present study,
the filter cake was not mechanically removed prior to the return
flow stage. However, it was assumed to have been cleaned during
the return flow process, as the outlet connections of the core
holder allowed the passage of settled clay particles and fines. This
assumption is supported by the recorded dynamic pressure data,
which showed higher values at the start of the return flow period
and gradually stabilized at a constant lower pressure. This trend
indicates that the filter cake was progressively removed, and a
steady-state flow condition was achieved after cleanup. The details
of differential pressure and estimated permeability for initial and
return flow for MME and diesel mud systems using the return
permeability test are shown in Table 11.

Based on the experimental results, the MME mud exhibited a
higher return permeability (90.18%) compared to diesel mud
(78.64%). A reduction in return permeability is generally indicative
of higher formation damage, which arises from the invasion of
filtrate into the pore network of the reservoir rock, leading to pore
blockage through mechanisms such as clay swelling, dispersion,
and fines migration (Li et al., 2014).

The superior return permeability of MME mud is attributed to
the polar nature of the oxygen-linked ester functional groups. The
polar oxygen-linked ester groups in mahua methyl ester (MME)
impart higher polarity and enable stronger dipole-dipole and
hydrogen-bond interactions with water molecules, thereby
lowering oil-water interfacial tension of MME as compared with
diesel O/W emulsion (Supplementary Information, Section S3:
2842 mN/m for methyl esters vs. 3342 mN/m for diesel at 24 °C).
The lower IFT values are an indication of superior emulsion sta-
bility, since reduced interfacial tension promotes finer droplet
dispersion and increases the energy barrier to droplet coalescence,
resulting in more stable and uniform oil-in-water emulsions (Tian
et al, 2022). Additionally, a static emulsion stability test was
conducted further to confirm the superior emulsion stability of
MME over diesel. The details of the static emulsion stability test
are mentioned in Section S4 of the Supplementary Information.
The MME-based emulsion showed no visible phase separation
after 24 h, whereas the diesel-based mud exhibited clear free-
water separation within the same period. These results indicate
higher emulsion stability of the MME O/W emulsion compared to
the diesel O/W emulsion. The findings are consistent with the
fundamental difference in intermolecular interactions, i.e., the
polar oxygen-linked ester groups in MME (Knothe, 2005) promote
stronger dipole-dipole interactions, leading to higher emulsion
stability. In contrast, the non-polar hydrocarbon chains of diesel
interact mainly through weak van der Waals forces (Sarikog, 2020),

Parameter MME mud Diesel mud leading to reduced emulsion stability and higher free water
W, g 2500 2500 separation.
w" gg égég ;ség The improved interfacial stability of MME also minimizes free-
Iy " 86.15 8281 water release. It reduces filtrate loss during the API filtration test,
Table 11
Return permeability of MME and Diesel mud.
MME mud Diesel mud
Initial flow Return flow Initial flow Return flow
Q, cm?/ Differential Calculated Differential Calculated Differential Calculated Differential Calculated Ky, mD
pressure, psi Ki, mD pressure, psi Kf, mD pressure, psi K;, mD pressure, psi
5.7 11.2 160.55 11.9 159.13 11.2 160.55 135 133.197
6.0 11.1 170.52 121 155.15 11.1 170.52 13.6 139.176
6.2 115 170.01 125 156.47 115 170.01 143 136.775
6.5 113 181.41 131 157.73 113 181.41 14.8 138.549
6.6 113 184.28 133 154.23 113 184.28 15.7 132.616

Average: 173.35
Return permeability (Ry) = 90.18%

Average: 156.34

Average: 173.35
Return permeability (Ry) = 78.64%

Average: 136.06
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as reflected by the lower API filtration volume. The enhanced
emulsion integrity supports the formation of a thinner filter cake
(Fig. 4(b)), facilitating more efficient cleanup during flowback.
Consequently, the return permeability of cores exposed to MME
mud remains higher, indicating less pore plugging and limited
filtrate invasion into the porous sandstone matrix. In contrast, a
thicker filter cake and higher filtration volume in diesel mud
(Fig. 4(b)) lead to deeper filtrate invasion, increased interaction
with clay minerals such as kaolinite and muscovite (Section 2.6.3).
This increased interaction promotes dispersion and fine migration
of clay minerals, leading to pore throat plugging and reduced
permeability (Iscan et al., 2007).

3.4. Environmental performance and cost analysis

To evaluate the environmental impact of MME, a 96-h LCsq test
was performed on the locally sourced shrimp (Palaemonetes pal-
udosus) and compared with diesel. The percentage mortality of the
test shrimp as a function of MME and diesel concentration over the
96-h exposure period is shown in Fig. 11. The LC5¢ for MME was
found to be approximately 56,850 mg-L~!, whereas the LCsg of
diesel was 700 mg-L~", indicating that MME is significantly less
toxic than diesel. Moreover, the LCsq values of MME is higher than
the prescribed limit of 30,000 by the US Environmental Protection
Agency (Bleier, 1991), further confirming the environmental
acceptability.

The aromatic content is a critical parameter that is regulated to
reduce environmental and health hazards associated with the use

Mortality, %

T T T
1000 10000 100000

T
100

Concentration, mg-L-"
Fig. 11. The mortality (%) vs. concentration plot to estimate 96-h LCso for locally

sourced shrimp.

Table 12
Material, manufacturing, and operating costs to produce MME.
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of OBMs and SBMs in drilling operations. The aromatic hydrocar-
bons have been reported to be highly toxic and prone to prolonged
bioaccumulation (Neff et al., 2000). Therefore, it is pertinent to
detect the presence of aromatic components in synthetic base
fluids for environmental acceptability. In this regard, the presence
of aromatic content was detected using 'H-Nuclear Magnetic
Resonance (NMR) spectroscopy (Make: Bruker, Model: AV 400).
The "H-NMR spectra of MME and diesel are presented in Fig. S3
(Supplementary Information). It was observed that a set of
multiplet peaks corresponding to aromatic protons appears at
chemical shifts of § = 6.0 and 9.0 ppm for diesel (Portela et al.,
2016). In contrast, these peaks were absent in the synthesized
MME, confirming the absence of aromatic components in MME.

To ascertain the economic feasibility of MME for drilling ap-
plications, the cost of the production of MME was estimated based
on the cost of materials (crude mahua oil, methanol, and potas-
sium hydroxide), manufacturing, and operating costs (Acevedo
et al, 2015; Sudalai et al., 2023). The details of materials,
manufacturing, and operating costs to produce MME are presented
in Table 12. Based on cost analysis (Table 12), the cost of MME was
found to be 0.4636 $/L, which is significantly lower than the cost of
conventional diesel fuel (0.918 $/L in the USA).

3.5. Limitations and future research directions

The present study deals with the development of MME based
drilling fluid for drilling unconventional reservoirs. The formu-
lated MME mud shows promising results in terms of thermal
stability, cutting lifting capacity, shale inhibition ability, and
environmental compliance. However, the limitations of the study
are as follows: (i) field-scale validation of MME mud, (ii) a
comprehensive performance evaluation of MME against
commercially available synthetic oils for possible applications in
offshore drilling operations, and (iii) advanced microstructure
analysis to provide deeper mechanistic insights into the func-
tioning of MME.

4. Conclusions

In this study, an alternative to diesel oil is developed by using
mahua oil methyl ester (MME) derived from mahua oil (vegetable
oil). The developed MME was used as a dispersed phase in
formulating O/W emulsion mud (i.e., MME mud) and was
compared with traditional diesel oil-based mud. Based on the
study conducted, the following conclusions can be drawn:

¢ MME mud exhibited improved rheology, enhanced filtration
control, and better lubricity and thermal stability compared to
diesel mud. The superior performance was attributed to the
formation of long-chain fatty acid methyl ester (FAME) mole-
cules containing both hydrophobic alkyl chains and polar ester
functionalities.

Cost component Unit Price Material required to produce 1 L of biodiesel (yield = 89.1%) Cost contribution,
$/L
Materials
Crude mahua oil $/L 0.3108 1.029L 0.3198
Methanol $/L 0.2930 0.264 L 0.0774
Potassium hydroxide $/kg 0.6000 0.0052 kg 0.0031
Manufacturing (labor and electricity) $/L 0.0423 0.0423
Operating cost (quality analysis and maintenance) $/L 0.0211 0.0211
Total cost 0.4636
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e The viscoelastic studies of MME mud revealed a stable gel-like
structure essential for suspending drill cuttings under both
prolonged static and repeated mechanical stress conditions.

¢ The MME mud showed improved shale stability resulting from
the adsorption of FAME molecules onto shale surfaces, which
formed a protective film-like barrier to limit water invasion.

e The MME mud exhibited higher return permeability than diesel
mud, attributed to the stronger dipole-dipole interaction
among the ester functional groups. These interactions improve
emulsion stability, reduce free water separation, and minimize
filtrate invasion.

e MME was found to be free of aromatic hydrocarbons and
exhibited a higher LCsg, thereby reducing the risk of bio-
accumulation and toxicity. Additionally, the cost analysis
showed that MME is more economical than diesel oil.

The above findings confirm that MME can be a suitable alter-
native to diesel oil for formulating emulsion-based drilling fluid,
especially in: (i) shale-prone formations, where inhibition of clay
swelling and dispersion is essential; (ii) directional and extended-
reach wells, where enhanced lubricity is required to minimize
torque, drag, and stuck-pipe risks; (iii) environmentally sensitive
areas, where reduced ecotoxicity relative to diesel is both a regu-
latory and operational priority; and (iv) economically sensitive
drilling zones, where MME offers a cost-effective balance by
matching the performance of diesel OBMs while providing a
significantly lower environmental footprint.
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