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Drilling fluid rheology, filtration, and lubricity are fundamental parameters that influence the efficiency
and ease of drilling operations. The drilling industry is constantly exploring different research areas for
stabilizing and improving these parameters at high temperatures. The use of drilling fluid additives, espe-
cially synthetic polymers, poses a threat to the environment. Herein, rice husk char (RHC) was used to
synthesize graphene Nanoplatelets (GNP) whose surface is modified with triton-X100 nonionic surfac-
tant. Field emission scanning electron microscopy (FESEM), Fourier transform infrared (FTIR), Particle size
distribution (PSD), Energy Dispersive X-Ray Analysis (EDX), and Zeta potential analysis are performed on
the synthesized nanomaterials to verify their morphology, functional groups, particle size, elemental
composition, and material stability. Synthesized GNP from RHC (GNP-RHC) along with surface-
modified GNP-RHC (GNP-TXT) were examined critically and their properties compared using a water-
based mud (WBM) formulation. The rheological and lubricity characteristics of all the mud samples were
determined before and after hot rolling (AHR), and the filtration properties were determined under API
and high pressure high temperature (HPHT) conditions. The TGA results indicate that GNP-TXT nanoma-
terial resists thermal degradation with 10% weight loss at 300 �C, while the zeta potential analysis indi-
cates the materials are stable. Since the GNP-TXT particles are so well dispersed, the GNP-TXT-based
muds worked better than the GNP-RHC-based muds and was more stable at controlling filtration and
improving rheological properties. For example, at 1.5 g AHR, the plastic viscosity of GNP-TXT-based
mud decreased by 22.2% from 9 to 7 cP, while that of GNP-RHC-based mud decreased from 17 to 7 cP
by 59%. Also, the API and HPHT FL of WBM of 11 and 24.8 mL, respectively, were reduced by GNP-
TXT-based muds to the range of 8.6 and 9.8 mL for API and 18.6 and 22.3 mL for HPHT. However,
GNP-RHC-based drilling muds showed a lower fluid loss control of the WBM between 9.6 and 10.2 mL
for API and between 19.6 and 23.6 mL for HPHT. Furthermore, the coefficient of friction of the WBM of
0.45 was decreased with GNP-RHC concentrations between 0.47 and 0.32, while GNP-TXT demonstrated
a higher decrease between 0.26 and 0.20.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Petroleum exploration has now moved away from shallow oil
and gas deposits to deep and unconventional regions due to the
decline of shallow fossil fuel resources and growing energy
demands (Bayat et al., 2021). The need for high-performance
drilling fluid in these harsh environments is therefore critical
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Nomenclature

AHR After Hot Rolling
API American Petroleum Institute
BHR Before Hot Rolling
CoF Coefficient of Friction
CTAB Cetyl Triamonium Bromide
CVD Chemical Vapor Deposition
EDX Energy Dispersive X-Ray
FESEM Field emission scanning electron microscopy
FL Fluid Loss
FTIR Fourier Transform Infrared Spectroscopy
Fe2O3 Ferrous Oxide (Iron Oxide)
GNP Graphene Nanoplatelets
GNP-RHC Graphene Nanoplatelets from rice husk char
GNP-TXT Graphene Nanoplatelets with triton-X100
GS Gel Strength
HPHT High Pressure and High Temperature
KOH Potassium Hydroxide
KCl Potassium Chloride
LPE Liquid-phase Exfoliation
MGNF Multilayered Graphene Nano flakes

MWCNT Multi-walled Carbon Nanotubes
NP Nano Particles
NS Nano Silica
OBM Oil Based Muds
�C Degree Celsius
pH Hydrogen Potential
PSD Particle Size Distribution
PV Plastic Viscosity
RH Rice Husk
RHC Rice Husk Char
ROP Rate of Penetration
SDBS Sodium Dodecyl benzene sulfate
SDS Sodium Dodecyl-sulfate
TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis
Triton X-100 4-(1,1,3,3-tetramethylbutyl) phenyl-polyethylene gly-

col
WBM Water Based Muds
YP Yield Point
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(Medhi et al., 2021). Oil-based muds (OBMs) and water-based
muds (WBMs) are the two most important types of drilling muds,
with WBMs being more feasible and appealing for drilling than
OBMs due to environmental concerns and cost considerations
(Salih et al., 2016). WBMs are extensively used because of their
low cost and ease of preparation (Rafieefar et al., 2021). Drilling
fluids are primarily used to control formation pressure and remove
surface cuttings from the wellbore during drilling operations
(Heshamudin et al., 2019; Majid et al., 2019). It is also important
to sustain an efficient drilling process and reservoir stability by
maintaining drilling mud rheological properties, such as density,
plastic viscosity (PV), apparent viscosity (AV), yield point (YP),
gel strength (GS), filtrate loss volume, and lubricity (Aftab et al.,
2017; Salahudeen et al., 2020). The carrying capacity of WBM is
directly related to its rheological properties. WBMs that have a
higher viscosity and yield stress generally have a better conveying
ability (Heshamudin et al., 2019). Wellbore stability is strongly
influenced by the filtration characteristics of WBMs. As wellbore
stability is compromised by water infiltration into porous forma-
tions, complications such as stuck piping and formation collapse
may result (Sensoy et al., 2009; Tian et al., 2022).

Nanotechnology has become widely used in every aspect of
technology and engineering over the last two decades. It has been
shown that nanoparticles (NP) can solve many complex drilling
problems, including wellbore instability, pipe sticking, loss of cir-
culation, torque, and drag (Amanullah and Al-Tahini, 2009). Dril-
ling fluids can be improved by adding NPs to reduce filtrate loss,
reduce friction coefficients, and improve shale stability (Oseh
et al., 2020; Perumalsamy et al., 2021). The shape, size, concentra-
tion, and surface charges of NPs in drilling fluid are mainly respon-
sible for the performance of NPs in drilling fluid (Salih and Bilgesu,
2017). It is possible to reduce the amount of solid contents in dril-
ling fluids significantly with the addition of NPs. Mud systems with
high solid content may have a decrease in the rate of penetration
due to increased viscosity (Irawan et al., 2018). The unique proper-
ties of graphene have made it one of the most promising nanoma-
terials. In addition to being a great conductor of electricity and
heat, it is optically transparent yet impermeable to gases because
it is so dense. This material has advantages in both physical and
electrical properties. For instance, it is strong, has a high Young’s
modulus, has good thermal conductivity, and has a high electron
2

mobility (James and Tour, 2013). Graphene, however, has a distinct
advantage over other carbon-based materials, such as fullerenes or
carbon nanotubes (CNTs). In contrast to CNTs, which are grown by
the catalytic action of nanoparticles in the presence of carbon-
containing gases. No metallic impurities can be found in graphene
and its derivatives (Szunerits and Boukherroub, 2016). The tech-
nology can be applied to a variety of applications, such as drilling
(Ahmad et al., 2021), cementing (Massion et al., 2022; Sun et al.,
2017), enhanced oil recovery (Hamdi et al., 2022; Ilyas et al.,
2020), desalination (Gontarek-Castro et al., 2021), oil spill cleanup
(Sultanov et al., 2020; Tao et al., 2019), and stabilizing emulsions
(Sie Yon et al., 2013). GNPs have been used as a drilling fluid addi-
tive in several laboratory experiments (Arain et al., 2022; Ridha
et al., 2018; Tofighy and Mohammadi, 2019), as well as oil well
cement additives (Alkhamis and Imqam, 2018; Tabatabaei et al.,
2022) and in the field (Taha and Lee, 2015). According to Aftab
et al. (2017), the PV and GNP concentration increased linearly with
reduced filtrate loss.

The four main methods used to synthesize graphene include
chemical vapour deposition (CVD), graphite exfoliation, epitaxial
growth on silicon carbide, and graphene oxide chemical reduction.
In addition to its essential benefits over other techniques, chemical
activation has been extensively studied by researchers as both the
previous methods entail high temperatures, high vacuums, and
expensive experimental setups (Hussain et al., 2020; Muramatsu
et al., 2014; A. Raghavan et al., 2020). Since chemical activation
has a lower activation temperature, well-defined micro pore size
distribution, higher yields, and ultrahigh surface area, as well as
well-ordered structure and surface functionalities, it is particularly
preferred for converting biomass and other waste materials into
graphene nanosheets, activated carbon, graphene oxide, and por-
ous graphene (Linares-Solano et al. 2014, Wang et al., 2011). In
contrast to other chemicals, potassium hydroxide (KOH) is pre-
ferred because it is completely reactive with carbon precursors
and converts metallic oxides into soluble carbonates (Jiang et al.,
2018; Muramatsu et al., 2014; Z. Wang et al., 2016). It is shown
that chemical activation processes are more economical, more
scalable, and more reliable (Che Othman et al., 2020; N.
Raghavan et al., 2017; Sudhan et al., 2017). Using KOH and acti-
vated carbon as protective barriers against oxidation,
(Muramatsu et al., 2014) reported the first synthesis of graphene
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from rice husk (RH). A number of technologies are needed to make
use of RH effectively, as it is one of the most widely produced agri-
cultural materials in the world (Tuck et al., 2012). As part of green
production, toxic chemicals, and natural precursors are used less
frequently (Singh et al., 2017). In recent years, researchers have
established a green method for producing graphene using eco-
friendly biomass resources (e.g., foodstuffs, sugar, alfalfa plants,
and chitosan) (Muramatsu et al., 2014; Ruiz-Hitzky et al., 2011;
Singh et al., 2017; Y. Zhu et al., 2010). An activated GNP was pro-
duced from carbonized brown RH by heating it with KOH. With
this approach, super-thin crumpled silk-veil-wave nanosheets are
produced with a high surface area of 1225 m2/g and a high porosity
(Sankar et al., 2017).

In spite of graphene’s many advantageous properties, distinct
graphene NPs may adhere to each other by forming a bond-like
graphite. It is possible that graphene will be bundled up and
summed up by this interaction, making it difficult to disperse in
aqueous solutions (Kumar and Guo, 2011). Due to the unique prop-
erties associated with graphene sheets, avoiding aggregation was
of particular importance to keep them separate. It is reported that
steric or electrostatic repulsion can achieve this purpose (Hong and
Kim, 2012). The chemical modification of graphene can result in
unprecedented changes to the properties of the material (Guardia
et al., 2011; Wajid et al., 2012). Noncovalent methods of dispersing
carbon nanomaterials have extensively employed surface-active
agents, more commonly known as surfactants. It is known that sur-
factants have two components, a polar hydrophilic head, and a
hydrophobic tail, which is usually made up of a hydrocarbon chain
(Morrison and Ross, 2002). Graphene Nanoplatelets were function-
alized noncovalent with Triton X-100 and DTAB surfactants to
influence their dispersions in aqueous drilling fluids (Ibrahim
et al., 2019). As a result, triton X-100 exhibits the highest disper-
sion rate against DTAB, and is also less shear stress sensitive than
DTAB at an equal share rate, an important characteristic for drilling
fluids. Graphene-modified samples were found to be more fluid-
stable than conventional clay-based samples and to have less filter
loss (Kosynkin et al., 2012). Further, Aftab et al. (2017) proved that
graphene-modified fluids showed substantial improvements in
rheology, significantly decreased filter loss volume, and showed
improvements in shale inhibition.

A number of polymer-based additives have been investigated
for their use as rheological enhancers and FL control agents
(Hamad et al., 2020; Hasan et al., 2018). The rheological properties
of synthetic polymers have made themwidely used as drilling mud
additives over the decades (Fink, 2015; Safi et al., 2016). Due to
various limitations, such as thermal instability, salt intolerance,
cost inefficiency, and environmental aloofness, synthetic polymers
are not suitable for use as drilling fluid additives (Tchameni et al.,
2019; Q. Zhu et al., 2018). Several environmentalists have
expressed concern over their usages, production methods, and dis-
charges (Amanullah and Yu, 2005; Saboori et al., 2018; Xu et al.,
2019). Drilling mud additives are having a catastrophic impact
on the environment and concerns have increased globally for the
protection of the environment (Elkatatny et al., 2016). Conse-
quently, a new generation of thermally stable, environmentally
friendly, and cost-effective fluid additives is needed to improve
rheological properties with minimal effects on the environment
and improve drilling mud performance.

This is the main motivation behind this study. In addition, the
degradation of polymers occurs at elevated temperatures, which
makes it possible to use non-polymeric additives that function
effectively in HPHT conditions. Furthermore, recycling natural
materials or waste materials is often emphasized in the oil and
gas industry to improve economics and protect the environment.
Presently, the main challenge in drilling fluid formulation is
3

providing environmentally safe, thermally resistant, and cost-
effective materials. This study is aimed at synthesizing an environ-
mentally friendly drilling fluid additive with enhanced material
physical and thermal characteristics. The influence of the synthe-
sized nanomaterial will be examined in a laboratory setting for
rheological, filtration, and lubricity characteristics in WBM. In
recent years, numerous studies have been conducted on the impact
of GNPs on drilling fluid performance, stability, and dispersion,
most involving commercially sourced GNPs incorporated into
aqueous formulations. It is for the first time that a study will be
conducted to examine the usability of a modified bio-derived GNPs
in WBM formulation. Through a comprehensive investigation,
modified RH-derived nanomaterial was examined at high and
ambient temperatures for its impact on WBM.

As drilling fluid formulations become more sophisticated,
renewable materials have become more popular as additives. A
number of research articles on drilling fluids (Gautam et al.,
2021), nano additives (Oseh et al., 2023), and graphene nanopla-
telets (Aramendiz and Imqam, 2019) have been published in the
literature. The main focus of these articles is on drilling fluid rhe-
ological behaviour, filtering properties, lubricity, among other
applications. There have been a number of studies reported in
the past that used commercial GNP (Husin et al., 2018). As a
result of their superior thermal properties, mechanical properties,
high aspect ratios, and plate-like shapes, GNPs are considered the
next generation of nanomaterials for the oil and gas industries
(Tofighy and Mohammadi, 2019). A recent paper evaluating the
effectiveness of GNPs as a filtration material for WBM was pub-
lished by (Ridha et al., 2018). According to the study, GNPs per-
formed much better than silica nanoparticles for filtration at
high temperatures. Arain et al. (2022) studied the performance
of a novel drilling fluid enhanced with GNPs under high temper-
atures. There was a 11% and a 42% improvement in PV and YP
associated with GNPs in the said study. A very low-cost drilling
fluid formulation was one of the motivations for investigating
raw biomass for the production of GNP. A further problem is
the high cost of commercial GNP per few grams, which has a neg-
ative impact on drilling operations due to its high price tag. We
believe that this is the first study to use rice husk-derived GNP
as a component in WBM. Our research aims to provide insight
into the use of agricultural waste material in improving drilling
fluid rheological properties, filtration properties, and lubricity
properties. Hence, the purpose of this work is to exploit the
research gap by repurposing agricultural waste to make GNP
and investigating the effects of this compared to water-based
bentonite suspensions in drilling fluids.

The objective of this study is to examine the performance of tri-
ton X-100-modified derived GNPs at ambient and reservoir tem-
peratures with respect to WBMs. Compared to traditional
nanomaterials, modified nanomaterials demonstrated enhanced
performance and characteristics. In order to analyse the properties
of the synthesized nanomaterials, morphology, thermal stability,
material size, and elemental compositions/purities are measured.
According to the recommended standard procedures for testing
the characteristics of water-based drilling fluids by American Pet-
roleum Institute (API RP 13B-1, 2009), the rheological behaviour,
filtration characteristics, and fluid lubricity are investigated at
ambient and reservoir temperatures.

As a follow-up to section 1 (Introduction), the rest of the study
is organized as follows: Section 2 (Materials and methods) covers
the description of the materials, synthesis methods, characteriza-
tions, and sample testing. The results and discussions of the study
are presented in Section 3 (results and discussions). As for Section 4
(Summary and conclusions), it summarizes the study results, find-
ings, and mechanisms and draws a conclusion.
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2. Materials and methods

2.1. Materials

RH were obtained from Kilang Beras Jelapang Selatan Sdn. Bhd.,
a local paddy mill in the state of Johor Malaysia. KOH, triton-X100,
and potassium chloride (KCl) were purchased from Quality
Reagent Chemical Product (QReC), sodium hydroxide (NaOH),
and polyanionic cellulose (PAC) were purchased from R&M chem-
icals. Barite and Bentonite were provided by Scomi oil tools. All
materials were used as received without further modification
and purification.
2.2. Synthesis of RH-derived graphene

RH-derived graphene was prepared using a chemical activation
method with several modifications (Fig. 1) (Muramatsu et al.,
2014). The procedure was performed under an air tight atmo-
spheric conditions using KOH as an activating agent (Arifin et al.,
2021). In this study, the black sample that was extracted from cal-
cinated RH was termed rice husk char (RHC). Raw RH was initially
washed with tap water and dried in an oven at a temperature of
600 �C for 24 h. Ten grams of the raw RH was thermally treated
at a pre-treatment temperature of 600 �C in a furnace at a heating
rate of 10 �C/min for 2 h to obtain RHC. The yield of RHC from raw
RH is 42% (approx.). The activated RHC was mixed with KOH in a
1:5 proportion, and the corresponding amount of RHC was mixed
with the ratio of KOH pellets in distilled water. The solution was
be filtered and dried in an oven at 80 �C for 24 h. The dried RHC/
KOH powder was put into a double crucible setting as shown in
Fig. 1. To prevent oxidation at high temperatures, activated carbon
was used. The crucible setting was lastly placed into a furnace for
2 h at 900 �C, and graphene powder was finally obtained. A similar
mechanism has been proposed (Zhu et al., 2007) for the activation
of carbon for graphene synthesis. Carbon is first activated through
its reaction with KOH (Eq. (1), followed by the decomposition of
K2CO3, or by the reaction of K/K2CO3/CO2. Activation can be sum-
Fig. 1. Methodology Flow
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marized using the following chemical equations (Sankar et al.,
2017).

6KOH + 2C (Ash) ! 2 K + 3H2 + 2K2CO3 ð1Þ

K2CO3 + SiO2 (Ash) ! C + K2SiO3 + O2 ð2Þ

K2SiO3 + C + H2O ! C + (K2SiO3 + H2O) solution ð3Þ
2.3. Surface modification of RH-derived graphene

A method of surface modification was used to modify GNP-RHC
according to (Qamar et al., 2019; Yasin et al., 2013). In the first
step, about 20 g of the synthesized GNP-RHC powder was soni-
cated in 150 mL of water for 30 min. Following the dispersion of
GNPs, 100 mL of water was treated with the desired amount of sur-
factant (TritonX-100), followed by stirring at room temperature.
After transferring the mixture to a stirrer plate at 60 �C, it was stir-
red for 2 h. Following that, the solution was kept unattended for
one week. Finally, Whatman cellulose acetate membranes 0.45
um, 25 mm 100/pk was used to filter the products and dry them
in a laboratory oven for 72 h at 60 �C. As a result, the functionalized
graphene sample GNP-TXT was produced.

2.4. Characterizations

Master Sizer 3000 Laser Particle Size Analyser (LPSA) (Malvern
Instruments, Worcestershire, Britain) was used to measure the
mean particle size and PSD. With the Perkin–Elmer Spectrum
Two (FTIR instruments, Houston, USA) the study measured the
FTIR from 1000 to 4500 cm�1, which allowed to identify the func-
tional groups. FESEM and EDX were used to study structure, mor-
phology and elemental characteristics. Using an Air Lock chamber
after platinum coating for higher magnifications, Carl Zeiss (Ger-
many) Supra 55 model was used, and Hitachi JEM–2100UH, Japan,
was used for high-resolution TEM. A Netzsch-STA 449 Jupiter
instrument (TA instruments, Germany) was used for measuring
chat for GNP-RHC.
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the thermal properties. In a protective nitrogen gas environment,
about 0.02 g of the material samples were sealed in aluminium
pans and scanned from 30 �C to 850 �C for 10 �C a minute, to deter-
mine the weight loss of the samples.

To investigate their stability under varying pH conditions, the
zeta potential of GNP-RHC and GNP-TXT particles in aqueous dis-
persion was measured. Deionized water was added to Na-MMT
to obtain a concentration of 0.5 g/l. Nano additives with varying
pH values were incorporated into the dispersion. In a room-
temperature Malvern instrument at Zetasizer3000 electric poten-
tial and granularity meter, the zeta potential of the particles was
measured after vigorous stirring for 24 h.
2.5. Drilling fluids preparations

In this study, GNP-RHC and GNP-TXT nano powders were
examined for their ability to improve WBM rheological character-
istics and filtration ability. Different drilling fluid formulations
were tested by varying the concentration of additives. The prepara-
tion of drilling fluid was conducted according to API RP 13I (API,
2009). A Hamilton Beach mixer was used to mix the additives at
a high shear rate (21,000 rpm). In 350 mL of tap water, 15 g of ben-
tonite were dissolved for 15 min, and then 0.45 g of soda ash (Na2-
CO3) was added for five minutes. The following materials were
mixed for 5 min sequentially: 1.5 g of PAC-UL and 3.4 g of KCl.
The base mud was then obtained by adding Barite (25 g) and mix-
ing it for 15 min. GNP-RHC and GNP-TXT materials additives were
applied at various concentrations, as shown in Table 1. The fluid
samples were formulated in multiples of 350 mL to carry out all
the required tests from rheological, filtration and lubricity proper-
ties before and after hot rolling.
2.6. Measurement of rheological properties

A fluid’s rheology is determined by its resistance to flow. Every
drilling fluid must have this feature and should be designed cor-
rectly (Gamal et al., 2019; Salahudeen et al., 2020). Density mea-
surements of WBM were conducted using mud balance. After the
lid of the balance cup had been removed, a sample of drilling fluid
was placed inside. To ensure that the cup was fully filled with dril-
ling fluid, some drilling fluid was allowed to overflow from a hole
in the lid. Lastly, the knife-edge was placed in the fulcrum of the
arm balance. Until the vial was centred, the rider was moved along
the graduated arm. The density value was then measured
accordingly.

Viscometers (Fann, Houston, TX, USA) were used to determine
the rheological properties of WBM. To test the integrity of the
equipment, the viscosity of distilled water was tested after the
equipment was switched on and stabilized. The mud sample was
poured into the viscometer cup and placed it on the stand. When
the rotor sleeve was immersed exactly up to the fill line, the stand
was adjusted and held in place. The dial readings at 600 rpm to
3 rpm were carefully recorded for each drilling fluid formulation.
Table 1
The composition of WBM with and without nano additives.

Base Mud GR1 GR2 GR3 GR4

Water (mL) 350 350 350 350 350
Bentonite (g) 15 15 15 15 15
Na2CO3 (g) 0.45 0.45 0.45 0.45 0.45
PAC UL (g) 1.5 1.5 1.5 1.5 1.5
KCL (g) 3.4 3.4 3.4 3.4 3.4
Barite (g) 25 25 25 25 25
GNP-RHC (g) 0 0.5 1.0 1.5 2.0
GNP-TXT (g) 0 0 0 0 0

5

Based on the dial readings obtained, the PV, YP, and AV of the
mud samples were calculated using eqs. (4) to (6).

PV ¼ h600 � h300 ð4Þ

YP ¼ h300 � PV ð5Þ

AV ¼ h600=2 ð6Þ
where PV (cp), YP (lb/100ft2) and AV (lb/100ft2).

A drilling fluid’s GS reflects the fluid’s thixotropic properties and
is usually reported as a 10 sec GS and 10 min GS based on the max-
imum dial reading at 3 rpm after its been at rest for 10 s and
10 min. All the mud properties (PV, YP, GS10 sec, and GS10 min)
were measured before hot rolling (BHR) at 78�F and after hot roll-
ing (AHR) at 250�F for 16 hrs.

2.7. Measurement of filtration properties

If a drilling mud is designed properly, then its filtration rate
should be minimal. High temperatures can cause drilling fluid
degradation and excessive filtrate intrusion, which results in a loss
of money and resources. It is therefore the responsibility of the
drilling engineer to design drilling fluids with the best specifica-
tions possible (Cameron, 2001; Pirazad et al., 2018). Testing the fil-
tration of mud is crucial to determining the fluid loss and the
thickness of the filter cake. Physical and chemical reactions within
the drilling mud, as well as particle quantity, temperature, and
pressure, control the parameters in drilling mud. In the current
study, both API and HPHT filtration tests were conducted. A Fann
Instrument Company API filter press (Houston, TX, USA) was used
for API filtration, and a fixed pressure of 100psi was maintained at
room temperature for 30 min. An HPHT static filtration test was
performed using the Ofite HPHT filter press in order to mimic the
static filtration behaviour of drilling mud. HPHT tests were con-
ducted with a constant pressure of 500psi and a temperature of
250 �C. Once the access mud was removed from the filter cake, it
was stored properly. In the end, a digital Vernier calliper was used
to measure the thickness of the filter cake.

2.8. Measurement of mud lubricity

Drilling fluids are tested for lubricity coefficient using an OFITE
tester. Deionized water is used to calibrate the equipment prior to
testing the mud samples. After calibration, mud samples are placed
in the metal cup. In the testing machine, two hardened steel sur-
faces, a rotating ring, and a stationary block are subjected to a force
of 150 in-lb at 60 rpm. A 25 �C and 121 �C lubricity test is per-
formed on each mud sample. After 5 min of observation, data is
recorded for each test. Finally, the lubricity coefficient is deter-
mined by using eq. (7) and (8).

Correction Factor ¼ StandardMeter Reading forDeionizedWater
Meter ReadingObtained inDeionozedwater Calibration

ð7Þ
GT1 GT2 GT3 GT4 Mixing Time (minutes)

350 350 350 350 15
15 15 15 15 5
0.45 0.45 0.45 0.45 5
1.5 1.5 1.5 1.5 5
3.4 3.4 3.4 3.4 5
25 25 25 25 15
0 0 0 0 15
0.5 1.0 1.5 2.0 15
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Lubricity Coefficient ¼ Meter Reading� Correction Factor
100Pounds

ð8Þ
3. Results and discussions

3.1. Characterization of synthesized GNP-RHC and modified GNP-TXT

3.1.1. PSD analysis
With a decrease in particle size, there will be an increase in sur-

face area per unit volume or mass. Surface area indicates more con-
tact area, better cohesion, and better particle grip. Fig. 2 shows the
PSD for the GNP-RHC and GNP-TXT. The GNP-RHC in Fig. 2(a) indi-
cated that the size distribution by intensity has two peaks.
Recorded as 645.2 nm for peak 1 at 20.5 % with 177.4 nm standard
deviation. Peak 2 with a size of 127.6 nm having 79.5 % and a stan-
dard deviation of 23.75 nm. The modified GNP (GNP-TXT) in Fig. 2
(b) also has two peaks, with peak 1 having a size of 392.8 nm at 6.6
% with a standard deviation of 92.52 nm. Peak 2 has a particle size
of 97.34 nm of 93.4 % at a standard deviation of 18.10 nm. The
median particle size (D50) of GNP-TXT is 97.34 nm and the particle
size distribution is between 80 and 250 nm. The difference in par-
Fig. 2. Particle size distribution for
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ticle size between GNP-TXT and unmodified (GNP-RHC) particles is
a result of less agglomeration and aggregation.

3.1.2. FTIR
GNP-TXT and GNP-RHC FTIR spectra are shown in Fig. 3. FTIR

spectrum analysis of the Triton-treated GNP-RHC with its main
infrared peaks and assigned bonds is shown in Table 2. A broad
peak at 3100 cm�1 can be observed in the GNP-RHC FTIR spectrum
displayed in Fig. 3 arising from vibrations of O–H and carbonyl
(C = O) stretching (Fu et al., 2010; Hu et al., 2010; Uddin et al.,
2013). The peak at 1464 cm�1 is observed as a deformation
through (O–H) and the peak at 1337 cm�1 is a stretching through
(C-OH). The peak at 1132 cm�1 indicates that GNP-RHC sheets con-
tained epoxy groups. Moreover, based on some literature refer-
ences, some GNPs were found to contain oxygen functional
groups (hydroxyls, carboxyls, and epoxy groups) at 1464, 1337,
1239, 1182, and 1132 cm�1 (Saleem et al., 2018; Valencia et al.,
2018). The characteristic peaks of GNP-RHC disappeared or shrunk
when modified with Triton X-100. As a result of the carbon skele-
ton stretching of the benzene ring, GNP-TXT spectra exhibit weak
and sharp bands at 1606, 1540, and 1504 cm�1. The bands of
1182 cm�1 and 1239 cm�1 were formed by stretching C-OH
(Qamar et al., 2019). A small peak at around 3650–3850 cm�1 in
(a) GNP-RHC and (b) GNP-TXT.



Fig. 3. FT-IR spectra of GNP-RHC, and GNP-TXT.

Table 2
Infrared peaks and functional groups for GNP-TXT.

Peak/cm�1 Interpretation

3389 O–H stretching vibration
2917 and 2937 C–H stretching vibration (sp3 hybridization)
1606, 1540, and 1504 C = C sp2 carbon skeletal stretching vibration

(Benzene ring)
1239 and 1182 C–OH stretching vibration
1240 C–O stretching vibration (carboxylic group)
1056 and 1140 C–O stretching vibration (Ester band)
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the GNP-TX spectrum indicates that triton surfactants contain
fewer copolymers. In accordance with these observations, it is safe
to confirm that surfactant molecules were effectively grafted on
the GNP-RHC surfaces (Dong et al., 2008).

3.1.3. Thermogravimetric analysis
A thermogravimetric analysis (TGA) was conducted on GNP-

RHC and GNP-TXT materials surfaces to determine the percentage
of oxygen-containing groups and the thermal degradation of block
copolymers. From the GNP-RHC spectrum (Fig. 4), the material lost
36% of its total weight at 850 �C and around 12% by weight at
350 �C. The first loss of weight occurred between 70 and 140 �C
which can be attributed to the evaporation of water from the sam-
Fig. 4. TGA spectra for GNP-RHC and GNP-TXT.

7

ple (Ahmad et al., 2020). For the synthesized GNP-RHC, one weight
loss step occurred at around 65–120 �C, while the other occurred at
around 310–550 �C, the latter from the thermal decomposition of
the GNP-RHC structure. When the temperature is raised to
300 �C, there is only a 10% decrease in GNP-TXT weight. Up to
885 �C for the modified GNP-TXT, there was an approximate 78%
loss of weight which may be credited to the thermal degradation
of the dispersants (Qamar et al., 2019). The modified GNP-TXT
loses about 6% of its weight at 270 �C as opposed to 10% for the
unmodified GNP-RHC at the same temperature, making it more
thermally stable than the unmodified GNP-RHC.

3.1.4. FESEM and EDX analysis
FESEM is a technique of investigation that utilizes electron

scanning. An image of a sample’s surface can be acquired using this
method. In addition to obtaining a high-magnification image of a
sample, it also identifies the surface characteristics and composi-
tion of the sample. The FESEM can only display a sample’s surface
morphology (Plank and Gossen, 1991). GNP-RHC and GNP-TXT’s
surface composition and morphology were studied using FESEM
analysis. The magnified image of the GPN-RHC, which is presented
in Fig. 5a, clearly shows areas of hoary graphene sheets (see the red
circle), indicating some clusters of graphene sheets are present. It
appears that the GNP-RHC is very thin with some wrinkles and
folds (Yang et al., 2012; Zhang et al., 2013). The FESEM image
(Fig. 5b) shows that there are many gaps between sheets and
matrix as the surface is clearly showing the gaps. It is apparent that
none of the GNP-RHC sheets are attached to an epoxy matrix (see
the blue and red arrows). A composite containing Triton-graphene
(GNP-TXT), on the other hand, fractures at the fracture surface
(Fig. 5c). Furthermore, the sheets adhere strongly to the epoxy
matrix not only due to their well-dispersed distribution but also
due to their excellent adhesion. Fig. 5d shows that the majority
of Triton-graphene on the fracture surface appears to be broken
(see the black arrows in that Fig. 5d). A few sheets are partially
pulled away from the surface after being wrapped with an epoxy
matrix (the dots on black circles indicate this). The ends of others
appear to be tightly embedded in the matrix and appear to have
been broken on the surface. Triton-modified GNP-RHC is compact,
and most sheets lie flat on the substrate due to the relatively
smooth surface (Yang et al., 2012). It was confirmed from the find-
ings above that the non-covalent functionalization of GNP-RHC
with the surfactant significantly improved dispersion and
interface.

In addition, an EDX analysis was performed to confirm the for-
mation of the nanocomposite GNP-TXT as well. According to the
EDX analysis of GNP-RHC (Fig. 6a), it was discovered that there
are numerous impurities present, including K, Si, Na, and Mg,
which are believed to have originated from the materials used dur-
ing the synthesis process (M. S. Ismail et al., 2019; Okenwa et al.,
2022; Torres et al., 2021; Uda et al., 2021). The analysis of GNP-
TXT (Fig. 6b) concluded that there was a considerable decrease in
the amount of impurities present, demonstrating that the modifi-
cation process had been successful in removing those elements
from GNP-RHC. In Fig. 6(b), the EDX spectrum of the modified
GNP-RHC nanocomposite is presented, which shows a higher per-
centage (95.1%) of C and O compared to the unmodified sample.
This finding further supports the formation of GNP-TXT.

3.1.5. Zeta potential analysis
Prior to dispersion in WBM, GNPs must be evaluated for stabil-

ity and their ability to improve drilled cutting transport efficiency.
In aqueous environments, GNPs can interact with other additives
because of their small size and high surface energy. A problemwith
NPs is their ability to agglomerate and sediment, which can result
in unwanted properties in the drilling fluids and filtrates (Al-



Fig. 5. FESEM images of GNP-RHC (a and b) and GNP-TXT (c and d).
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Anssari et al., 2016). In colloidal dispersions, the zeta potential
measures the effective surface charge of a double layer surround-
ing a colloidal particle and provides information regarding its sta-
bility (Konkena and Vasudevan, 2012). GNP-RHC and GNP-TXT
aqueous dispersions have different zeta potentials at different pH
values as shown in Fig. 7. Previously reported values (Marques
et al., 2011) are consistent with these findings. As can be seen from
the results, GNP-RHC sheets (Fig. 7a) have a negative charge of
�38 mV at pH levels 3 to 9. It’s possible to form stable dispersions
of GNP-RHC sheets in a pH range of 6 to 11.5 where the highest
value is �42 mV at pH 11.3 GNP-RHC is characterized by oxygen
species at the surface, which explains this value. On the other
hand, GNP-TXT (Fig. 7a) has a slightly lower zeta potential value,
which indicates a lower charge density for this graphene type. At
pH values between 5.8 and 11.8 zeta values of �35 mV were
observed, while �40 mV were identified at pH levels between 10
and 11.3. GNP-RHC and GNP-TXT were determined to have zeta
potentials of �42 and �40 mV, respectively, indicating they cannot
agglomerate easily (Smith et al., 2010; White et al., 2007). The sur-
face zeta potential results obtained are quite similar to those pre-
viously reported (Liu et al., 2018).
3.1.6. HRTEM analysis
The HRTEM method is the most efficient and direct method for

studying layer numbers at a microscopic level. A crumpled GNP-
RHC topology is displayed in Fig. 8(c). Stacks of layers appear as
lighter patches, while monolayers appear as darker patches.
Despite microscopic buckling, bending, and crumpling, the 2-D
structure is thermally stable from its wrinkled appearance (Saleh
et al., 2020). An average size of � 9 to 17 nm is shown in red on
Fig. 8(c) of the TEM image of the GNP-RHC sheet. Although the lay-
ers are defective, there are a few layers along the folded edge
rather than a monolayer. GNP-RHC HRTEM images are depicted
in Fig. 8(d) by a few layers around 8 (Kumar et al., 2016).
8

Here are the TEM images of modified GNP-RHC (GNP-TXT) as
shown in Fig. 8(a). As can be seen in the image, the surface of
GNP-RHC changed significantly after it was modified. In Fig. 8(b),
the HRTEM image shows that the modified are still tightly adher-
ent and distributed after ultrasonic pre-treatment for TEM testing.
This HRTEM image clearly shows the wrinkled GNP-TXT that is
transparent. Many dark lines appeared on the sheet, indicating
how many layers there were. HR-TEM images of GNP-TXT show
functionalized graphene layers (Hamada et al., 1992; Kataura
et al., 1999). According to Fig. 8(b), many areas are still darker,
indicating that some sheets are still aggregated. The surface of
GNP-RHC was therefore successfully grafted with triton.
3.2. Mud density and pH

The mud density of all the investigated mud samples is given in
Table 3 which shows that the presence of GNP-RHC and GNP-TXT
gave a minor effect on the density of WBM. Density of the blank
sample is 9.00 ppg. In the presence of GNP-RHC and GNP-TXT at
0.5 g, 1.0 g, 1.5 g, and 2.0 g concentrations, the density increase
is less than 0.2ppg. The insignificant increase might be due to the
small dimension of the additive particle size. The added NP has a
negligible weight, so the mud density measurements are not
affected (Ahmad et al., 2021). Base on Table 3, all theWBM samples
showed that GNP-RHC and GNP-TXT had insignificant effects on
mud density. 0.05 g, 1.0 g, 1.5 g, and 2.0 g concentrations of
GNP-RHC and GNP-TXT increase density by approximately
0.2ppg (pounds per gallon), compared with 9.00ppg for the base
mud sample. A negligible size of the additive particle could account
for the insignificant increase. The density of mud is measured to
reflect its ability to carry drilled cuttings in conjunction with the
buoyancy effect of the suspending mud. The mud density in a dril-
ling operation should be slightly higher than the formation pres-
sure in order to ensure maximum penetration rate (Akpabio



Fig. 6. EDX spectra for (a) GNP-RHC and (b) GNP-TXT.
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et al., 2015). In case of excessive mud density, formation circula-
tion will be lost, drill pipes will be stuck, penetration rate will
decrease, and formation damage will occur. As a result of forma-
tion pressure higher than the hydrostatic pressure provided by
the mud column, an insufficient amount of mud density (too
low) will cause the well to collapse or become unstable. To ensure
a successful drilling operation and remain economically viable,
mud density must be chosen during the formulation stage. In the
literature, similar trends of results have also been observed
(Ahmad et al., 2021; Husin et al., 2018).

Adding GNP-RHC and GNP-TXT (Table 3) to the drilling fluid
resulted in a minor pH decrease, which is adequate for drilling
applications (Kusrini et al., 2020). Among the overall mud samples
formulated, GR1 mud sample AHR caused the most significant pH
decrease (7.92). Chemical additives in drilling fluid are affected by
9

pH levels in terms of their interaction with bentonite, their solubil-
ity, and their overall efficacy. For optimal filtration and rheological
properties of WBM with bentonite, the pH should be maintained
within 9–10, according to recent studies (Gamal et al., 2019; Li
et al., 2018). Zeta potential analysis of the synthesized materials
(Fig. 7) indicated that the materials were stable under pH (6–12)
the result is also agree with figures obtained by (Gautam et al.,
2018), allowing for better particle dispersion.

3.3. Rheological properties

It is important to consider the rheological behaviour of drilling
fluid when choosing a drilling fluid. Shear thinning is the rheolog-
ical phenomenon in which liquids behave in a non-Newtonian
manner by having their shear viscosity decrease under shear



Fig. 7. Zeta potential spectra for (a) GNP-RHC (b) GNP-TXT.
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(Mezger, 2006). WBM produced better rheological performance
when GNP-RHC and GNP-TXT were used with varying concentra-
tions. As shown in Table 3, the formulated drilling muds’ rheolog-
ical properties such as PV, YP, GS 10 sec, and GS 10 min BHR and
AHR are presented.

3.3.1. GNP-RHC and GNP-TXT on plastic viscosity
Among other factors, plastic viscosity is determined by solid

particle concentration, size, and shape, as well as the viscosity of
the fluid phase. PV determines the fluid behaviour at high rates.
Solid particles in the drilling fluid generate PV via mechanical fric-
tion (Ahmed et al., 2020). The effect of adding GNP-RHC and GNP-
TXT nano additives (Fig. 9) was compared in varying concentra-
tions to the base mud BHR and AHR rolling process (121 �C for
24 h). A slight decrease in PV can be seen with increasing concen-
tration of GNP-TXT nano additive. At 1.5 g concentration, the mod-
ified nano additive recorded a viscosity value of 9 cp, which is
lower than the base mud’s value of 13 cp. AHR the mud formula-
tion at 121 �C for 24 h, PV of 7cP was recorded at the same concen-
tration. Low-PV drilling mud can drill quickly, which makes it ideal
for drilling operations. Increasing GNP-TXT’s repulsion of drilling
fluid particles can be credited for the decrease in viscosity. In the
10
case of GNP-TXT, the benzene side chains are repellent to each
other, resulting in high dispersion and low PV. PV is dependent
on the size, shape, and concentration of solid particles in the dril-
ling fluid phase (Committee, 2011; Ghayedi and Khosravi, 2020).
An additive material with a highly negative charge can be rational-
ized as counteracting the positive charge of bentonite clay, which
results in a lower viscosity of drilling fluid. Despite the fact that
the drilling fluid’s solid content will increase due to the material
addition, the PV value will be lower as a result. A lower PV value
provides a positive effect in drilling operations by reducing fluid
circulation and lifting ability due to high-pressure drops along drill
strings (Al-saba, 2018). Although the PV change in this study is
infinitesimal, in a study of varying nanoadditive concentrations
inWBM, a PV of (9.5–23.8 cP) was obtained, which is similar to this
study’s findings (Gbadamosi et al., 2018). In their study, (Paswan
et al., 2016) concluded that a relatively low PV is required in order
to improve cuttings lifting efficiency while drilling. Due to the
presence of drilled cuttings, the viscosity of mud increases auto-
matically. PV can be influenced by multiple factors, including tem-
perature. As drilling goes deeper, the rise in temperature leads to a
decline in PV. The data suggests that after incorporating GNP-TXT,
the PV of the drilling mud significantly drops.



Fig. 8. TEM and HRTEM photographs of GNP-TXT: (a & b) and GNP-RHC (c & d).

Table 3
Summary of rheological properties BHR and AHR related to Figs. 9 to 11.

BHR

Mud samples PV (cp) YP (Ib/100ft2) GS 10sec (Ib/100ft2) GS 10 min (Ib/100ft2) pH Density (ppg)

Base Mud 13 63 32 40 9.5 9.0
GR1 14 66 33 41 9.25 9.0
GR2 12 66 35 43 9.34 9.1
GR3 17 61 38 45 9.41 9.1
GR4 14 66 36 46 9.48 9.2
GT1 11 80 40 42 9.12 9.1
GT2 12 80 39 41 9.2 9.1
GT3 9 79 37 38 9.28 9.15
GT4 12 65 35 37 9.31 9.2
AHR for 16 h at 120 �C
Mud samples PV (cp) YP (Ib/100ft2) GS 10sec (Ib/100ft2) GS 10 min (Ib/100ft2) pH Density (ppg)
Base Mud 8 30 54 44 8.33 8.75
GR1 9 66 45 28 7.92 8.9
GR2 9 41 22 22 7.98 9.0
GR3 7 28 16 20 8.14 9.0
GR4 8 22 10 10 8.22 9.1
GT1 8 67 40 38 8.11 9.0
GT2 7 43 34 32 8.26 9.0
GT3 7 37 28 28 8.32 9.1
GT4 6 32 21 18 8.37 9.1
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3.3.2. Effect of GNP-RHC and GNP-TXT on yield point
The yield point (YP) is the primary resistance between the solid

particles and the electrochemical gravity. It is possible to transfer
cuttings from a wellbore with a high drilling fluid YP to the surface.
Solid particles should be able to be transported by it if it is high
enough. However, it should not exceed a certain level that puts a
11
lot of pressure on the pump when mud is stopped and then
resumed (Bayat et al., 2018). Fig. 10 illustrates how YP responds
to selected drilling fluid formulations at ambient and elevated tem-
peratures. YP values for the base mud were determined BHR and
AHR to be 63 Ib/100 ft2 and 30 Ib/100 ft2, respectively. The YP
increased by 67, 43, 37, and 32 (lb/100ft2) AHR when GNP-TXT



Fig. 9. GNP-RHC and GNP-TXT performance on plastic viscosity at varying concentrations BHR and AHR.

Fig. 10. GNP-RHC and GNP-TXT performance on yield point at varying concentrations BHR and AHR.
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was added in varying concentrations. With respect to the formu-
lated base mud, these increases correspond to 123%, 43%, 23%,
and 6.6%. Nanoscale materials have an increased surface area,
resulting in increased surface energy. This energy is reduced as a
result of the particles sticking together. As a result of the nano
additives in the fluid, the particles are more attracted to each other,
which increases the yield point of the fluid. Increasing the yield
point of a fluid has several positive effects, including improving
its ability to clean drilling cuttings from wells, reducing drilling
string sticking probability, and reducing the torque associated with
the drill string (Hyne, 2014). It is YP that determines the ability of
drilling fluid to remove drilling cuttings from beneath the drill bit
12
to the surface through the annulus (Ismail et al., 2016). The higher
the YP, the more effective the fluid is at carrying cuttings to the
surface. This is because the higher the YP, the greater the potential
energy it has, which allows it to overcome the friction from the
walls of the wellbore and move the cuttings efficiently. As NP con-
centration was increased, YP improved, which means cutting
removal from boreholes to the surface will be improved (Ahmed
et al., 2020). As a result of the extremely high YP values, the circu-
lating pressure loss can increase uncontrollably, resulting in a high
Equivalent Circulating Density. In Table 3, it is shown that the YP of
GT1, GT2, and GT3 drilling fluid samples BHR is estimated to be
slightly high. These drilling fluid samples might therefore be
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unsuitable for drilling operations or for further experimentation.
Nanomaterials have been used in WBM formulations before
(Keshavarz Moraveji et al., 2020) with similar experimental results.
3.3.3. Effect of GNP-RHC and GNP-TXT on GS
As the fluid circulation in the mud stops, the GS indicates how

well the fluid resists settling solid particles and cuttings. Solid par-
ticles at rest exhibit GS based on their electrochemical forces. The
viscosity of a drilling mud increases with its GS, and particle set-
tling decreases with the GS (Akpan et al., 2020). In Fig. 11(a & b),
GNP-RHC and GNP-TXT are shown to influence 10 sec and
10 min GS in basic WBM. In both hot rolling and pre-rolling formu-
lations of base mud, GS is good after 10 sec and after 10 min (Aftab
et al., 2016; Jain and Mahto, 2015). As shown in Fig. 11a, the 10sec
GS with the addition of GNP-RHC at elevated temperature shows a
drastic decrease from 45 to 20 Ib/100 ft2, which is related to a
weight loss of GNP-RHC at elevated temperature as described in
the TGA results (Fig. 4). It was observed that the 10sec GS for the
modified GNP-RHC samples decreased slightly to a range of 40-
35 Ib/100 ft2 BHR and to a range of 40-21 Ib/100 ft2 AHR. Due to
the improved heat transfer features proven by the synthesized
GNP-TXT materials (TGA analysis Fig. 4), the 10sec GS of the
GNP-TXT samples showed lower reduction AHR than the GNP-
RHC samples. It can be attributed to an appropriate distribution
of nanomaterials in mud samples, which reduces the attractive
forces between solid particles and increases the repulsive forces.
There is no difference in the results between this study and previ-
ous research (Siti et al. 2022).

BHR, the 10 min GS (Fig. 11b) of the GNP-RHC increased as the
concentration increased from 40Ib/100ft2 of base mud. However,
AHR, the GS tends to decrease to 10Ib/100ft2, corresponding to a
reduction of 77.2% at 2.0 g concentration. With the application of
the GNP-TXT nano additive, the 10 min GS was slightly increased
by 5%, 2.5%, respectively, for 0.5 g and 1.0 g concentrations prior
to hot rolling. Clay particles and graphene materials may have floc-
culated at the start of loading, resulting in an increase. Compared
to the base mud, the 10 min GS slightly decreased at 1.5 g and
2.0 g GNP-TXT concentrations. Hot rolling, however, drastically
reduced the 10 min GS value at a rate of 13.6%, 27.3%, 36.4%, and
59.1%. These values correspond to 0.5, 1.0, 1.5, and 2.0 g, respec-
tively. When compared to the GNP-RHC, the GNP-TXT GS shows
a better ’low–flat gel’ trend than the GNP-RHC GS BHR and AHR.
In drilling, ’low-flat gels’ are preferred over ’high-flat gels’, as
’high-flat gels’ require higher pumping pressures to break them
and resume fluid circulation. During drilling operations, this beha-
Fig. 11. GNP-RHC and GNP-TXT performance on (a) 10sec GS a
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viour can result in stuck pipes (Oseh et al., 2019a; Oseh, et al.,
2019b). A GNP-TXT enriched fluid formulation may be character-
ized by the hydrophobic non-ionic surfactant’s tails self-
assembling spontaneously on the surface of the organophilic clay
and solid contaminants, preventing interactions between charged
particles and promoting steric stabilization of the particles. Clay
particles are sterically repelled by each other, resulting in lower
flocculation due to electrostatic interactions (Kania et al., 2021).
The results revealed that adding GNP-TXT to conventional drilling
mud significantly reduced its GS after 10 s and after 10 min. As a
result, the modified mud consumes less energy and is, therefore,
better suited for drilling.
3.4. Filtration properties

3.4.1. API and HPHT filtrate loss
A poor filter cake can allow deep filtrate intrusion into reser-

voirs, resulting in reduced oil and gas production (Saboori et al.,
2018). Drilling mud has a great deal of influence on a material’s
ability to control FL. The filtration volume is used to analyse the
plugging capability for example, less FL indicates better drilling
mud performance. Compared with the base mud, the unmodified
GNP-RHC and GNP-TXT exhibit lesser FL. Due to GNP-RHC and
GNP-TXT films forming on the surface of filter paper, less FL can
be attributed to water not flowing through the pores of filter paper.
GNP-RHC and GNP-TXT API FL are shown in Fig. 12 (a & b), respec-
tively. In response to increasing GNP-RHC concentrations, the API
FL of the base mud decreased to 9.6–10.2 mL range. With an addi-
tive concentration of 1.0 g and 1.5 g of GNP-RHC, the API FL records
its best result as 9.6 mL. GNP-TXT mud samples display better FL
control than GNP-RHC mud samples, as shown in Fig. 12. The mod-
ified GNP-TXT sample minimized API FL by 21.8% with the 1.5 g
concentration, while the base mud with GNP-RHC additive reduced
it by 12.7% at the same concentration. It is likely that this behavior
is the result of the fine dispersion of GNP-TXT in the drilling mud
and the ability of the smaller size GNP-TXT to insert between the
larger size PAC-UL and bentonite particles to plug the pore spaces
between them (Mao et al., 2015).

In addition to reducing the viscosity of the liquid phase, increas-
ing temperature also increases filtration. At a differential pressure
of 500 psi and a temperature of 250 �C, Fig. 13 (a & b) show the
effect of GNP-RHC and GNP-TXT on HPHT filtration properties.
There was less filtrate produced by GNP-TXT additions, indicating
better filtration properties. As compared to the base mud, the
HPHT FL of the mud sample containing GNP-RHC decreased from
nd (b) 10 min GS at varying concentrations BHR and AHR.



(a) API Fluid Loss for GNP-RHC
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(b) API Fluid Loss for GNP-TXT
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Fig. 12. API filtrate fluid loss for (a) GNP-RHC and (b) GNP-TXT performance at varying concentrations.

(a) HPHT Fluid Loss for GNP-RHC
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(b) HPHT Fluid Loss for GNP-TXT
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Fig. 13. HPHT filtrate fluid loss for (a) GNP-RHC and (b) GNP-TXT performance at varying concentrations.

M.N. Yahya, M.N.A.M Norddin, I. Ismail et al. Arabian Journal of Chemistry 16 (2023) 105305
24.6 mL to 19.6 mL at 1.5 g concentration (Fig. 13a). In comparison
with GNP-RHC, the GNP-TXT mud systems performed better in
terms of filtration control. This may be due to improved dispersion
of the modified material additive and greater cohesion among
other clay additives. A dispersant protects colloidal clay particles
from aggregation into a mass of particles or flocs (Rizvi, 2009). It
has been shown that dispersing solids in mud minimizes particle
settlement or sagging, and this decreases fluid loss (Lahalih and
Dairanieh, 1989; Shettigar et al., 2018; Skalle, 2011). Filtrate loss
for GNP-TXT mud samples at 0.5 g, 1.0 g, 1.5 g, and 2.0 g concen-
trations was reduced compared to base mud samples by 9.75%,
17.9%, 24.4%, and 18.7%, respectively. In the presence of 1.5 g of
the modified nano additive, HPHT filtrate loss was reduced to
18.6 mL. The study proves that GNP-TXT can minimize fluid loss
to the formation by sealing the wellbore’s permeable surface.
Through GNP-TXT, tighter packing structures were formed, pre-
venting fluid from leaking through the gaps between the micro-
sized particles as shown in Fig. 14. As a result, filtrate flux was
reduced (Aftab et al., 2017; A. R. Ismail et al., 2016; Oseh, et al.,
2019a; Saleh et al., 2020).

Under high pressure, the nanosheets (GNP-RHC and GNP-TXT)
were pressed into the pores of the formation, and some of the
materials passed through while others remained to plug the pores.
14
This caused the nanosheets, which stayed in the pores, to accumu-
late and plug the pores, which prevented fluids from entering into
the filter and decrease filtration volume as shown in Fig. 14.
According to Darcy’s law, small particles in the external filter cake
reduce the cake’s permeability, which in turn reduces the flow rate.
Conversely, in real drilling operations where different forces act on
a particle at the surface of the cake, a lower filtration rate causes
less normal drag force. At low concentrations, GNPs were incorpo-
rated into filter cakes, which resulted in thick, loose, high porosity
and permeability filter cakes, resulting in high fluid losses com-
pared to drilling fluids containing higher concentrations of GNPs,
which produced thin, compact, low permeability, and porosity fil-
ter cakes. Based on the results above, Fig. 14 illustrates the sche-
matic illustration of filter cakes forming. In addition to covering
fractures and holes in the larger particles, these NPs provide a seal
that barricades fluid loss and reduces formation damage. In addi-
tion, it can be observed from Fig. 14 (b & c) that NPs invade more
deeply inside porous micro channels due to the low permeable thin
nano filter cake than what we see in the left image (Fig. 14a).

3.4.2. API and HPHT filter cake thickness
It has been noted that nano-enhanced clay drilling fluids form

reasonably thin filter cakes on borehole walls, which is often con-



Fig. 14. Schematic illustration of Filtrate fluid loss and filter cakes formation.

Table 4
API and HPHT filter cake for GNP-RHC and GNP-TXT drilling fluid samples.

Mud Sample Base Mud GR1 GR2 GR3 GR4 GT1 GT2 GT3 GT4

API FCT 2.42 2.4 2.27 2.17 2.2 2.23 1.88 1.67 1.67
HPHT FCT 4.88 4.54 4.3 4.3 3.73 4.46 4.25 3.5 3.55

Table 5
Lubricity coefficient for GNP-RHC and GNP-TXT BHR and AHR at 121 �C for 16 h.

Mud Sample Base Mud GR1 GR2 GR3 GR4 GT1 GT2 GT3 GT4

CoF 25 �C 0.45 0.47 0.43 0.32 0.33 0.26 0.24 0.20 0.24
CoF 121 �C 0.52 0.49 0.46 0.40 0.40 0.32 0.28 0.23 0.25
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sidered an improvement (Kadaster et al., 1992). Poor quality of the
filter cake may lead to decreased hydrocarbon production if the
deep filtrate invades the reservoir (Saboori et al., 2018). GNP-
RHC and GNP-TXT API and HPHT FCT are shown in Table 4. API
FCT measurements of the base mud increased to 4.88 mm at
250oC, 500psi under HPHT conditions. When 1.5 g of GNP-RHC
was added to the base mud, the API FCT was reduced by 10.33%.
It was observed that the GNP-TXT sample achieved a reduction
of 30.99% in API FCT from the base mud at the same concentration.
As compared to the samples of GNP-RHCmud, GNP-TXT mud had a
lower API FCT. As described previously, the GNP-TXT particles form
a seal that minimizes mud seepage through the retention by pass-
ing through the particles (Fig. 14). As a result of this behaviour,
they produce lower filtrate fluxes, which results in lower cake
thicknesses (Mao et al., 2015). Under HPHT conditions, all mud
samples showed a decrease in FCT as concentration increased.
Compared to GNP-RHC drilling muds at 250 �C and 500psi, HPHT
FCT of GNP-TXT drilling muds shows a lower decreasing trajectory.
These results prescribed that GNP-RHC mud samples have a higher
filter cake permeability and slightly lower thermal stability at the
tested temperatures (see TGA analysis results Fig. 4).
3.5. Lubricity measurement

Drilling in a directional or extended-reach environment is most
limited by torque and drag. The lubricity coefficient plays an
15
important role in torque and drag (Maidla and Wojtanowicz,
1990; Quigley, 1989; Sheppard et al., 1987). Drilling operations
therefore face the challenge of controlling friction. At different
temperatures (25 �C and 121 �C), the coefficient of friction (CoF)
of basic and nano-enriched WBMs are examined. At varying tem-
peratures, Table 5 shows how GNPs affect mud lubricity. Mud
lubricity coefficient is improved by adding GNP-TXT NPs to
WBM. GNPs decrease the lubricity coefficient as their concentra-
tion increases, which indicates a reduction in mud friction. At
ambient and elevated temperatures, 1.5 g of GNP-TXT mud
improves the lubricity coefficient most significantly to 0.2 and
0.23, respectively. A number of factors may contribute to GNP-
TXT’s performance. First, the GNPs formed bearings between the
two metal-to-metal contacts following their sheet-like structure
(Aftab et al., 2020). Moreover, triton-X100 surfactants might have
coated the contact surfaces, enhancing lubricity (Amrita and
Srikant, 2021; Liang et al., 2016). Base mud lubricity coefficients
rise by 13.5% at 121 �C, and nano-mud coefficients rise by 14.3%
at 1.0 g. As the temperature increases, PAC degradation increases,
resulting in a wider space between additive molecules (Aliheidari
et al., 2017; Koltzenburg et al., 2017). A result of this could be that
the lubricious layer between the contact surfaces becomes unsta-
ble, increasing the CoF. Due to the improved thermal stability of
the modified GNP, surfactant degradation in GNP-TXT form mud
is lower than that of the base mud. The study concluded mud
lubricity had improved due to a low CoF, which implies less
friction.
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4. Summary and conclusions

This research developed an environmentally friendly nano
material additive with enhanced properties through surface mod-
ification for drilling fluid application. Effects of incorporating
GNP-RHC and GNP-TXT NPs prepared through synthesis and mod-
ification methods giving diverse sizes distributions and thermal
stability, is investigated by measuring variations in the rheological
properties, filtration loss, and lubricity of the formulated mud sys-
tems. These properties are also studied with and without NPs at
different concentrations, BHR and AHR. It is concluded that:

� The chemical structure, morphology and stability of GNP-RHC
and GNP-TXT nano additives were characterized by FT-IR, EDX,
FESEM, TGA and Zeta Potential. FTIR and EDX confirm the func-
tional groups on the GNP-RHC and GNP-TXT basal plane and the
elemental compositions of the synthesized material. The mate-
rial dispersion stability was confirmed through zeta potential
analysis and studies show that both the nanomaterials are
within the acceptable stability range. These analyses confirmed
that all synthesized additives exhibited the desired structures.

� The rheological properties BHR and AHR of the WBM modified
by synthesized additives were examined. The parameters of
rheological properties such as: PV, YP, and GS improved com-
pared to the base mud. With addition of GNP-RHC and GNP-
TXT from 0.5 to 2.0 g the significant improvement occurred at
rheological properties of the nano-enriched WBM. At NP con-
centration 1.5 g, it was observed that all the nano additives
slightly decreased the PV with respect to the base mud BHR.
The results revealed that adding GNP-TXT to the base mud sig-
nificantly reduced its 10 s and 10 min GS AHR. It was also
observed that best rheological improvement is observed with
the addition of 1.0 g GT2 of the modified nano additive (GNP-
TXT) into the base mud.

� The API and HPHT filtrate fluid loss and filter cake thickness of
both the nano additives at varying concentrations were exam-
ined. But the best results of filtration properties were observed
at base mud that were treated with 1.5 g GNP-TXT as an addi-
tive, that the API and HPHT fluid loss decreased up to 21.8%
and 24.4%, respectively. The presence of GNP-RHC and GNP-
TXT in water base mud significantly decreased the filter cake
thickness with increasing concentration in both API and HPHT
conditions.

� GNPs sheet-like morphology decreased the surface roughness
between metal to metal assemblies, enhancing the lubricity of
the based mud with the addition of the synthesized materials.
Moreover, the surfactant present in GNP-TXT additive serves
as a coating agent on the casing block and the tester’s metal sur-
face, thus providing lubricity.

From the above study, it can be concluded that the modified
locally derived GNPs can be used in WBM to enhance its rheolog-
ical properties and improve its filtration and lubricity characteris-
tics. The improved dispersion ability coupled with thermal stability
of the modified nano additive contributes in enhancing the basic
drilling mud at elevated temperatures.
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