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Abstract: Several borehole problems are encountered during drilling a well due to improper mud
design. These problems are directly associated with the rheological and filtration properties of the
fluid used during drilling. Thus, it is important to investigate the mud rheological and filtration
characteristics of water-based drilling muds (WBMs). Several materials have been examined but due
to the higher temperature conditions of wells, such materials have degraded and lost their primary
functions. In this research, an attempt was made to prepare a water-based mud by utilizing graphene
nano platelets (GNP) in addition to the native tapioca starch at different ratios. The combined effect
of starch and graphene nano platelets has been investigated in terms of mud’s rheological and
filtration parameters, including its plastic viscosity (PV), yield point (YP), fluid loss volume (FLV)
and filtercake thickness (FCT). The morphological changes in the filtercake have also been observed
using Field Emission Scanning Electron Microscope (FESEM) micrographs. Plastic viscosity was
increased from 18–35 cP, 22–31 cP and 21–28 cP for 68 ◦F, 250 ◦F and 300 ◦F, respectively. The yield
point was also enhanced from 22–37 lb/100ft2, 26–41 lb/100ft2 and 24–31 lb/100ft2 at the studied
range. The fluid loss was dramatically reduced from 14.5–6.5 mL, 17.3–7.5 mL and 36–9.5 mL at 68
◦F, 250 ◦F and 300 ◦F respectively. Similarly, filtercake thickness was also reduced which was further
illustrated by filtercake morphology.

Keywords: graphene nanoplatelets; mud rheology; filtration properties of water-based muds; tapioca
starch rheology; filtercake morphology

1. Introduction

The exploration and production (E&P) industry is looking for new resources in unex-
plored regions and deeper formations to cater to the increasing demand for oil and gas.
The success of any drilling operation is dependent on the proper design of the drilling
mud used. It is a circulating fluid used in rotary drilling to deliver various functions. The
mud properties affect the efficiency of the drilling operation and should handle the bottom
hole high pressure high temperature (HPHT) conditions. Moreover, most of the drilling
problems are mainly related to the inappropriate selection and inadequate design of the
drilling fluid [1–6].

Rheological and filtration characteristics of water-based muds are very important
to maintain during drilling operations. For optimal mud properties, several materials
including bentonite, polymers, salts, inhibitors, and weighting agents are added into
mud for improving its properties. Bentonite is added to drilling fluids for improving the
rheological properties and reducing the filtrate loss by forming a filtercake with reduced
permeability. The majority of high-quality bentonite is composed of montmorillonite, with
minor amounts of other minerals. In general, bentonites contain some amounts of other clay
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minerals such as elites, kaolinites, and chlorites, as well as non-clay components including
quartz and feldspar etc. Because montmorillonitic clays have the greatest swelling capacity
(inducing viscosity and the formation of low permeability filter cakes), the presence of
other components in significant amounts can degrade the quality of the bentonite. In
addition, owing to its high specific surface area, cation exchange capacity, and hydration
capabilities, bentonite is a desirable drilling fluid agent. The key to achieving appropriate
rheological and filtration characteristics for muds subjected to high temperatures is to
maintain the bentonite dispersion, which requires the use of suitable dispersants. In the
high temperature conditions of a well, the flocculation of bentonite particles allows particles
to fuse together to establish a loose and permeable network, which boosts filtrate losses and
impacts bentonite performance. Hence, some thermally stable polymers or other additives
are added into the mud system to keep the particles dispersed in the solution.

Starch is the second most abundant biomass found in nature [7,8], with almost no
negative effects on the environment [9]. Starch and natural gums were first used in 1937
as a biopolymer for controlling fluid loss volume in bentonite mud. Until now, starches
are widely used in drilling fluid applications because of their availability, biodegradability,
versatility, renewability, and low cost among various polymers [7,9–12]. Various starches
have been used to modify the properties of mud and have been found to be a very effective
and environmentally friendly alternative as compared to commercially available additives.
Talukdar, et al. [13] experimentally tested two naturally available starches, including
banana and corn starch, at various concentrations. Both starch types were discovered to
be excellent fluid loss control agents in a non-damaging drilling fluid. Nyeche, et al. [14]
reported in a study that the blend of PAC and potato starch in equal percentages is the
appropriate additive for the improvement of the fluid loss control properties of drilling
mud. Better thermal stability of mud has also been observed for this combination with
a minimal increase in viscosity. Another study used cassava starch to improve viscosity
and control fluid loss volume in bentonite-based mud. Owing to the swelling ability of
the starch flour, the viscosity and suspension capability of mud was increased with an
increase in concentration at 80 ◦C. Cassava starch with a concentration of 2 g showed the
lowest fluid loss volume and a reduction of about 8% in filtrate volume within the studied
range [15].

Nanotechnology has the ability to improve drilling fluid performance for drilling in
deeper and harsher environments. Nanoparticles exhibit some special properties, such as their
small size (1–100 nm), high specific surface area, optical, thermal, electrical, mechanical and
excellent adsorption ability. Because of the small quantity of nanoparticles, it is economical for
any industrial application. In drilling fluid, nanoparticles were effectively evaluated to control
mud rheology, prevent mud invasion into the formation, and generate a thin and compact
filtercake at HPHT conditions [16]. Graphene is a single layer of graphite with unique features,
and it has recently been the focus of numerous studies. It is a two-dimensional planar sheet
of sp2-bonded carbon atoms with exceptional mechanical, electrical, thermal, and physical
characteristics. It has been extensively used in a variety of applications due to its intriguing
features [17–22]. Numerous researchers examined the significance of various metallic and
non-metallic nanoparticles in WBMs. For example, Ismail, et al. [23] experimentally accessed
the usage of multiwalled carbon nanotubes (MWCNT) and graphene nano platelets to reduce
the coefficient of friction and fluid loss volume of water-based drilling mud. In addition, the
rheology was also determined. The results showed that the addition of MWCNT minimized
the torque lubricity between 38–59%. A marginal enhancement in mud rheological properties
and filtration properties were also observed. In another study, Parizad, et al. [24] reported
a polymeric water-based drilling fluid containing TiO2 nanoparticles to enhance mud’s
rheological, thermal, and electrical conductivities of the fluids. The results demonstrated that
the addition of TiO2 particles not only enhanced the rheological behavior but also improved
the thermal and electrical conductivities of the drilling fluids up to 25% and 41%, respectively.
The filtrate volume was decreased up to 27%. Experimentally we studied the rheological and
filtration properties in terms of plastic viscosity, yield point and fluid loss volume [25]. It was
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reported that the rheological properties were enhanced using graphene nano platelets (GNPs)
in the mud blends. Moreover, the fluid loss volume (American Petroleum Institute (API)
and HPHT) was also reduced with the addition of GNPs. By comparing GNP with other
nanomaterials, it was observed that GNP has better performance than MWCNT and nano
silica (NS) at the same concentration in the studied parameters. Taha and Lee [26] evaluated
graphene in WBM and reported that it improved the rheological and filtration performance
of the drilling fluids. The drilling’s rate of penetration (ROP) was enhanced while the filtrate
loss and torque were minimized. Other studies related to the addition of GNP in drilling
fluids also showed significant improvements in the mud properties [26–28]. Despite all of
GNP’s merits in WBMs, there are some challenges when using it in muds. One of most crucial
shortcomings is its poor dispersion characteristics in WBMs. In order to address this issue,
various additives have been tested and reported in the latest literature [19,21].

The given discussion motivates researchers to investigate new potential agents that
can perform better in HPHT environments. In this study, a hybrid additive including
varied compositions of GNPs and tapioca starch was introduced to the base fluid. The
applicability and versatility of the new material as a potential additive for enhancing
rheological properties and lowering fluid loss in different muds are discussed in detail. In
addition, a study of rheological stability under high temperature conditions was performed
to examine the stability of the proposed solution under static conditions.

2. Materials and Methods
2.1. Materials

In the current work, bentonite and graphene nano platelets (GNP: Purity > 95%) were
purchased from Sigma-Aldrich. Barite and polyanionic cellulose (PAC-R) were obtained
from Scomi Oiltools Sdn. Bhd. Tapioca starch was purchased from a local enterprise in
Malaysia. For pH control, potassium hydroxide (KOH) was added and was procured from
R&M chemicals. Deionized water was utilized as a base fluid in all mud samples. All
chemicals were reagent grade and were used as received without further purification.

2.2. Chemical Composition and Characterization of Bentonite

Table 1 summarizes the chemical composition of natural sodium bentonite. The
major components of bentonite were SiO2, Al2O3, Na2O, MgO, CaO, TiO2 and Fe2O3. The
concentrations of CaO and Na2O (K2O) in montmorillonite represent interlayer cations.
The amount of CaO and Na2O in a bentonite determines whether it is Ca-bentonite or
Na-bentonite.

Table 1. Composition of bentonite.

Component Percentage %

SiO2 66.16
Al2O3 15.42
Na2O 1.93
MgO 3.46
CaO 1.23
TiO2 0.19

Fe2O3 5.30

In the studied bentonite sample, the total content of SiO2 and Al2O3 is 81.58%, and
the corresponding ratio of SiO2 to Al2O3 is 4.29, which indicates a higher SiO2 content as
compared to others. On the other hand, the sodium content is higher than calcium content,
therefore, this kind of sample belongs to the sodium bentonite category.

X-ray diffraction (XRD, PAnalytical Xpert Powder) was used to determine the min-
eralogical composition of bentonite and graphene nano platelets. It is a rapid analytical
technique mainly used to identify phases in a crystalline material. For XRD measurements,
approximately 2 g of powder was placed in an acrylic sample holder with a depth of 3 mm.
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Parallel beam optics at 40 kV and 40 mA were used to examine the sample. The sample was
scanned for reflections (2θ) in intervals of 0.02◦ with a 2 s count time per step from 5◦ to 85◦.
The resulting peaks were analyzed using X’Pert HighScore Plus software. Additionally, the
morphological structure of GNP was characterized using transmission electron microscopy
(TEM).

2.3. Preparation of Mud Samples

For the preparation of water-based mud samples, the API standard laboratory proto-
cols were followed. GNPs were dispersed in deionized water using ultrasonication before
being added to the mud samples to reduce the aggregation tendencies. This ultrasonication
helped the mud system’s colloidal stability. A previous method by Ponmani, et al. [29] was
followed with some modification. Briefly, a beaker was taken with a measured quantity
of GNPs in the deionized water and sonication was carried out at 25 KHz and 450 W for
one hour. A laboratory barrel, equivalent to 350 mL of base mud was prepared by adding
deionized water, bentonite, polyanionic cellulose (PAC-R), tapioca starch, GNP and barite
in order. These additives were first mixed properly using a Fann multimixer at 11,500 rpm
to ensure thorough dispersion of all additives and to confirm that no lumps were formed
because this may affect the nanofluid stability. The formulation of the studied WBMs is
detailed in Tables 2 and 3.

Table 2. Water-based drilling muds formulation.

Materials Function (s) Dosage

Deionized (DI) water, mL Base fluid 350
Bentonite, g Primary viscosifier 12

Barite, g Weighting agent 65
Potassium hydroxide (KOH), g pH control 0.25

Polyanionic cellulose (PAC-R), g Fluid loss control 2
Starch, g Rheology and filtration 6

Graphene nanoplatelets, g Rheology and filtration 0.3–1.5

Table 3. Drilling fluid formulations.

Additive
Formulations

S0 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13

DI Water, mL 350 350 350 350 350 350 350 350 350 350 350 350 350 350
Bentonite, g 12 12 12 12 12 12 12 12 12 12 12 12 12 12

Barite, g 65 65 65 65 65 65 65 65 65 65 65 65 65 65
KOH, g 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

PAC-R, g 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Starch, g 6 6 6 6 6 6 6 6 6 6 6 6 6 6
GNPs, g - 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

2.4. Determination of Mud Density

The mud density was determined following API recommended practices. A Fann
mud balance instrument with an accuracy of 0.01 g·cm−3 was used to calculate the mass
per volume of a drilling fluid.

2.5. Measurement of Rheological Properties

Any fluid’s resistance to flowing is referred to as rheology. It is an important feature
of every drilling fluid and must be properly designed [30,31]. The rheological properties of
bentonite-based drilling mud in terms of plastic viscosity (PV) and yield point (YP) were
assessed at ambient and hot roll temperature (250 ◦F and 300 ◦F) conditions. These prop-
erties were accessed to investigate the impact of graphene nano platelets in combination
with starch. All the PV and YP tests were carried out according to the API specifications.
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The mud samples were prepared as described in a previous section, and the amount of the
GNP was added to the blends varied in the range 0–1.5 g. The rheological properties of the
formulated mud samples were measured using a Fann 35 A viscometer. The viscometer
used in this work gives dial readings at 600, 300, 200, 100, 6 and 3 rpm. For PV and YP
measurements, the dial readings of 600 and 300 rpm were considered by using Bingham
plastic equations,

PV = R600 − R300 (1)

YP = R300 − PV (2)

where R600 and R300 are the dial readings at 600 and 300, respectively.

2.6. Measurement of Filtration Properties

The filtration rate of a properly designed drilling mud should be minimal, especially
when dealing with HPHT conditions. Drilling fluid may degrade under high temperatures,
and the mud may have an excessive filtrate intrusion, resulting in a loss of resources and
money. Thus, the drilling engineer should design a drilling fluid with the best possible
specifications [32,33]. Any mud must undergo filtration testing to determine fluid loss and
filter-cake thickness. The quantity of particles in the drilling mud, temperature, pressure,
as well as the physical and chemical reactions within it, are the controlling factors of these
parameters. In the current work, both API and HPHT filtration tests were performed. For
API filtration, the API filter press (Fann Instrument Company, Houston, TX, USA) was
used and pressure was maintained at a fixed pressure of 100 psi at room temperature
conditions for 30 min as recommended by API standards. To mimic the static filtration
behavior of drilling mud, the HTHP static filtration tests were carried out using the Ofite
HTHP filterpress. Similarly, in HPHT tests, the pressure was kept constant at 500 psi, and
the temperature varied from 250 ◦F and 300 ◦F. After each run, the filtercake was carefully
stored after removing the access mud. Finally, the filtercake thickness was measured with
a digital vernier caliper.

2.7. Thermal Ageing

Drilling muds are often exposed to high pressure and high temperature conditions
in deep wells. Thus, the mud properties can fluctuate after being exposed to such envi-
ronments for a longer duration, and the drilling fluid would no longer have the same
characteristics as before. As a result, monitoring and analyzing such changes are important
in drilling fluid analysis. Hot rolling (dynamic) at high temperatures could be used to
mimic this process in the lab, allowing researchers to observe the variations in the mud
properties. The thermal stability of all the formulated mud samples was evaluated by age-
ing them for 16 h at 250 ◦F and 300 ◦F using Fann hot roll oven (Fann Instrument Company,
USA). Moreover, the mud was also agitated using the specially designed power-driven
rollers. After ageing, the rheological characteristics of the drilling fluids were measured
using the API standard.

3. Results and Discussion
3.1. X-ray Diffraction (XRD) of Bentonite and Graphene Nano Platelets (GNP)

Figure 1a shows the XRD pattern of the studied sample of bentonite. The material
is predominantly composed of montmorillonite, as shown by the distinctive features at
d001 was 12.27 Å reveals a sodium preponderance, allowing the samples to be classified
mostly as sodium bentonite (Na-bentonite). The bentonite clay is majorly composed of
montmorillonite with some amounts of quartz and other minerals present in varying
amounts as observed from the XRD data. The montmorillonite has peaks with 2θ at
7.15, 26.44, 34.94 and 61.73◦ while quartz showed peaks at 20.82 and 40.14◦. Similar
patterns have also been observed by other researchers [34–38]. These minerals, in small
portions, are thought to have a slight effect on the mud’s dispersion characteristics. The
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major constituents, which account for nearly 90% of the total weight, are silica, aluminum,
magnesium and iron.
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Figure 1. X-ray diffraction (XRD) spectrum of (a) bentonite and (b) graphene nano platelets (GNP).

Figure 1b displays the X-ray diffraction pattern of GNPs which revealed intensive
peaks at 2θ at 26.54◦ and 54.66◦ corresponding to the planes (002) and (004) of carbon,
which strongly validates graphene. The first peak at 26.54◦ showed a full width at half
maximum (FWHM) of 0.56◦.

3.2. Morphology of GNP

TEM images were obtained to compare XRD information in order to confirm the
thickness of graphene nanoplatelets. Figure 2a,b shows representative images which
demonstrate that a clear view of the GNP is described by the TEM analysis. It was
determined that the thickness of the micrographs was generally less than 10 nm, that is
inferior to the crystal domain computed from XRD measurements and is in agreement
with the manufacturer’s data sheet. GNP exhibited a typical morphology, with finely
dispersed graphene nanosheets extending over a few microns in the lateral dimensions.
Small overlapping sections revealed the existence of several smaller GNP sheets as well.
It is worth mentioning that GNP sheets are wrinkle-free, demonstrating that there are no
other elements on their surface.
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3.3. Density of Mud

The mud weight of any fluid is an important property to be considered while designing
a mud for overbalanced drilling. To ensure optimal penetration rate in a drilling process,
mud weight is designed slightly higher than formation pressure. A high mud weight may
result in borehole problems such as loss of circulation, formation damage, pipe sticking,
and a reduction in penetration rate. While an inadequate mud weight may also induce well
collapse or instability issue because of the significant difference between formation and
hydrostatic pressure. Therefore, selecting an optimal mud weight during the mud design
stage is essential to achieve a successful drilling operation while being cost-effective.

The mud weight of all the studied samples is given in Figure 3 which reveals that the
concentration of GNP gave an insignificant effect on the mud weight of the studied samples.
It could be due to the negligible dimension of its particle size. It is well known that the mud
weight can be computed by dividing the sum of weights by the sum of volumes. In this
case, the mud weight measurements will not be influenced since the added nanoparticle
has a negligible weight. From Figure 3, the density of the control sample is 9.83 ppg which
is a common mud weight used during the initial stage of a drilling operation. The ability
of the mud to carry drilled cuttings is a key feature of mud density evaluation, as the
suspending mud has a buoyancy influence on the cuttings. The density increase is less than
0.2 ppg with the addition of graphene nanoplatelets at concentrations of 0.3–1.5 g, which
is considered a very minimal increase. The average mud weight was found 9.84 with a
standard deviation of 0.00756. Similar trends have also been observed in the literature [21].
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Figure 3. Response of GNP-Starch on the density of the formulated muds.

3.4. Rheological Properties

The addition of GNPs improved the rheological performance of WBM when utilized
with starch particles. Figures 4 and 5 show the rheological properties of the formulated
drilling muds, including plastic viscosity and yield stress.
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Figure 4. Response of GNP-Starch on the plastic viscosity (PV) of the formulated muds.
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3.4.1. Plastic Viscosity

The introduction of GNP enhanced PV because it caused flow resistance owing to
friction between the GNPs, other mud additives, and the mud’s liquid phase. The PV has
also increased as the concentration of solids in the drilling mud has increased. It is believed
that GNP has a higher PV because of friction between the nanoplatelets, micro additives,
and the mud’s liquid medium.

Figure 4 illustrates the PV for a water-based mud containing GNP and starch before
ageing (68 ◦F). The PV for base mud was recorded as 18 cP while it was increased to 19 cP
with the addition of 0.3 g of GNP. This corresponds to an increase of 5.56% in the PV. With a
further increase in concentration to 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4 and 1.5 g, the
percent increase in the PV was recorded as 5.6%, 16.7%, 22.2%, 27.8%, 27.8%, 38.9%, 50%,
61.1%, 61.1%, 72.2%, 88.9% and 94.4% respectively. This improvement in plastic viscosity is
most likely related to the degree of GNP dispersion, which influences the mud’s rheological
behavior. Lower plastic viscosity in non-payzone section emerges issues like poor cuttings
transport. Thus, sufficient PV is required to overcome the cuttings settling problems.
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In Figure 4, the influence of temperature on PV could be observed. The temperature
showed an inverse relationship with plastic viscosity of mud blends. It is due to the fact
that the cohesion and attraction forces between molecules reduces as temperature rises.
Internal energy is gained by the molecules, resulting in random particle movement. As a
result, the drilling fluid flows more easily.

When the temperature of the testing mud samples was increased to 250 ◦F, the plastic
viscosity of the base mud was increased to 22 cP which could be due to the increase in the
viscosity of the entire mud system because of the starch granule’s rupture. When compared
with the base mud, the percent increase in PV was recorded as 13.64% and 40.91% for 0.3
and 1.5 g GNP concentration.

With a further increase in the hot rolling temperature, the PV of the base mud was
reduced to 21 cP. This is due to the segregation of bentonite particles because of longer
exposure to high temperatures of 300 ◦F. However, with the addition of 0.5 g GNP, the PV
improved significantly to 22 cP. This could be due to the fact that starch molecules also
assist the GNP particles and keep them in a suspended form and maintain the viscosity
of the whole system. When heated, starch molecules become water soluble. This is due
to the starch swelling and rupturing because of the heat and water. The semi-crystalline
structure of the granule is destroyed, and smaller amylose molecules begin to leach out,
establishing a network that traps water and increases the viscosity of the mixture. This is
known as starch gelatinization. With the addition of more and more GNP, the viscosity
partially increased and finally 28.6% increase was observed with the addition of 1.5 g of
GNP. The PV of the drilling fluid is strongly dependent on the surface area of the particles
in the fluid. Owing to the large surface to volume ratio of GNP, the plastic viscosity also
enhanced. Although the viscosity values were not much higher as compared to the other
studied temperatures, but all the PV values were in API recommended range. Because
the current range of 300 ◦F is supposed to transport the cuttings and keep the solids in
suspension while drilling is ceased, this implies that the mud may flow more easily, and
the drilling operation will be considerably faster. As the higher the PV, the higher the
resistance in the mud, and hence the more power required to pump the mud [39].

It is obvious that the effect of GNPs solely as an additive in mud on improving
rheological properties is negligible. But when GNPs was added in the presence of starch, it
performed as a crosslinking agent and formed a stronger and more interconnected network
structure that improved the rheological parameters considerably. Moreover, the GNP
particles further supported the mud in terms of its thermal stability. Another reason for
this increase is the presence of water molecules in a heated environment that results in
the hydration of the starch granules [12]. The minimum friction between the GNP, other
additives, and the fluid was also considered to be the cause of the improved rheological
performance.

3.4.2. Yield Point

Drilling mud’s yield point (YP) refers to its capacity to carry drilled cuttings from the
subsurface to the surface. Drilling mud with a high YP value may deliver drilled cuttings
to the surface more effectively than drilling mud with a low YP value. On the other hand,
the high YP of drilling muds demands a massive proportion of pumping power, that results
in significant operational costs. Figure 5 demonstrates the response of the YP of selected
drilling mud formulations measured at room and high temperature conditions. The base mud
showed the YP values as 22, 26 and 24 (lb/100ft2) at 68 ◦F, 250 ◦F and 300 ◦F, respectively.
With the addition of GNP, the yield stress was increased to 26, 28 and 26 (lb/100ft2) for the
selected temperatures. This corresponds to percent increases of 18.18%, 7.69% and 8.33%. The
addition of GNP to the base mud enhanced the mud properties at 68 ◦F and 250 ◦F, however
the effect was less prominent when the sample was exposed to 300 ◦F. In all the temperatures,
it was observed that the yield stress values were in the API recommended range.
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The presence of well-dispersed GNP might result in a more uniform distribution of
other additives within the drilling fluid, giving polymers improved hydration and thereby
boosting the base fluid’s cuttings transport capacity.

Overall, the effect of starch and GNP on rheological properties revealed that adding
GNP to the base mud enhanced rheological parameters. On the other hand, increases in
temperature showed a detrimental impact on the rheological parameters. The mud samples’
rheological properties were reduced due to the disintegration of the three-dimensional
card house structure.

To evaluate drilling mud efficiency during well cleaning operations, the yield point
and plastic viscosity (YP/PV) relationship is considered an important parameter. A com-
bination of a lower plastic viscosity and a high yield point demonstrates the optimal
performance of the mud. It describes the viscosity influence on the well-cleaning oper-
ations that is a characteristic of the shear rate for the Bingham fluids. Furthermore, the
YP/PV ratio reflects the flow pattern of drilling muds, and a greater YP/PV ratio is needed
to increase the pseudo-plastic characteristics of drilling muds. Furthermore, it improves
cutting transportation efficiency, resulting in improved pump performance and an increase
in the optimal drilling rate.

Figure 6 illustrates that the base mud’s YP/PV ratio was reduced by 3.27 and 6.56%
following the hot roll at 250 ◦F and 300 ◦F respectively. The mud showed the highest YP/PV
value of 1.42 with GNP concentration of 0.4 g at 68 ◦F. After the mentioned concentration,
the value was reduced and showed a minimum value at 1.5 g. this shows that the cuttings
could be transported effectively to the surface at this concentration. With an increase in the
hot roll temperature to 250 ◦F, the 1.5 g GNP loading showed better hole cleaning efficiency.
It could be due to the increase in yield stress which showed better performance. Similarly,
at 300 ◦F, the 0.4 g GNP loading showed an optimal value for YP/PV. As a result, adding
GNP to the base mud increased the efficiency of the well-cleaning after the hot roll process.
When compared to other nanoparticles tested by many researchers, the effectiveness of
GNP was shown to be better in this study. Finally, the findings showed that adding GNP
to drilling mud improves and maintains its rheological parameters in high-temperature
environments. The statistical data showed a mean of 1.3, 1.2 and 1.1 for 68 ◦F, 250 ◦F and
300 ◦F respectively. Besides, he standard deviation was calculated as 0.12, 0.07 and 0.03 for
the studied temperature range.
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Figure 6. Response of GNP-Starch on the yield point/plastic viscosity (YP/PV).
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3.5. Filtration Properties

When developing a drilling mud system, it is particularly important to formulate
a drilling mud with a minimal filtrate loss. Higher fluid loss in a drilling operation
may result in the infiltration of drilling muds, resulting in borehole instability, which
may limit reservoir potential and productivity. On the other hand, GNP seems to have
potential as a fluid loss reducing agent for water-based mud. Experiments have shown
that combining GNP and starch reduces filtration loss in the formation. The greater
effect of starch-GNP was observed in the filtration capabilities of the formulated muds.
Figures 7 and 8 represent the filtrate volume and filtercake thickness reduction both at
room as well as at high temperature and high-pressure conditions (250 ◦F and 300 ◦F) for
different blends.
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Figure 7. Filtrate volume of formulated mud at ambient and high temperatures.
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3.5.1. Filtrate Volume

Figure 7 illustrates the performance of water-based mud in the presence of GNP on the
filtrate volume. The filtration tests were conducted at 500 psi, which is within an acceptable
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range of hydrostatic pressure (200–500 psi). In the base fluid without GNP, the obtained
filtrate loss was 14.5 mL at room temperature. Filtrate loss was found to be reduced when
GNP was added to the base mud at concentrations of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1,
1.2, 1.3, 1.4, and 1.5 g. The concentration showed a filtrate volume of 8.7, 7.4, 7.4, 7.3,
7.1, 7.1, 7, 6.9, 6.8, 6.6, 6.6, 6.5 and 6.5 mL. It can be seen that the addition of graphene
nanoplatelets has effectively reduced the filtrate loss up to 55.17% at room temperature
with a GNP concentration of 1.5 g. This is attributed to the fact that the added material has
been completely emulsified in the mud samples, thereby forming a stable mud suspension.

When the same samples were exposed to high pressure high temperature conditions
(250 ◦F and 500 psi), the filtrate volume was 17.3 mL for API filtration, while the GNP
addition reduced the volume in the order of 9.9, 8.7, 8.7, 8.5, 8.1, 8, 7.7, 7.6, 7.6, 7.7, 7.6,
7.5 and 7.5 mL for the selected GNP concentration. The lowest filtrate volume due to the
GNP was recorded as 7.5 mL, which shows its effectiveness as a fluid loss reducer in the
studied conditions. With a further increase in the temperature to 300 ◦F and keeping the
same pressure, it can be seen that the base fluid resulted in filtrate volume of 36 mL, which
corresponds to 51.4% increase when compared with the ambient temperatures. When 0.3 g
GNP was added to the base mud, it resulted in a decrease of 55% at the same conditions.
In addition, the 1.5 g GNP yielded a 9.5 mL fluid loss volume corresponding to 73.6%
decrease in the collected volume.

3.5.2. Filtercake Thickness

While designing a mud formulation, it is very important to ensure the generated
filtercake from the drilling mud is thin, smooth, and impermeable to avoid the associated
drilling problems such as drill bit sticking and formation damage. Figure 8 illustrates the
effect of GNP on the filtercake thickness in both ambient and high temperature conditions.
The findings revealed that the control sample showed a cake thickness of 3.74 mm. When
0.3 g of GNP was added to the base mud, the cake thickness was reduced to 2.99 mm which
is a decrease of about 20%. With the addition of 1.5 g, it showed a minimum filtercake
thickness of 1.44 mm, which corresponds to 61.5% decrease in its thickness.

Similarly, increasing the temperature of the base mud to 250 ◦F resulted in a higher
thickness of 5.2 mm, indicating that the proper network had not been developed to stop
the fluid flowing through the filter, resulting in the formation of a permeable cake that
allowed the fluid to pass through it. Because of the high temperature, the bentonite particles
disintegrated and lost their functions, whereas the starch granules retained some of the
particles due to their gelling ability at such a high temperature. When the temperature of
the cell was raised to 300 ◦F at the same pressure, the control sample showed a filtercake
thickness of 6.86 mm. This thickness is considered much greater and inadequate, allowing
the liquid part of the mud to filter through the medium. The addition of 0.3 g of GNP into
the sample resulted in a cake thickness of 4.99 mm, which is much better compared to the
base mud. This reduction in thickness corresponds to 27.3%. Because the smallest size of
GNP particles plugs the micro channels between the mud particles, resulting in blockage
of the channels. It is significant that each component in the mud system has a specific role.
For instance, the starch granules at higher temperatures increased the mud viscosity and
kept the GNP in a dispersed form, whereas the GNP helped to control the fluid loss by
plugging the micro-fractures in the filtercake.

From Figures 7 and 8, it seems that addition of the GNP decreases the fluid loss
volume and cake thickness even at a lower concentration. The is due to the repulsive forces
between the GNP and the bentonite that caused the filtrate volume to decline, preventing
particle aggregation while keeping the fluid in a well-distributed system at the same time.
The scattered non-coagulated structure of particles in the filtercake is compacted as a result
of the pressure applied in the filtration process, reducing the porosity and permeability of
the cake, resulting in a decrease in filtration loss volume.

Overall, the filtration behavior of GNP was superior to that of base mud in both
ambient and HPHT conditions. This improvement in filtration parameters is due to its
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better thermal stability, well-dispersibility and creation of a complex network structure
with other mud additives. Despite that, both starch and GNP enhanced the filtration
properties, but GNP performed better by plugging the micro-fractures and reducing the
filtrate volume. The trend of both API and HPHT filtration showed the same decreasing
trend with the addition of GNP to the base mud. Similar trends have been found by
other researchers [40–42]. These findings demonstrate that GNP might preserve polymer
characteristics in order to limit filtrate loss and, as a consequence, enhance drilling mud
efficiency after the hot roll process.

3.6. Comparative Analysis

To validate the accuracy of the current work, the experimental results were compared
with the latest research focused on nanoparticles utilization in WBMs. Table 4 summarizes
the results obtained in this work with other previously published papers. The rheological
properties in terms of PV and YP were found in API recommended range [43]. Both plastic
viscosity and yield point values were affected with the increase in the hot roll temperature
but still the values were found in the acceptable range. Additionally, the fluid loss volume
and filtercake thickness also showed significant decrease with the addition of GNPs. It was
observed from the current study that GNP in addition with starch significantly improved
the bentonite based mud properties.

Table 4. Comparative analysis of the literature and current study.

Author Nanoparticles Used PV, cP YP, lb/100ft2 FLV, mL FCT, mm

Alam, et al. [44] Iron oxide NPs ~20 ~35 ~6.1–7.2 -

Pakdaman, et al. [45] SiO2 NPs 17–27 10.2–14.8 3.2– 20.2 ~2.4

Aftab, Ismail and Ibupoto [25] GNPs 23 29.17 5.5–14 -

Perumalsamy, et al. [46] Esters and GNPs 5.20–12.20 4.40–18 7.40–20.60 -

Ahmed, et al. [47] Iron oxide NPs ~22–23 ~30–33 5.2–5.3 ~0.95–1.15

Ali, et al. [48] SiO2@ZnO@Xanthan
nanocomposite 10–22 30–37 5–10.2 0.3–3.5

Keshavarz Moraveji, et al. [49] Amorphous silica NPs 15–20 8–13 15.8–17.5 -

Hamad, et al. [50] Silica NPs 12–20 8–19 8.3–16.5 -

Current work GNPs 19–35 22–37 6.5–17.5 1.44–4.99

3.7. Filtercake Texture and Morphology

The texture of the mud filtercake is one of the elements to consider when assessing
the drilling mud’s performance. The type of additive used in the mud formulation controls
the features of the mud filter cake, such as smoothness or coarseness, as well as the
number of spaces and cracks. From the experimental work, it was noticed that the mud
filtercake developed by the GNP is comparatively smooth textured as compared to the
base mud at ambient temperature conditions. Likewise, the filtercake formed after HPHT
tests displayed a coarser filtercake of the base mud as compared to the GNP based mud
blends. This could be due to the disintegration of bentonite particles, resulting in a lumped
structure and keeping voids between bentonite particles. With the introduction of GNP, the
smoothness increased because of the covering of pore spaces between the particles. This
plugging is attributed to the smallest size of GNP that penetrate into the micro-pores of the
filter medium and filtercake.

Figure 9 illustrates the surface morphology of filtercake produced from the mud
samples. The filtercakes had a smooth and reduced thickness and showed minimum pores
for the passage of filtrate. The GNP created a strong network with starch granules that
limited the fluid flow. Although the starch in addition to GNP didn’t completely stopped
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the filtrate flow at higher temperatures but still an acceptable amount of fluid loss volume
has been obtained.
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4. Conclusions

The combined effect of graphene nanoplatelets and starch in bentonite-based mud has
been examined using a series of lab experiments. Due to the higher thermal stability, active
surface area and effective dispersion properties of GNP, these showed an improvement in
the rheological properties of water-based muds. The percent increase in plastic viscosity
was recorded as 94.4%, 47.6% and 33.3% for 68 ◦F, 250 ◦F and 300 ◦F, respectively. The
yield point was also enhanced from 22–37 lb/100ft2, 26–41 lb/100ft2 and 24–31 lb/100ft2

at the studied range which is a suitable range for cuttings transportation. The fluid loss
experiments revealed that the addition of GNP to the base mud assisted in the development
of a strong and rigid structure network created by its interaction with other additives,
which reduced mud sample filtration loss under both API and HPHT conditions. The
percent fluid loss was dramatically reduced as 55.2%, 56.6% and 73.6% at 68 ◦F, 250 ◦F
and 300 ◦F respectively. The filtercake thickness was also reduced upon adding the GNP
to the mud samples. Graphene nanoplates showed superior filtration properties even
at lower loadings. The morphological analysis showed that the GNP limited the filtrate
flow by plugging the channels created between other mud agents at high temperature
and pressure conditions. This study indicated that the use of GNP and tapioca starch in
lab-scale experiments resulted in significant improvements in mud properties. Therefore,
it is recommended to evaluate and compare these changes in mud characteristics in the
field-used mud against the laboratory-prepared mud. Furthermore, the effect of different
salt concentrations should be investigated in order to comprehend the combined effect of
the starch and GNPs.

Author Contributions: M.A. contributed in supervision, project administration and funding ac-
quisition. I.A. contributed in conceptualization, data curation, characterization, data analysis and
writing—original draft preparation. M.S.B.S. and M.A.I.B.M.F. equally contributed in experimental
work and analysis. A.Z. contributed in writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: The authors would like to thank YUTP-Grant No. 015LC0-085 and Ministry of Higher
Education, Malaysia-Grant No. FRGS/1/2020/TK0/UTP/02/3) for providing financial assistance
and Universiti Teknologi PETRONAS for providing the required facilities to conduct this research
work.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2021, 13, 2655 15 of 16

References
1. William, J.K.M.; Ponmani, S.; Samuel, R.; Nagarajan, R.; Sangwai, J.S. Effect of CuO and ZnO nanofluids in xanthan gum on

thermal, electrical and high pressure rheology of water-based drilling fluids. J. Petrol. Sci. Eng. 2014, 117, 15–27. [CrossRef]
2. Vryzas, Z.; Mahmoud, O.; Nasr-El-Din, H.; Zaspalis, V.; Kelessidis, V.C. Incorporation of Fe3O4 nanoparticles as drilling fluid

additives for improved drilling operations. In Proceedings of the International Conference on Offshore Mechanics and Arctic
Engineering, Busan, Korea, 19–24 June 2016; p. V008T011A040.

3. Darley, H.C.; Gray, G.R. Composition and Properties of Drilling and Completion Fluids; Gulf Professional Publishing: Houston, TX,
USA, 1988.

4. Amani, M.; Al-Jubouri, M.; Shadravan, A. Comparative study of using oil-based mud versus water-based mud in HPHT fields.
Adv. Pet. Explor. Dev. 2012, 4, 18–27.

5. Sulaimon, A.A.; Adeyemi, B.J.; Rahimi, M. Performance enhancement of selected vegetable oil as base fluid for drilling HPHT
formation. J. Petrol. Sci. Eng. 2017, 152, 49–59. [CrossRef]

6. Du, W.; Slaný, M.; Wang, X.; Chen, G.; Zhang, J. The Inhibition Property and Mechanism of a Novel Low Molecular Weight
Zwitterionic Copolymer for Improving Wellbore Stability. Polymers 2020, 12, 708. [CrossRef]

7. Dias, F.; Souza, R.; Lucas, E. Influence of modified starches composition on their performance as fluid loss additives in invert-
emulsion drilling fluids. Fuels 2015, 140, 711–716. [CrossRef]

8. Tavares, K.M.; Campos, A.d.; Mitsuyuki, M.C.; Luchesi, B.R.; Marconcini, J.M. Corn and cassava starch with carboxymethyl
cellulose films and its mechanical and hydrophobic properties. Carbohydr. Polym. 2019, 223, 115055. [CrossRef]

9. Zoveidavianpoor, M.; Samsuri, A. The use of nano-sized Tapioca starch as a natural water-soluble polymer for filtration control
in water-based drilling muds. J. Nat. Gas Sci. Eng. 2016, 34, 832–840. [CrossRef]

10. Caenn, R.; Darley, H.C.; Gray, G.R. Composition and Properties of Drilling and Completion Fluids; Gulf Professional Publishing:
Waltham, MA, USA, 2011.

11. Minaev, K.M.; Martynova, D.; Zakharov, A.S.; Sagitov, R.; Ber, A.A.; Ulyanova, O.S. Synthesis of Carboxymethyl Starch for
increasing drilling mud quality in drilling oil and gas wells. IOP Conf. Ser. Earth Environ. Sci. 2016, 43, 012071. [CrossRef]

12. Ali, I.; Ahmad, M.; Ganat, T. Development of a New Formulation for Enhancing the Rheological and Filtration Characteristics of
Low-Solids WBMs. J. Petrol. Sci. Eng 2021, 205, 108921. [CrossRef]

13. Talukdar, P.; Kalita, S.; Pandey, A.; Dutta, U.; Singh, R. Effectiveness of different Starches as Drilling Fluid Additives in Non
Damaging Drilling Fluid. Int. J. Appl. Eng. Res. 2018, 13, 12469–12474.

14. Nyeche, W.; Nmegbu, J.; Ifeoma, P. Drilling mud formulation using potato starch (Ipomoea batatas). J. Eng. Res. Appl. 2015, 5,
48–54.

15. Dankwa, O.; Appau, P.O.; Tampuri, M. Performance evaluation of local cassava starch flour as a secondary viscosifier and fluid
loss agent in water based drilling mud. Ghana Min. J. 2018, 18, 68–76.

16. Needaa, A.-M.; Pourafshary, P.; Hamoud, A.-H.; Jamil, A. Controlling bentonite-based drilling mud properties using sepiolite
nanoparticles. Pet. Explor. Dev. 2016, 43, 717–723.

17. Kusrini, E.; Oktavianto, F.; Usman, A.; Mawarni, D.P.; Alhamid, M.I. Synthesis, characterization, and performance of graphene
oxide and phosphorylated graphene oxide as additive in water-based drilling fluids. Appl. Surf. Sci. 2020, 506, 145005. [CrossRef]

18. Boehm, H. Some aspects of the surface chemistry of carbon blacks and other carbons. Carbon 1994, 32, 759–769. [CrossRef]
19. Cheraghian, G. Nanoparticles in drilling fluid: A review of the state-of-the-art. J. Mater. Res. Technol. 2021, 13, 737–753. [CrossRef]
20. Geim, A.K. Graphene: Status and Prospects. Science 2009, 324, 1530. [CrossRef]
21. Husin, H.; Elraies, K.A.; Choi, H.J.; Aman, Z. Influence of Graphene Nanoplatelet and Silver Nanoparticle on the Rheological

Properties of Water-Based Mud. Appl. Sci. 2018, 8, 1386. [CrossRef]
22. Cheraghian, G.G.; Afrand, M. Nanotechnology for drilling operations. In Emerging Nanotechnologies for Renewable Energy; Elsevier:

Kidlington, UK, 2021; pp. 135–148.
23. Ismail, A.; Rashid, M.; Thameem, B. Application of nanomaterials to enhanced the lubricity and rheological properties of water

based drilling fluid. Proc. IOP Conf. Ser. Mater. Sci. Eng. 2018, 380, 012021. [CrossRef]
24. Parizad, A.; Shahbazi, K.; Ayatizadeh Tanha, A. Enhancement of polymeric water-based drilling fluid properties using nanoparti-

cles. J. Petrol. Sci. Eng. 2018, 170, 813–828. [CrossRef]
25. Aftab, A.; Ismail, A.R.; Ibupoto, Z.H. Enhancing the rheological properties and shale inhibition behavior of water-based mud

using nanosilica, multi-walled carbon nanotube, and graphene nanoplatelet. Egypt. J. Pet. 2017, 26, 291–299. [CrossRef]
26. Taha, N.M.; Lee, S. Nano graphene application improving drilling fluids performance. In Proceedings of the International

Petroleum Technology Conference, Doha, Qatar, 6 December 2015.
27. Ridha, S.; Ibrahim, A.; Shahari, R.; Fonna, S. Graphene nanoplatelets as high-performance filtration control material in water-based

drilling fluids. IOP Conf. Ser. Mater. Sci. Eng. 2018, 352, 012025. [CrossRef]
28. Rana, A.; Saleh, T.A.; Arfaj, M.K. Improvement in rheological features, fluid loss and swelling inhibition of water-based drilling

mud by using surfactant-modified graphene. In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference,
Abu Dhabi, United Arab Emirates, 11 November 2019.

29. Ponmani, S.; Nagarajan, R.; Sangwai, J.S. Effect of nanofluids of CuO and ZnO in polyethylene glycol and polyvinylpyrrolidone
on the thermal, electrical, and filtration-loss properties of water-based drilling fluids. SPE J. 2016, 21, 405–415. [CrossRef]

http://doi.org/10.1016/j.petrol.2014.03.005
http://doi.org/10.1016/j.petrol.2017.02.006
http://doi.org/10.3390/polym12030708
http://doi.org/10.1016/j.fuel.2014.09.074
http://doi.org/10.1016/j.carbpol.2019.115055
http://doi.org/10.1016/j.jngse.2016.07.048
http://doi.org/10.1088/1755-1315/43/1/012071
http://doi.org/10.1016/j.petrol.2021.108921
http://doi.org/10.1016/j.apsusc.2019.145005
http://doi.org/10.1016/0008-6223(94)90031-0
http://doi.org/10.1016/j.jmrt.2021.04.089
http://doi.org/10.1126/science.1158877
http://doi.org/10.3390/app8081386
http://doi.org/10.1088/1757-899X/380/1/012021
http://doi.org/10.1016/j.petrol.2018.06.081
http://doi.org/10.1016/j.ejpe.2016.05.004
http://doi.org/10.1088/1757-899X/352/1/012025
http://doi.org/10.2118/178919-PA


Polymers 2021, 13, 2655 16 of 16

30. Gamal, H.; Elkatatny, S.; Basfar, S.; Al-Majed, A. Effect of pH on rheological and filtration properties of water-based drilling fluid
based on bentonite. Sustainability 2019, 11, 6714. [CrossRef]

31. Xia, S.; Zhang, L.; Davletshin, A.; Li, Z.; You, J.; Tan, S. Application of Polysaccharide Biopolymer in Petroleum Recovery. Polymers
2020, 12, 1860. [CrossRef]

32. Parizad, A.; Shahbazi, K.; Tanha, A.A. SiO2 nanoparticle and KCl salt effects on filtration and thixotropical behavior of polymeric
water based drilling fluid: With zeta potential and size analysis. Results Phys. 2018, 9, 1656–1665. [CrossRef]

33. Cameron, C. Drilling fluids design and management for extended reach drilling. In Proceedings of the SPE/IADC Middle East
Drilling Technology Conference, Bahrain, 22–24 October 2001.

34. Ikuta, D.; Kawame, N.; Banno, S.; Hirajima, T.; Ito, K.; Rakovan, J.F.; Downs, R.T.; Tamada, O. First in situ X-ray identification of
coesite and retrograde quartz on a glass thin section of an ultrahigh-pressure metamorphic rock and their crystal structure details.
Am. Mineral. 2007, 92, 57–63. [CrossRef]

35. Mohammed, A.S. Electrical resistivity and rheological properties of sensing bentonite drilling muds modified with lightweight
polymer. Egypt. J. Pet. 2018, 27, 55–63. [CrossRef]

36. Vipulanandan, C.; Mohammed, A.S. Hyperbolic rheological model with shear stress limit for acrylamide polymer modified
bentonite drilling muds. J. Petrol. Sci. Eng. 2014, 122, 38–47. [CrossRef]

37. Gournis, D.; Lappas, A.; Karakassides, M.; Többens, D.; Moukarika, A. A neutron diffraction study of alkali cation migration in
montmorillonites. Phys. Chem. Miner. 2008, 35, 49–58. [CrossRef]

38. Chisholm, J.I.M. Comparison of Quartz Standards for X-ray Diffraction Analysis: HSE A9950 (Sikron F600) and NIST SRM 1878.
Ann. Occup. Hyg. 2005, 49, 351–358. [CrossRef]

39. Hong, S.H.; Jo, H.J.; Choi, M.-J.; Jang, H.W.; Kim, Y.J.; Hwang, W.R.; Kim, S.Y. Influence of MoS2 Nanosheet Size on Performance
of Drilling Mud. Polymers 2019, 11, 321. [CrossRef]

40. Fakoya, M.; Shah, S. Enhancement of filtration properties in surfactant-based and polymeric fluids by nanoparticles. In
Proceedings of the SPE Eastern Regional Meeting, Charleston, WV, USA, 21–23 October 2014.

41. Kosynkin, D.V.; Ceriotti, G.; Wilson, K.C.; Lomeda, J.R.; Scorsone, J.T.; Patel, A.D.; Friedheim, J.E.; Tour, J.M. Graphene Oxide as
a High-Performance Fluid-Loss-Control Additive in Water-Based Drilling Fluids. ACS Appl. Mater. Interfaces 2012, 4, 222–227.
[CrossRef]

42. Aramendiz, J.; Imqam, A. Silica and Graphene Oxide Nanoparticle Formulation To Improve Thermal Stability and Inhibition
Capabilities of Water-Based Drilling Fluid Applied to Woodford Shale. SPE Drill. Completion 2020, 35, 164–179. [CrossRef]

43. SPEC. 13A, Specification for Drilling Fluids–Specifications and Testing; API: Washington, DC, USA, 2010.
44. Alam, M.S.; Ahmed, N.; Salam, M.A. Study on rheology and filtration properties of field used mud using iron (III) oxide

nanoparticles. Upstream Oil Gas Technol. 2021, 7, 100038. [CrossRef]
45. Pakdaman, E.; Osfouri, S.; Azin, R.; Niknam, K.; Roohi, A. Improving the rheology, lubricity, and differential sticking properties

of water-based drilling muds at high temperatures using hydrophilic Gilsonite nanoparticles. Colloids Surf. A 2019, 582, 123930.
[CrossRef]

46. Perumalsamy, J.; Gupta, P.; Sangwai, J.S. Performance evaluation of esters and graphene nanoparticles as an additives on the
rheological and lubrication properties of water-based drilling mud. J. Petrol. Sci. Eng. 2021, 204, 108680. [CrossRef]

47. Ahmed, N.; Alam, M.S.; Salam, M.A. Experimental analysis of drilling fluid prepared by mixing iron (III) oxide nanoparticles with
a KCl–Glycol–PHPA polymer-based mud used in drilling operation. J. Pet. Explor. Prod. Technol. 2020, 10, 3389–3397. [CrossRef]

48. Ali, J.A.; Kolo, K.; Sajadi, S.M.; Hamad, K.H.; Salman, R.; Wanli, M.; Manshad, A.K.; Hamad, S.M.; Raihana, B.; Hama, S.M.
Modification of rheological and filtration characteristics of water-based mud for drilling oil and gas wells using green SiO2@
ZnO@ Xanthan nanocomposite. IET Nanobiotechnol. 2019, 13, 748–755. [CrossRef]

49. Keshavarz Moraveji, M.; Ghaffarkhah, A.; Agin, F.; Talebkeikhah, M.; Jahanshahi, A.; Kalantar, A.; Amirhosseini, S.F.; Karimifard,
M.; Mortazavipour, S.I.; Sehat, A.A.; et al. Application of amorphous silica nanoparticles in improving the rheological properties,
filtration and shale stability of glycol-based drilling fluids. Int. Commun. Heat Mass Transfer. 2020, 115, 104625. [CrossRef]

50. Hamad, B.; Xu, M.; Liu, W. Performance of environmentally friendly silica nanoparticles-enhanced drilling mud from sugarcane
bagasse. Part. Sci. Technol. 2019, 1–12. [CrossRef]

http://doi.org/10.3390/su11236714
http://doi.org/10.3390/polym12091860
http://doi.org/10.1016/j.rinp.2018.04.037
http://doi.org/10.2138/am.2007.2228
http://doi.org/10.1016/j.ejpe.2017.01.002
http://doi.org/10.1016/j.petrol.2014.08.004
http://doi.org/10.1007/s00269-007-0197-z
http://doi.org/10.1093/annhyg/meh095
http://doi.org/10.3390/polym11020321
http://doi.org/10.1021/am2012799
http://doi.org/10.2118/193567-PA
http://doi.org/10.1016/j.upstre.2021.100038
http://doi.org/10.1016/j.colsurfa.2019.123930
http://doi.org/10.1016/j.petrol.2021.108680
http://doi.org/10.1007/s13202-020-00933-1
http://doi.org/10.1049/iet-nbt.2018.5205
http://doi.org/10.1016/j.icheatmasstransfer.2020.104625
http://doi.org/10.1080/02726351.2019.1675835

	Introduction 
	Materials and Methods 
	Materials 
	Chemical Composition and Characterization of Bentonite 
	Preparation of Mud Samples 
	Determination of Mud Density 
	Measurement of Rheological Properties 
	Measurement of Filtration Properties 
	Thermal Ageing 

	Results and Discussion 
	X-ray Diffraction (XRD) of Bentonite and Graphene Nano Platelets (GNP) 
	Morphology of GNP 
	Density of Mud 
	Rheological Properties 
	Plastic Viscosity 
	Yield Point 

	Filtration Properties 
	Filtrate Volume 
	Filtercake Thickness 

	Comparative Analysis 
	Filtercake Texture and Morphology 

	Conclusions 
	References

