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Abstract

Drilling fluids are crucial for the safe and effective extraction of hydrocarbons from deep petroleum reserves. Lubricating,
suspending, and conveying drilled cuttings to the surface are some of the functions of drilling fluids. Their performance
depends on lubricity, fluid loss (FL) control, and rheology. Nanoparticles (NPs) have emerged in the oil and gas industry as an
efficient fluid additive to modify and stabilize the properties of drilling fluids. NPs are thermally, chemically, and physically
stable in drilling fluids; however, field data show they are inefficient at reducing drill string wear. Graphene nanoplatelets
(GNPs) are now a useful drilling fluid agent because of their small particles with high specific surface area, good dispersion,
high thermal and electrical stability, and their ability to lower stress and wear on the drill string. Thus, this study examined
GNPs in drilling fluids, including surface modification methods and their effects on rheology, FL. management, and lubricity.
The unique properties of GNPs that make them a potential game-changer in drilling fluid are highlighted. The techniques
used to modify GNP surfaces to improve drilling fluid compatibility, stability, and dispersion were also addressed. The
broad study of laboratory GNP-modified drilling fluids is the central focus of this review. A scrutiny of the mechanisms
by which GNPs influence the rheological behavior of drilling fluids and their impact on drilling efficiency and wellbore
stability was also highlighted. Beyond laboratory tests, GNP’s real-world applications and commercialization possibilities
were examined, taking economic and environmental considerations into account. Comparative examination of methods and
results helps optimize GNP-enhanced drilling fluids. Small concentrations of GNPs (0.1-2.5 g) increased the base fluid
lubricity and rheology. They also reduced the FL by 40-89%. Due to hydroxyl groups on clay surfaces, GNP has a strong
affinity for organophilic clays. The challenges and limitations of GNP-modified drilling fluids were highlighted, along with
future research directions. Finally, using GNPs as a fluid modification agent may improve drilling fluid lubricity, FL control,
and rheology. These attributes will improve oil and gas drilling safety and efficiency. This review consolidates information
and lays the groundwork for this growing field’s study and innovation.
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Abbreviations

API American petroleum institute
APTS 3-Aminopropyl! triethoxysilane
CNFs Cellulose nanofibers

CNTs Carbon nanotubes

CoF Coefficient of friction

CTAB Cetyl triammonium bromide

CVD Chemical vapor deposition

FL Fluid loss

FTIR Fourier transform infrared spectroscopy
GNPs Graphene nanoplatelets

GS Gel strength

HOPG Highly oriented pyrolytic graphite
HPHT High pressure and high temperature
KOH Potassium hydroxide

LPLT Low pressure and low temperature
LPE Liquid-phase exfoliation

MGNF Multilayered graphene nanoflakes
MWCNTs Multi-walled carbon nanotubes

MW-PECVD Microwave plasma-enhanced chemical vapor
deposition

NDG Nitrogen-doped graphene
N,O4 Dinitrogen tetroxide

NPs Nanoparticles

NS Nanosilica

OBM Oil-based muds

°C Degree celsius

° Degrees

PEG Polyethylene glycol

PEI Polyethylenimine

pH Hydrogen potential
PECVD Plasma-enhanced chemical vapor deposition
PFLG Planar few layer graphene

PV Plastic viscosity

SDBS Sodium dodecyl benzene sulfate
SDS Sodium dodecyl sulfate

TEM Transmission electron microscopy
WBM Water-based muds

YP Yield point

VAY Zeta potential
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1 Introduction

The most crucial factor in drilling operations is the drilling
fluid, and the effectiveness of the drilling fluid has a direct
bearing on any drilling operation’s success [1]. Oil-base mud
(OBM) is very effective in drilling high-temperature zones,
shale formation, salt gypsum formation, and over-pressured
formation. This is due to its rheological properties, good
lubricating characteristics, low formation damage potential,
excellent wellbore stability at high temperatures, and effec-
tiveness against corrosion [2, 3]. However, higher toxicity,
additional treatment cost before disposal, strict government
regulation for onshore and offshore disposal of waste, kick
detection problem, difficult lost circulation remediation and
reduced effectiveness of some logging tools has limited the
applicability of OBM. Water-based mud (WBM) has been
commonly used in lieu of OBM because it is relatively
inexpensive and easy to treat. Nevertheless, WBM has its lim-
itations, which are the low rate of penetration, clay hydration,
shale problems, and unstable wellbore [4]. Polymers have
been used to improve the properties of WBM owing to their
viscoelastic properties, rapid formation of gels at low shear
rate and high shear stress which are desirable during drilling
operations. But the increase in thermal gradient with depth
of a well causes degradation of the polymer macromolecules
resulting in loss of the vital properties of polymers [5, 6].
Over the past years, nanotechnology has become more
prevalent and is being used in more areas of the oil and
gas industry [7, 8]. Laboratory studies and field application
have demonstrated that nanoparticles (NPs) can inhibit shale
hydration, enhance the filtration and rheological properties
of drilling mud and still retain their properties at high temper-
ature and pressure [9, 10]. Graphene nanoplatelets (GNPs)
are of interest due to their high specific surface area, tiny size,
plate-like shape, superior high aspect ratio, thermal, electri-
cal, mechanical, and chemical stability. They are viewed as
the next-generation nanomaterial for the oil and gas industry
[11]. Besides, GNPs low cost over graphene and modified
graphene has made it one of the most sought-after nano-
materials [11]. For instance, Ridha et al. [12] evaluated the
effectiveness of GNPs as a filtration material in WBM. They
reported that GNPs showed excellent filtration properties at
high temperatures compared to nanosilica. In similar vein,
Arain et al. [13] formulated a novel OBM enhanced with
GNPs and investigated its performance at high temperatures.
GNPs improved the plastic viscosity (PV) and yield point
(YP) of the OBM by 11% and 42%, respectively.
Furthermore, GNPs have the potential to improve oil
well cement durability by modifying the microstructure of
the hydration product within the cement, thereby increasing
the mechanical strength of oil well cement. For example,
Alkhamis and Imqam [14] utilized GNPs to reduce gas
leakage and improve wellbore integrity by improving the
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compressive and tensile strengths by 10% and 30%, respec-
tively. Also, GNPs can abate the impact of mud residues on
the bonding strength of oil well cement. Tabatabaei et al.
[15] modified the surface of GNPs to limit the deteriorating
impact of OBM on oil-well cement bonding. The experimen-
tal results indicate that the GNPs inhibited the impact of mud
residues at the interface and increased the bonding strength.

GNPs have been used as additives in drilling fluid [11-13],
as well as in oil well cement [14, 15] and in the field [9].
All of these studies showed that GNPs worked very well to
improve processes. In recent studies, researchers have syn-
thesized NPs that are safe for the environment using the green
approach [11]. An attempt was made by Srivastava et al.
[16] to synthesize manganese oxide NPs from plant extract,
while Aftab et al. [17], synthesized Tween 80 and zinc oxide
nanocomposite. It was shown that these NPs improved ther-
mal stability, improved rheology, and reduced fluid loss (FL)
in both studies. There are numerous additives used in the
drilling industry that contribute to the performance of drilling
fluids. The materials have, however, been found to pose a
threat to the environment and the workforce operating on
the site. Drilling fluid additives are currently being investi-
gated on the basis of two criteria: first, offering the properties
required of drilling fluids; and second, being environmentally
friendly, biodegradable, and sustainable.

Furthermore, engineers are in search of drilling fluids that
are not only physically, chemically, and thermally stable but
also have all the drilling fluid characteristics that will avoid
blocked pipe accidents, protect the formation, reduce bit or
drill string wear, and make the drilling operation easier. The
reason for such demands is the increasing complexity of
drilling operations over time. Engineers are currently explor-
ing and extracting hydrocarbons from ultra-deep strata where
temperatures and pressures are very high. Aside from stabi-
lizing drilling fluids, NPs are ecologically friendly due to
the small amount of their tiny particles employed in the
drilling fluids. In theory, NPs are compatible with WBM and
contribute greatly to mud stability. Furthermore, dispersion
forces, including electrostatic attraction and Van der Waals
forces, are effective in WBM. These forces greatly aid in
the dispersion of NPs in the fluid system, allowing them to
fulfil their intended goal [15]. As a result, a thorough exam-
ination of GNP synthesis, modification, and use in oil well
drilling and completion operations may provide additional
information on NPs for process improvement in the oil and
gas industry. It will also supplement current knowledge and
address the knowledge gaps on GNP-based drilling fluid.

Herein, a comprehensive review of the modification of
GNPs during oil well drilling and completion is presented.
Likewise, the feedstock for the synthesis of GNPs was
discussed for chemists, pharmacists, material, chemical,
mechanical, and petroleum engineers from academia and
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industry to have a critical stance on how various parame-
ters influence the synthesis and modification of GNPs. Thus,
the methods of synthesizing GNPs were discussed. Subse-
quently, GNP surface modification methods were examined.
Likewise, the application of GNPs in oil well drilling and
completion was reviewed. Finally, the challenges encoun-
tered have opened new opportunities for research and are
highlighted in detail.

The rest of this review is structured as follows: The
subsequent section focused on GNP synthesis methods
like mechanical exfoliation, oxidative exfoliation-reduction,
liquid-phase exfoliation (LPE), chemical vapor deposition
(CVD), and feedstock for these synthesis methods. Surface
modification methods such as elemental doping, covalent,
and noncovalent surface modification were discussed there-
after. The next section depicts the factors influencing surface
modification. Application of GNPs in oil well drilling and
completion was presented, and a review of the important
results and conclusions from recent studies was evaluated
afterward. Finally, the challenges, projections, and forth-
coming trend of GNP modification and application were
highlighted. The overview of this study is illustrated in Fig. 1.
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2 Graphene Nanoplatelets (GNPs)

Graphene is widely regarded as the revolutionary material
of the twenty-first century because of its unique properties.
This is a single graphite monolayer, the thickness of which
is one atom (0.34 nm), but its lateral size could be several
orders of magnitude greater. The material has few graphite
layers, varying in thickness from 0.7 to 100 nm [18]. GNPs
are stacks of graphene layers in a two-dimensional form and
so are called two-dimensional nanosheets [19]. In addition
to having excellent electrical, mechanical, and thermal con-
ductivity due to their atomic structure (Fig. 2), GNPs exhibit
high aspect ratios [20]. Carbon nanotubes (CNTs), carbon
nanofibers (CNFs), graphene, and other advanced materials,
such as active carbon (carbon black), will become increas-
ingly important as the effort to overcome the major continues.
Several synthesis techniques have been used to produce ideal
graphene sheets that are highly ordered, have outstanding
surface areas (2630 m> g~ '), exhibit high Young’s modulus
(1 TPa), have high thermal conductivity (5000 Wm K,
are chemically durable and have high electron mobility (2.5
105 cm? V~! s71) [21]. Despite its low absorption ratio of
2.3% of white light, intrinsic GNP is considered a semimetal
or zero gap semiconductor because of its peculiar electronic
properties [22]. Experimental measurements have shown a
remarkable increase in electron mobility at room tempera-
ture, exceeding 15,000 cm? V—! s~ 1. This resistivity is lower
than that of silver, which is considered the lowest resistible
substance at room temperature [23].

Biodegradation, flexible electronic devices, spintronics,
photonics, optoelectronics, sensors, energy storage and con-
version, and biomedical have all been studied with graphene
for various applications [24, 25]. Graphene has robust elec-
trical properties along with high optical transparency and
flexibility that make it a great candidate for touch screens, lig-
uid crystal displays (LCDs), photovoltaic cells, and organic
light-emitting diodes (OLEDs) [23]. In addition to its poten-
tial as a nanomaterial, graphene has potential applications

@ Springer

Graphene nanoplatelets

in the fields of nanoelectronics, molecular separation, com-
posite additives, catalysis, nanosensors, and transport [26,
27]. The oil and gas industry is still developing graphene’s
presence despite its extensive use in many fields.

It is possible to fabricate nanostructures by using both
top—down and bottom—up approaches [21]. Bottom-up syn-
thesis refers to piling atoms on top of one another to
synthesize nanostructures. Stacking crystal planes gener-
ates nanostructures by stacking them on top of one another
[23-25]. By combining the building blocks with the sub-
strate, a bottom-up method is able to form complex nanos-
tructures. By using top-down synthesis, the bulk material is
carved or cut into nano-sized particles with appropriate prop-
erties [28]. Bottom-up approaches are more advantageous
than top—down approaches because they are likely to produce
nanostructures with fewer defects, more consistent chemical
alignment, and improved short-range and long-range orga-
nization. In a wide variety of products such as electronics,
displays, paints, batteries, micro-machined silicon sensors
and catalysts, NPs are expected to provide the performance
improvements that they are already known for [29, 30].

2.1 GNPs Synthesis

A graphene atom is arranged in a two-dimensional hon-
eycomb lattice and is one of the allotropes of elemental
carbon. As a new material, it offers a number of intrigu-
ing properties that may have potential for future applications
and composite industries [31, 32]. Through different routes,
graphite has been converted into graphene-like structures,
GNPs (quasi 2D), and wrinkled graphene (2D). Graphene
with more than ten layers is known as GNPs or multi-layer
graphene. Graphite, on the other hand, has more than 100
layers. A number of methods have been used to produce
GNPs from crystalline graphite, including acid intercala-
tion [33], intercalation-exfoliation [34] and LPE [35]. It was
demonstrated that single and multiple layered graphite can be
formed by the thermal decomposition of carbon on platinum
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substrates, marking the start of the monolayer GNPs synthe-
sis [36]. It was found that these sheets failed to have consistent
properties across different crystal planes of platinum, and
there was no identification of beneficial applications for this
product at that time, so it was not extensively studied. GNP
are advantageous as they are less expensive and easier to pro-
duce than CNTs or single layer graphene [37]. In composite
synthesis, uniform dispersion and effective use of secondary
phases are two of the most challenging problems. There is
no comparison between single layer graphene and CNTs
when it comes to dispersibility of GNPs. CNTs are prone
to tangles during dispersion and single-layer graphene curls
during dispersion. The high surface area inherent in GNPs
geometry makes it particularly promising for creating strong
interfacial bonds with the matrix [38]. Graphite mesas were
mechanically exfoliated to isolate GNPs as the first steps in
the isolation process [39]. GNPs can be produced using this
method at small scales, but large-scale production is not pos-
sible. There have been several reported synthetic methods
for GNPs in the literature to overcome this shortcoming [18,
40-42].

2.2 GNPs Synthesis Methods

As a result of GNPs promising properties, nanocomposite
materials research has increased significantly [43]. Although
there are 2D materials being developed, large-scale man-
ufacturing systems are still lacking [21]. It is difficult for
the system to operate because of low production rates and
high costs of graphene [44—46]. The cost of graphene needs
to be competitive with those of current materials in order
to successfully be applied in industry. Developing synthe-
sis processes that are affordable, highly reliable, scalable,
and produce high yields and quality is a major challenge.
The accessibility, process ability, large-scale production,

Reduced
Graphene

LThermaI] ‘ Plasma 1

Oxide

and low cost of GNPs have led to their use as substitut-
ing materials [47, 48] to address these issues. Cataldi et al.
[19] refer to GNPs as 2-D nanosheets composed of stacked
graphene layers. Sengupta et al. [49] indicated that GNPs
are a good replacement for nanostructured fillers in material
science. In most cases, LPE is used to obtain the material.
Aside from microwave radiation exposure, shear exfolia-
tion, ball-milling, and wet-jet milling are also methods of
producing acid-intercalated graphite [20, 50]. Due to their
atomic structure, GNPs are excellent conductors of electri-
cal, mechanical, and thermal energy [20].

There are two main approaches to the synthesis of
GNPs: top-down (destruction) and bottom-up (construction)
[51, 52] as illustrated in Fig. 3. Top—down methods such
as mechanical exfoliation [21], arc discharge [53], oxida-
tive exfoliation-reduction [54, 55], LPE [56, 57] and CNT
unzipping [53, 58] are typically effective in isolating and de-
laminating graphite layers to produce GNPs with a single, bi-
and few layers. The method destroys larger precursors, such
as graphite and other carbon-based precursors, to produce
GNPs that is nanoscale. Bottom-up methods utilize carbon
sources other than graphite to synthesize GNPs and its deriva-
tives. GNPs are constructed from precursors of atomic size
using these methods. In addition to CVD and epitaxial growth
[59, 60], other methods of bottom-up synthesis include the
template route [61] and total organic synthesis [62].

2.2.1 Mechanical Exfoliation

It is possible to categorize mechanical exfoliation by direc-
tional routes, such as normal force vectors and shear force
vectors as seen in Fig. 4. Among the recent studies on the
normal force synthesis route is the peeling of graphite using
advanced machinery of ultra-sharp single crystal diamond
wedges [63]. A valuable advantage of this method is that it
eliminates manual operation, as well as reducing labor costs

@ Springer
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Fig. 4 Mechanical exfoliation of GNPs

and time. GNPs of 1.13-1.41 nm were produced using a
three-roll mill machine, which has been a technique used
in the rubber industry [64, 65]. Cleavage and exfoliation
are mechanical or chemical techniques to separate GNPs
sheets by breaking the bonds between them. Viculis et al.
[46] made an attempt to form dispersion of carbon sheets
by intercalating potassium metal between graphite sheets
and exfoliating them with ethanol. After sonication, the
exfoliated nanocarbon sheets formed nanoscrolls. Accord-
ing to transmission electron microscopy (TEM) analysis,
each sheet contained 40 £ 15 layers. While these car-
bon nanosheets were much thicker than GNPs, the method
demonstrated that graphene layers can also be separated
from graphite in practice [66]. Lapshin [67] observed box-
shaped graphene nanostructure using mechanical cleavage of
highly oriented pyrolytic graphite (HOPG). A result having
a quadrangular cross section was observed, the nanostruc-
ture consists of parallel hollow channels arranged in layers
along its surface, and an approximate 1-nm-thick channel
wall/facets are present. Through mechanical cleavage of
graphite, Jayasena and Subbiah [63] synthesize a few layer
GNPs using an ultra-sharp single crystal diamond wedge.
This process is capable of synthesizing GNPs layers with
small areas in few microns, according to the obtained layers.

Despite its rapid development and characterization, pris-
tine graphene cannot be produced by mechanical exfoliation
in enough quantities for most applications that require larger
quantities of the material. As a result, alternative methods
of producing graphene are required to ensure its wide distri-
bution at large scales. The production of graphene has been
facilitated by several alternative technologies in recent years.
It has been shown that CVD on metallic catalysts can be
used for patterned growth of graphene, which is particularly
useful for applications that require a thin, highly conduc-
tive graphene material containing several layers [68-70].
Graphite can be directly exfoliated to produce graphene with
low defect ratios [18, 71-74]. Though they are beneficial

@ Springer

in bulk applications where graphene is a component within
a mixture, they are constrained by huge size and thickness
distributions.

2.2.2 Oxidative Exfoliation-Reduction

In addition to Brodie’s route, Staudenmaier’s route, Hof-
mann’s route, and Hummers’ route, there are four main routes
for synthesizing GNPs. As shown in Fig. 5, these methods
exhibit reaction pathways that occur at temperatures lower
than 100 °C [54, 75]. Maintaining a relatively low synthesis
temperature can result in low production costs. Neverthe-
less, toxic gases are generated by these methods, including
nitrogen dioxide (NO») and dinitrogen tetroxide (N2O4) [76,
77]. Therefore, environmental costs and process safety must
be considered during process scaling. Since graphite interca-
lation compounds are incorporated into the graphite during
oxidation, the distance between layers increases from 0.335
to 0.625 nm, or greater [78]. A high degree of hydrophilicity
of GNPs, owing to its oxygen-containing functional groups,
allows it to dissolve in a broad range of solutions, including
water, ethylene glycol, N-methyl-2-pyrrolidone (NMP), or
tetrahydrofuran (THF) [79, 80].

One of the most effective processes for the low-cost,
mass manufacturing of graphene has been thought to involve
oxidative exfoliation of natural graphite by acid treatment and
subsequent chemical reduction. However, the harmful strong
acids (such as HySO4 and HNO3), oxidants (such as KMnQOy,
K»S,0g, and Hy0,), as well as the carcinogenic reduc-
tant hydrazine (other reductants have also been utilized), are
used in significant quantities during the process. Addition-
ally, due to the severe oxidation conditions utilized, graphene
sheets generated through oxidation—reduction are often tiny
in size and contain many flaws. Furthermore, the reduc-
tion process results in very hydrophobic graphene sheets
that have a propensity to clump irreversibly, which signif-
icantly impedes their manufacture, storage, and processing.
The unusual structure of graphene is generally known to
be the source of its exceptional characteristics. As a result,
keeping the qualities of graphene depends on protecting its
structure. It is vitally necessary to develop new methods for
producing graphene in big quantities with good qualities.

2.2.3 Liquid Phase Exfoliation (LPE)

The surface energy, surface tension, Hildebrand solubility
and Hansen solubility parameters determine which solvent
is most appropriate for LPE since it exfoliates graphite by
overcoming van der Waals forces [52, 65]. The LPE synthesis
method has been used for GNPs production since 2008, and
is one of the widely used methods to synthesis the material
[74]. The LPE synthesis process involves three main steps:
dispersion of graphite in a suitable solvent, exfoliation, and
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Fig.6 Liquid-phase exfoliation of graphene nanosheets [267]

purification [81] as shown in Fig. 6. The LPE of graphene has
been studied with more than 40 types of solvents by [82]. Not
only can GNPs products be produced in a very small volume
of solvent with the information obtained, but it is also feasible
to use it to make high concentrations of GNPs products. The
process can also be scaled up by selecting solvents that are

less hazardous, less expensive, and more stable to disperse
GNPs.

Sonication
[ probe

S\ Graphene
AN

B s! o4 =

L > — -

Sz W Graphite

Flake production Sorting by size

The novel method Hernandez et al. developed involves
dispersion and exfoliation of pure graphite in N-methyl-
pyrrolidone after weighing the pros and cons of the LPE
process [74]. Further processing could increase monolayer
yield to 12 wt% from 1 wt%. Solvent-graphene interac-
tions countered the energy required to exfoliate graphite into
graphene by having similar surface energies as graphene,
as the solvent was similar in surface energy to graphene.
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Large-scale graphene production can be achieved through
this liquid-based exfoliation of graphite in organic solvents.
According to Lotya et al. [83], graphite powder was dis-
persed in sodium dodecyl benzene sulfate (SDBS) and then
exfoliated using sonication to yield single- or few-layered
graphene [83]. In addition to Si and Samulski [84], Tung
et al. [85], Tung et al. [86], Nethravathi and Rajamathi [87],
many other attempts were made to produce graphene either
from graphite or graphite oxide powder.

A recent modification has allowed the large-scale produc-
tion of graphene through LPE, which is a process that has
shown good promise for synthesizing graphene on a large
scale. As a result of oxidation and reduction processes, the
structure of the LPE graphene has lots of defects, which
results in very poor structural properties. For this process to
reach industrial scale production, future improvements must
focus on controlling layers and reducing impurities.

2.2.4 Chemical Vapor Deposition (CVD)

Thermal CVD is a relatively new method of synthesiz-
ing graphene. CVD-synthesized planar few layer graphene
(PFLG) was first reported in 2006 [88]. This work synthe-
sized graphene on Ni foils using camphor, an eco-friendly,
low-cost, natural precursor. An argon-gas gas carrier was
used to pyrolyze camphor at 700-850 °C, after it had first
been evaporated at 180 °C. In CVD, hydrocarbon gases
like methane (CHy4), acetylene (CHj), ethylene (CpH4),
and hexane (CgH14) plus biomass materials are decomposed
at elevated temperatures (650-1000 °C) to form graphene
sheets on metallic catalysts such as copper (Cu) and nickel
(Ni) films [89, 90]. It dissociates into free carbon atoms and
hydrogen (H») atoms when it reaches the hot surface of the
metal catalyst. When carbon solubility is reached on the metal
surface, the atom will diffuse through the surface and the bulk
of the catalyst, forming GNPs sheet [91, 92]. In addition to
having a large surface area and low defects, CVD is able to
produce high quality GNPs with a dense structure and low
defects [90].

As aresult of thermal CVD, Yu et al. [93] reported the for-
mation of three to four layers of graphene on poly-crystalline
Ni foils (here of a thickness of 500 wm). For the synthesis
process, the following mixture of CH4, H2 and Ar (0.15:1:2)
was used at a total flow rate of 315 SCM, with a temp of 1000
°C for 20 min. HRTEM and Raman spectroscopy confirmed
that graphene can be produced on Ni only when cooling
rates are moderate, while high and low cooling rates seem
to have adverse effects on graphene synthesis. A thermal
CVD process was developed further to produce graphene
on a 1 cm? area of Cu foil [53]. A high-quality and uni-
form graphene was thus produced. A variety of applications
have also been enabled by the transfer of graphene to differ-
ent substrates through two different and simple methods. It
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has been confirmed that the growth of graphene by thermal
CVD is reproducible and that the material can be transferred
to a wide variety of media, including Si, glass, and PDMS.
Graphene will now be able to be applied in new and exciting
ways thanks to these developments. In order to create more
interest in actual applications, it is necessary to solve prob-
lems such as growing graphene on wafer size substrates and
controlling successfully the number of layers.

While this method has advantages, there are disadvantages
as well, such as high production costs, low throughput, and
additional purification to eliminate residual catalysts [94].
Most researchers have aimed to decrease the temperature and
pressure of GNPs synthesis while maintaining its quality in
order to overcome these setbacks [89, 95]. It is not unusual
for graphene to be synthesized through plasma enhanced
CVD (PECVD) contemporaneous with that of exfoliation.
Among the first reports, Obraztsov et al. [96] published a
PECVD method using a dc discharge to produce nanostruc-
tured graphite-like carbon (NG). A surface wave PECVD
method was used by Kalita et al. [97], to synthesize GNPs
coating at 450 °C. Through this method, the growth tem-
perature and deposition time were significantly lowered (5
min), which further enhanced the synthesis and scalability
of the process as a whole [62]. An improved process has
been developed by Shang et al. [98] to synthesize multilay-
ered graphene nanoflakes (MGNF) on silicon (Si) substrates
by using microwave PECVD (MW-PECVD). As a result of
this method, GNPs produced had a highly graphitized knife-
edge structure, which had sharp edges of 2-3 nm thickness.
A comparable method was used by Yuan et al. [99] to syn-
thesize high quality GNPs sheets on stainless steel substrates
at 500 °C using MW-PECVD. The crystallinity of GNPs
produced by this method was found to be improved. In a
recent study by Meskinis et al. [100] using MW-PECVD to
synthesize GNPs directly on Si (100) substrate. The result
was observed that temperature and synthesis time reduce the
number of GNPs layers, as carbon desorbs more quickly at
higher temperatures. GNPs can also be synthesized using the
thermal CVD process.

A scalable route was used to synthesize atomically thin
graphene membranes with nanoporous large surfaces by roll-
to-roll CVD [101]. Monolayer GNPs of uniform high quality
were synthesized through this process. An investigation of
the temperature dependence of the GNP structure during ther-
mal CVD was analyzed [102]. According to various analyses,
the fabricated structure formed a porous low-density network
with multilayered GNPs connected to each other. In addition
to its versatility in synthesizing graphene on any substrate,
PECVD has shown promise in expanding its field of applica-
tion. Graphene layer thickness can be controlled better with
this method in the future, allowing larger scale production.
Unzipping CNTs is one of the most common techniques in
this category. With CNTs as a starting material, lithium and
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ammonia can be intercalated, followed by sequential exfoli-
ation in acid and heating to open or "unzip" them vertically
[103]. A multi-walled CNTs (MWCNTSs), a nanoribbon, and
pure graphene flakes are produced during this process. A
common method to synthesize graphene from nanoribbons
is plasma etching [104].

2.3 Feedstock for GNPs Synthesis

GNPs synthesis would be economically feasible subject to
the type of feedstock, since a continuous supply of carbon
precursors would be necessary for mass production [105].
Top—down graphene synthesis is most commonly conducted
with graphite as a feedstock. The abundance of this resource
in nature makes it relatively inexpensive. GNPs synthesis has
been tested using more sustainable carbon precursors besides
graphite as a feedstock, both from top-down and bottom-
up approaches. In arc discharge synthesis, asphalt has been
explored as a starting material for GNPs production, rather
than graphite, to reduce graphene production costs. Biomass
materials may also be used instead of graphite in oxidative
exfoliation [106, 107]. It has been shown that biomass feed-
stocks such as wood, leaf, bagasse, fruit, newspaper, bone,
and cow dung are capable of replacing graphite in oxidative
exfoliation reduction processes [108].

Researchers have recently developed and proposed green
synthesis techniques based on environmentally friendly
biomass resources. To produce graphene, green synthesis
processes have been introduced to use biomass precursors
(Fig. 7) such as chitosan [109], glucose [110], alfalfa plants

[111], populous wood [112], sugar [113], tea [114], rice
husk [115], plastic waste [116], pulping black liquor [117],
coconut shell [118], sugarcane bagasse, and orange peel
[119], and palm oil fuel ash [120]. By utilizing nontoxic
chemicals and natural precursors, green production aims to
reduce toxic waste [121]. Carbon percentiles of 45wt% to
50wt% make biomass materials promising materials for pro-
ducing graphene, replacing fossil fuels and mined graphite
[122]. In several literature sources, approaches to synthesize
GNPs without catalysts were reported using environmentally
friendly biomass resources as carbon sources [123-126]. In
contrast to the conventional carbon source, which utilizes
high-purity hydrocarbon gas, this method alternatively uses
solid raw materials that are used as carbon sources of GNPs
precursors, such as food and sugar, without requiring the use
of catalysts. As aresult, environmental burdens during GNPs
synthesis can be reduced, costs can be reduced, and material
yields can be improved.

The first step in producing GNPs is to dehydrate biomass
materials and then crystallize them at high temperatures.
Unlike the ideal two-dimensional layered graphene sheets,
GNPs that come from biomass are usually made up of
nanographene domains that are lined up. Nanographene
domains can have unique functional groups, diverse struc-
tures, and a wide range of physical and chemical properties
[127]. Primo et al. [109] fabricated single and multilayer
GNPs using chitosan. Multi- or single-layer GNPs were
obtained by spin coating chitosan to produce high-quality and
conformal films on arbitrary substrate and carbonizing it at
600-800 °C. Long et al. [128] used pyrolysis to align the cel-
lulose into 2D crystal structures produced multilayered 2D
GNPs from sugarcane bagasse cellulose. Researches have
suggested the possibility of generating 2D layered GNPs
sheets from layer-structured biomass materials. A multilayer
graphene was synthesized using wheat straws by Chen et al.
[129]. To make large multilayer graphene sheets, Purkait
et al. [130] used peanut shells as a starting material. The
multilayer graphene was also obtained by heat treatment of
camphor leaves [131]. Carbonized brown-rice husk was used
to synthesize GNPs, which are then activated with potassium
hydroxide (KOH) in a one-stage process.

Nanosheets obtained from this method display an ultra-
thin crumpled-silk-veil-wave structure, a high surface area of
1225 m? g~! and a high porosity [132]. Rice husk biomass
was used by Sekar etal. [133] to produce corrugated graphene
nanosheets via KOH activation. A large specific surface area
was observed for the 700 °C activated nanosheets. Mura-
matsu et al. [124] demonstrate a novel synthetic method
for producing large amounts of GNPs using rice husks with
chemical activation. By using KOH as the activation agent,
rice husk char was converted into GNPs. It was then mixed
and compacted into a mullite crucible container, which was
then covered with ceramic wool. Afterward, the crucible
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Fig. 8 Synthesis of GNPs from rice husk ash

was placed in a larger crucible covered in carbon powder
and ceramic wool. A fully covered carbon powder prevented
material oxidation at high temperatures by keeping it from
being exposed to air. As shown in Fig. 8, the crucible set was
annealed at 900 °C for 2 h in air inside a muffle furnace. In
addition, Table 1 shows a summary of previous research on
GNP synthesis methods and feedstocks.

3 Surface Modification of GNPs

GNPs surfaces have been functionalized or modified indis-
criminately by adding various types of functional groups
that act as reaction sites for subsequent modifications. The
terms “functionalization” and “surface modification” have
been used widely and indiscriminately to describe this pro-
cess [134]. By functionalizing GNPs, its intrinsic properties
are preserved and agglomeration is prevented. By modify-
ing GNPs, new functional groups can be added to enhance
its excellent properties. A variety of methods for function-
alizing GNPs are currently available, including covalent,
noncovalent, and elemental methods [135]. One of the main
limitations of graphene application in oil and gas industry is
its agglomeration in aqueous media. There has been no sig-
nificant progress in the field of hydrophobic graphite and
graphene sheets in water, with the absence of dispersing
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agents. The most unique properties of graphene sheets can
be achieved only when the sheets are individually assembled,
so prevention of aggregate formation is crucial [136—138].
The covalent functionalization of a compound enhances
its solubility in solvents by attaching a diverse chemical
moiety. As such a method involves high temperatures and
hazardous chemicals such as neat acids, it can be consid-
ered aggressive [139]. Attaching functional groups causes
a change in GNPs structure as well as altering its proper-
ties. The noncovalent functionalization of graphene is, in
contrast more appealing because it allows the attachment
of various groups without affecting its structure or proper-
ties [140]. Surfactants, commonly known as surface-active
agents, have been used to disperse carbon nanomaterials
in noncovalent methods. An actual surfactant is composed
of two parts, one of which is a hydrophobic tail. In this
case, it is a chain of hydrocarbons. It also contains a polar
hydrophilic head, which could be anionic, cationic, or non-
ionic [141]. The hydrophilic moiety of nonionic surfactants
forms a large solvation shell outside of the NPs, which facil-
itates their dispersion. The dispersion of NPs is stabilized by
electrostatic attraction between the micellar domains of ionic
surfactants. Compared with nonionic surfactants, ionic sur-
factants are less thermally and chemically stable, toxic, and
resistant to environmental degradation. There have been sev-
eral studies that demonstrate how some surfactants stabilize
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Table 1 Summary of previous research on GNPs synthesis methods and feedstocks
Biomass Activation agent ~ Carbonation and Method Product Particle size References
precursor graphitization
Corn flour KOH 800-1500 °C in Hummer’s redox ~ Nanographene 280 nm [270]
Ny method
Agaric NH,4Cl addition 800 °C in Ny N/A Graphene-like 5-10 nm [271]
KOH Nanosheets
activation
Campbhor leaves Not available 1200 °C in N Sonication & Multilayer 200 nm [131]
centrifugation graphene
with
D-Tyrosine
Seaweed ChoCl-FeCl3 700-900 °C in N/A Functionalized 600 nm [272]
N»/Hz graphene
Rice husk H,SO4, HNO3 200 °C for 10 h Pyrolysis Few layer 3-6 nm [48]
graphene
Orange peel, rice Ferrocene 300 °C - 400 °C Pyrolysis Graphene oxide 23.9 nm, 2.23 nm, [119]
bran, sugarcane 15.5 nm
bagasse
Rice husk KOH 500-700 °C in air ~ Pyrolysis Graphene 5nm [132]
Rice husk Fe,03 1800 °C in Ar N/A Graphene 0.8-1.75 nm [273]
Rice husk Fe(CsHs), 650-750 °C in air ~ Microwave Graphene 58. 01 nm [274]
process
Lignocellulosic Calcium nitrate 800 °C under N, Pyrolysis Graphene like 0.345 nm [275]
(hard carbon)
Coconut shell HCl 400 °C for 5hin Mechanical Graphene 1.42 and 4.99 nm [276]
air exfoliation
Waste cooking oil ~ Ni(OH); 850 °C, 875 °C, Catalytic-CVD GNPs Multi-layer GNPs [277]
and 900 °C
Old coconut shells  HCI 400, 600, 800 and  Thermal and Graphenic-based 250 nm [278]

1000 °C

chemical

carbon

exfoliation

aqueous GNPs dispersions [140-143]. Further, high-quality
GNPs dispersion containing surfactants of various kinds
could allow it to be used in a wider variety of applications. A
few of the important different types of surfactants used with
graphene nanofluids are presented in Fig. 9.

Nanofluids also exhibit thermo-physical properties
that are affected by surfactants. Mehrali et al. [144]
used 4-(1,1,3,3-tetramethylbutyl) phenyl-polyethylene gly-
col (PEG) (Triton X-100) surfactant to disperse nitrogen-
doped graphene (NDG) by forming a shell around the surface
due to its benzene ring structure. According to the authors,
nanofluids were stable for six months after ultra-sonication
for one hour with Triton X-100 as a surfactant. GNPs modi-
fied nanomaterials are slightly improved in thermal stability
when nonionic surfactants are used as dispersion agents
[145]. In comparison with pristine GNPs, noncovalently
functionalized GNPs dispersed better in aqueous media. Pu
et al. [146] explored ionic and nonionic surfactants disper-
sion of hydrophobic graphene in aqueous solutions, showing

the nonionic surfactant has the best dispersion rate as con-
firmed by UV spectroscopy and a material sedimentation
test. Based on their findings, different surfactants altered
the homogeneity of GNPs dispersion in aqueous media. In
a study performed by Sarsam et al. [147], four surfactants
were used to achieve 0.1 weight percent stability for GNPs
nanofluids samples: SDBS, sodium dodecyl sulfate (SDS),
and cetyl triammonium bromide (CTAB). SDBS surfactant
dispersed in water increased graphene nanofluid thermal con-
ductivity, and maximum stability value was achieved within
60 min of probe time.

3.1 Factor Influencing Surface Modification of GNPs

The high aggregation and agglomeration features of GNPs
coupled with their physical instability and sedimentation in
aqueous media have limited their applications. GNPs suf-
fer from material instability because of their large surface
area, chemical reactivity, and high surface energy [148].
The surface modification of GNPs is therefore necessary to
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ensure their compatibility. In the presence of van der Waals
interactions, graphene sheets will assemble irreversibly or
even restack to form graphite unless properly separated from
one another. In previous attempts to produce GNPs in large
quantities by thermal expansion/reduction or chemical con-
version, this problem has been encountered [137, 149, 150].
As graphene sheets have many distinct properties that are
unique to each sheet, preventing aggregation is of particular
significance. By attaching other molecules or polymers to the
sheets, aggregate formation can be drastically reduced [136,
137]. The production of graphene sheets in bulk quantity
should take into account new strategies for maintaining their
individual separation while being relatively clean. As a result
of surface modification of GNPs, the material will achieve
several primary objectives, including increasing or enhanc-
ing the dispersion, increasing the surface activity of GNPs,
enriching the physicochemical and mechanical properties of
GNPs, enhancing their thermographic strength, and enhanc-
ing their biocompatibility [151]. GNP surface modification
is affected by a number of variables in different ways. Dis-
persion fluid properties such as temperature, pH, and ionic
strength may determine how GNP surfaces interact with par-
ticles, whereas surface modification may depend on surface
charge and size of particles in a dispersion fluid [ 152]. Surface
modification of GNPs is currently the most effective method
for solving these problems. In this way, both agglomeration
and aggregation problems are solved while anti-friction and
anti-wear performance are improved.

3.1.1 Temperature

It was discovered that the process of GNP adsorption is spon-
taneous and exothermic when the temperature is variable
[153]. It was indicated that the surface of the adsorbent was
heterogeneous based on the Freundlich and D-R isotherms
in the temperature range 25-55 °C. It has been found that
temperature plays a key role in the modification of the sur-
face of NPs, despite the fact that little research has been
done on the subject. NPs are typically surface-modified at
ambient temperature while bond formation is influenced by
temperature, although high temperatures can also cause bond
cleavage, resulting in materials losing their original proper-
ties [152]. To facilitate the bonding with the molecules of the
grafting process, NPs must therefore undergo surface mod-
ification within a controlled temperature range, so that the
original structure of the particles will not be altered in any
way. It has been demonstrated by Qamar et al. [154] that
modifying graphene nanosheets at ambient temperature can
prevent graphene agglomeration, and thus improve the qual-
ity and stability of dispersions. Adsorption isotherm analysis
confirmed the effect of polymer adsorption on graphene sur-
faces. At temperatures ranging from 60 to 100 °C, UV-VIS
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spectral analysis confirmed graphene’s conversion to surface-
modified graphene. Based on Fourier transform infrared
spectroscopy (FTIR) and XPS analysis, it was confirmed
that the surface-modified graphene was successfully formed
[155].

3.1.2 Surface Charge and pH

It is the net electrostatic charge of the particles that deter-
mines the surface charge of NPs. It can be classified by its
zeta potential (ZP), which serves as a qualitative indicator
of dispersion stability [156]. As one of the most critical
variables affecting ZP in aqueous media, pH plays a cru-
cial role. When more acid is added, a positive charge is
built up. Electrostatic interactions between particles increase
pH sensitivity due to changes in electrostatic interactions,
with attraction playing a role in low pH environments while
repulsion plays a role in high pH environments [157]. Sim-
ple protonation differences rather than irreversible chemical
changes are what cause this phenomenon because particles
react electrostatically differently at various pH levels. There
is no reversible reaction between assembly and disassembly
during pH-sensitive assembly [158]. A study was conducted
by Hadadian et al. [159] to examine graphene nanosheets
and zinc oxide NPs for effective adsorption. Based on the
results, a maximum desorption percentage of 90.32% was
achieved at pH 3.6. According to the thermodynamic study,
the adsorption of zinc oxide on graphene was spontaneous
and endothermic. In Sham and Notley [160], polyethylen-
imine (PEI) is employed to modify the surface properties
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of graphene. Multi-layers form when PEI molecules are ori-
ented and arranged in a specific way because the charge of
graphene sheets hardly varies in pH despite basic or acidic
conditions.

3.1.3 lonic strength

There have been extensive studies exploring a variety of cap-
ping agents used to improve GNPs solution stability. Studies
conducted on NP suspension stability have also shown that
increasing cation valence has a substantial influence [161].
Stability is a result of both steric and electrostatic repulsions.
Another important factor that affects suspension stability
is ionic species-specific surface adsorption [162]. A study
was conducted on the effect of noncovalently functional-
ized GNPs dispersion [140]. The best dispersion stability
was achieved through Triton X-100, a nonionic surfac-
tant, followed by SDS, an anionic surfactant, and DTAB,
a cationic surfactant. Following this review, it can be con-
cluded that GNP dispersion affects the rheological properties
of water-based drilling fluids. Graphene dispersion in aque-
ous solutions has been reported to be effective with nonionic
block copolymers. UV-visible spectroscopy, rheology, and
conductivity studies are used to investigate the stability of the
aqueous graphene dispersions [154]. It has been discovered
that Lugalvan BNOj; stabilizes graphene better than Triton
X series dispersants because the latter contains two aromatic
rings that act as anchoring groups and stabilize graphene dis-
persion as compared to the Triton X series that has just one
aromatic group.

3.2 Surface Modification Methods

The stacking of t—m between GNPs sheets, however, results
in the formation of multi-layers. Dispersible GNPs can be
achieved by a variety of chemical methods, including exfoli-
ation of graphite, chemical or thermal reduction of graphite,
intercalation expansion of graphite, and CVD [163-165].
GNPs sheet is a hydrophobic material, preventing its dis-
solution in solvents. For GNPs sheets to be useful in the
future, functionalization of GNP is essential. The surface is
modified using a variety of methods to make it soluble in com-
mon solvents, so as to avoid stacking. The surface-modified
structures of GNPs are shown in Fig. 9. The structure is
a honeycomb-like arrangement of crystalline carbon atoms
that is arranged in a hexagonal lattice or several coupled lay-
ers of crystalline carbon atoms arranged in a hexagonal lattice
[166]. It can be covalently modified, noncovalently modified,
and doped with elements due to the presence of functional
groups on its surface. The synergy between GNPs and their
modifiers produces remarkable properties and characteristics
in modified GNPs. In this way, it is possible to resolve the
problems related to its manufacture, storage, and handling, as

well as their application in engineering and applied sciences
[167]. Covalent or noncovalent functionalization of GNPs
is possible. In covalent bonding, different chemical moieties
are attached to each other to make the compound more sol-
uble in a solvent. Additionally, it alters and modifies GNPs,
changing some of its properties [139, 140]. It is attractive to
use noncovalent functionalization because it allows a vari-
ety of groups to attach to the GNPs while maintaining its
physical properties without affecting its structure [140, 168].

3.2.1 Covalent Surface Modification

GNP surfaces can be covalently bonded to functional groups,
resulting in enhanced performance [169]. The carbon struc-
ture can be functionalized by covalently bonding functional
groups with its edges or basal planes. Through covalently
introducing functional groups, GNPs aromatic character can
be tuned, improving its solubility, stability and band-gap
opening, and improving its electronic properties [170]. The
extended aromatic character can be perturbed whenever
organic molecules covalently attach to its surface, making its
electronic properties more controllable. Researchers [171]
used reactive intermediates such as radicals, nitrenes, car-
benes, and arynes to covalently functionalize graphene. By
adding free radicals, inserting CH, or performing cycload-
dition reactions, these reactive species can modify GNPs
covalently. A covalent modification results in band gap
opening and changes in conductivity by breaking extended
conjugation. The addition of functional groups also allows
additional molecules and materials to be conjugated to it,
allowing for the control of chemical properties. As a result
of covalent modification, GNP materials become even more
soluble and processable. XPS, solid—state 29Si NMR spectra,
and FTIR measurements confirmed the successful prepara-
tion of covalently functionalized graphene nanosheets [171].
According to SEM images, modified sheets had stronger
interfacial bonds with epoxy matrix than untreated sheets
[172].

3.2.2 Noncovalent Surface Modification

In noncovalent interactions, molecules need to be physi-
cally adsorbed on GNP surfaces to form interactions such
as hydrophobic, m—m, van der Waals, and electrostatic
interactions. In noncovalent functionalization, composites
are formed, polymers are wrapped, surfactants or small
aromatic molecules are absorbed, and porphyrins or bio-
molecules, such as DNA and peptides, are interacting.
Surface modification of carbon-based nanomaterials by non-
covalent functionalization is well known [173]. In contrast
to covalent modification, noncovalent modification of GNPs
is more feasible [174]. As a result of noncovalent func-
tionalization of GNPs, composite materials with specific
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functions are synthesized by generating H-bonding and elec-
trostatic interactions between the material and the functional
molecules. Through noncovalent interactions, surface modi-
fication ensures both bulk structure and quality preservation
as well as optimal dispersibility of the products [175]. A sig-
nificant benefit of noncovalent modification of GNPs is that
itis a simple, mild process, which preserves its structure and
properties [176].

The ability to attach different groups to graphene’s sur-
face without altering its structure and properties is one of
the leading reasons why noncovalent functionalization is so
appealing [140, 168]. In comparison with Triton X, Lugal-
van BNOj; is adsorbed on GNPs in greater amounts. Based
on thermogravimetric analysis (TGA) and FTIR investiga-
tions, polymers chains were grafted to the graphene surfaces.
Adsorption isotherms have indicated that dispersions made
up of polymers at optimal concentrations have lower vis-
cosities and conductivities. In a study by Uddin et al. [155],
various surfactants were tested to determine their effects
on GNPs dispersion stability. To investigate the effects of
ionic and nonionic surfactants, SDBS, SDS, and Triton X-
100 were used. Water dispersion test showed that SDBS
functionalized GNPs had the best dispersive stability. Using
atomic force microscopy, different surfactants made a signif-
icant difference in the thickness of the functionalized GNPs.
Furthermore, functionalized GNPs thermal properties were
found to be influenced by the surfactant used.

3.2.3 Elemental Doping of GNPs

Doping GNPs with heteroatoms (N, S, and P) is another
way to modify them. The graphitic lattice of GNPs can
be altered by doping it with heteroatoms, increasing its
chemical and physical properties, and improving its appli-
cations [177-180]. It has been shown that to obtain graphene
sheets with desired properties, a high level of doping is
often required [ 181-184]. Doping graphitic surfaces has been
accomplished by various methods to date. A doping process
can be classified into two basic types: synthesis-related and
post-synthesis-related. Doping is achieved by annealing the
material with the appropriate dopant agent sources after syn-
thesis, which is a universal post-synthesis method. With this
method, a better understanding of doped graphene materi-
als, different levels and configurations of doping, as well as
synergy effects from co-dopants, is examined [185]. By ther-
mal annealing, high-concentration boron can be doped into
the GNPs. Yeom et al. [186] showed that high-concentration
boron ensures that GNPs can be used in a variety of energy
storage and conversion applications. A maximum boron con-
centration is observed in B-doped GNPs prepared at 1000 °C,
making it the most concentrated of all the B-doped GNPs
examined so far. Doping is achieved by mixing GO with
g-B203 in a well-mixed dopant gram-scale production. It is
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easy to control the nitrogen content by varying the molar ratio
of reactants over a wide range. GNPs structures are efficiently
restored during the reaction as a result of this investigation.
There are a number of applications where pH has an
important effect on the stability of modified GNPs. As a con-
sequence of strong repulsive forces, pH control can increase
stability [187]. As functional groups are reduced in a nano-
material, its stability decreases in water, with pH being the
greatest factor [188]. Graphene’s surface chemical proper-
ties were found to be affected by pH in an aqueous solution,
affecting its adsorption [189]. An experiment in which GNPs
were modified by washing them several times with distilled
water until they reached a neutral pH was performed [190]. A
different study showed that changing the covalent PEGyla-
tion of PE-CVD graphene sheets provided better colloidal
stability and overcame its hydrophobicity [191]. Cabello-
Alvarado et al. [192] used chemically modified GNPs as a
method for improving uremic toxin absorption. A study on
the impact of pH on graphene’s colloidal stability in water
revealed that all samples had values below — 30 mV, the sta-
bility threshold for a stable suspension. The ZP of graphene
made from graphite flakes ranged from — 32.3to —37.5mV,
but the milled sample consistently registered lower values of
— 43.1 and — 42.9 mV at pH 7-9 [193]. Thus, it can be
said that pH is very important for the stability of modified
GNPs. However, the exact change and application may have
an impact on how pH affects the stability of modified GNPs.

3.3 Application of GNPs in Oil Well Drilling

There have been several years of investigations into the use of
nanotechnology as an additive in oil well drilling with varied
successes [194]. Nanotechnology is seen as a lasting solution
to solve the long-standing problems in o0il and gas operations.
To determine how it may improve drilling fluid rheology, FL,
or shale stability [195-197]. The use of graphene nanoma-
terial has been extensively studied for addressing all of the
aforementioned oil well drilling problems [13, 198, 199].
It is important to note that rheological effects desired from
additives in drilling fluids vary widely depending on the ulti-
mate objective: whether to clean holes (high low-shear rate),
reduce equivalent circulating densities (ECDs) by lowering
PV or YP, or minimize temperature effects [200].

3.4 GNPs as a Drilling Fluid Additive

Graphene-based nanomaterials have been developed for
many applications in the oil and gas industry in the past
few years. There are several applications for this technol-
ogy, including drilling, cementing, enhanced oil recovery,
desalination, oil spill cleanup, and emulsion stabilization,
to name a few. Hydrocarbons are recovered from the earth
through drilling, and drilling fluids play a key role in this
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process [201]. As drilling fluid circulates through the annu-
lus, cuttings from the wellbore are carried and transported
to surface facilities. Environmentally benign, water-based
muds can be customized to suit a variety of purposes. With
specific additives, their efficiency can be enhanced through
enhanced rheology, improved lubricity, shale stability, clay
and cuttings dispersion inhibition, and a high penetration rate.
Moreover, the downhole torque problems can be reduced as
well by minimizing bit accretion [202-204]. Certain drilling-
fluid properties may be enhanced by the presence of GNPs
while others may be degraded by their presence, depend-
ing on their concentration, formulation, and condition. PV,
YP, gel strength (GS), filtration properties, fluid lubricity are
some examples of these properties.

3.4.1 Drilling Fluid Plastic Viscosity (PV)

A fluid’s PV determines how resistant it is to flow in a given
direction. Bingham’s model can be interpreted mathemat-
ically to calculate PV as a measure independent of shear
stresses [205, 206]. Drilling fluid suspension capacity is
assessed by PV. The PV and GS of drilling fluids are increased
by a high solids content, particularly when low-density clays
are present. There is a correlation between thicker filter cakes
and slower drilling speeds when drilling fluids contain a
high percentage of solids. A drilling fluid that contains large
amounts of sand may be abrasive, damaging pumps, tubu-
lars, and downhole tools and motors [207]. Increasing fluid
cleaning will reduce PV by diluting drilling fluids with water,
or by reducing solids content in the fluids [206, 208]. In
drilling operations, bentonite is typically used as an addi-
tive to improve the rheological properties of drilling fluid.
However, a variety of NPs can also be used to improve the
rheological properties of drilling fluid. In drilling fluids, ben-
tonite is widely used as an additive since it is inexpensive and
provides rheological improvements [209]. Numerous rhe-
ological properties, especially PV, have been significantly
improved by GNPs [210]. There was no difference in the PV
of an ester-based drilling fluid when in-house GNPs, com-
mercial GNPs, or graphene nanopowder were used [211].
Graphene from industrial waste was studied by Putra et al.
[212] for its rheological properties at different temperatures
and concentrations. Anincrease in PV was found when GNPs
were added at a small concentration.

3.4.2 Drilling Fluid Yield Point (YP)

There is a measure of resistance to fluid flow called YP that
depends on underlying chemical conditions. Chemical treat-
ments can lead to a decrease in attractive forces, which in
turn leads to a decrease in yield stress. The apparent viscos-
ity (AV) also decreases with decreasing yield stress [213].
The AV is calculated by extrapolating the yield stress to the

zero shear rate of the Bingham plastic rheological model. The
YP is calculated by subtracting PV from the reading at 300
revolutions/minute (rpm) from viscometer measurements. If
the YP of a solution (of the same density) is high, then the
solution will be more capable of suspending drill cuttings
than if it has a low value of YP [214]. When drilling fluid
contains halite, anhydrite, gypsum, cement, hydrogen sul-
fide, or carbon dioxide, the YP of the drilling fluid tends to
increase. Furthermore, if barite, sodium carbonate and bicar-
bonate additives are added, YP tends to increase. The YP
can go down when mud thinners or deflocculants (like lig-
nite, phosphates, and lignosulfonates) are used to get rid of
solid phases. Also, the removal of pollutants through chemi-
cal neutralization or the addition of water to the fluid can also
result in a decrease in YP [215]. A drilling fluid which con-
tains GNPs can have a better YP. In their study, an increase
of 17% and 36% in PV and YP, respectively, was observed
with GNPs addition with a concentration of 0.2 ppb [13].
There is no doubt that using different kinds of NPs can
substantially improve YP. Coconut grease with GNPs has
been investigated for its rheological characteristics and its
ability to improve YP substantially. The results proved that
GNP concentration and thickener concentration were found
to increase yield stress [216].

3.4.3 Drilling Fluid Gel Strength (GS)

Bingham’s plastic rheological model revolves around GS.
The indicator indicates how fast gels form, and how strong
they are under static conditions. As GS increases, particles
will be suspended in fluids for a longer period of time and
will not easily settle due to gravity. The static shear stresses
resulting from solid phases in suspension do not permit
the fluids to remain suspended without sufficient fluid GS.
Based on American petroleum institute (API) standard proce-
dures, measurements are usually taken after 10 s and 10 min,
although they may also be taken 30 min or 16 h later [213].
The GS of the formulated mud sample with GNP recorded a
change from the base fluid of 11 to 15 1b/100ft> after 10 s.
For the 10-min measurement, the GS increased from 12 to
18 1b/100f¢> [217].

3.4.4 Drilling Fluid Filtration Properties

Measurements of FL and characterization of filter cakes
determine the filtration properties. An efficient drilling fluid
system should have low FL. Additionally, a correlation has
been shown between filter cake characteristics and differen-
tial sticking. Filter cakes that are thinner have less differential
sticking [218]. It is generally recommended that thin fil-
ter cakes be less than 2 mm API, while thicker filter cakes
be between 4 and 6 mm API [219]. A drilling fluid’s fil-
tration control can be positively or negatively affected by
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Fig. 10 Insight into the filtration
control of a drilling fluid system
[222]

GNPs additives. WMB with industrial waste graphene shows
improved filtration properties, but as concentration increases,
the properties deteriorate. At API conditions, 0.05 ppbis con-
sidered the optimal concentration as it reduces filtrate loss by
8.43%; at 200 °F, 225 °F, and 250 °F, it reduces the filtrate loss
by 18.57%, 13.82%, and 14.06%, respectively [220]. GNPs
treated drilling fluids showed an improved result in terms
of filtration properties, with a reduction in FL of 38.96%
and 34.36% under low pressure low temperature (LPLT) and
high pressure high temperature (HPHT) conditions, respec-
tively, at a concentration of 0.08wt% [221]. A drilling fluid
was studied for its filtration ability and rheology through the
investigation of the morphology and graphitization of carbon
nanomaterials. The study confirms that, at a concentration of
0.007wt% GNP reduced filtrate loss and filter cake thickness
by 20% and 25%, respectively [211]. A typical FL control
mechanism for drilling fluid in a drilled formation is depicted
in Fig. 10, where the filter cake made of bentonite and poly-
mer minimizes the passage of water from the drilling fluid
into the drilled formation [222].

3.4.5 Drilling Fluid Lubricity

Tests to determine the lubricity of drilling fluids are per-
formed to determine their efficiency in reducing friction.
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The drill pipe spins at a certain speed and bears pressure
against the hole wall at a certain pressure [223]. A number
of factors affect the coefficient of friction (CoF), including
mud quality, filter cake, lubricant type and concentration, and
contact-surface roughness [224]. CoF increases with increas-
ing temperature above 50 °C. In response, it was suggested
that laboratory as well as field CoF values be specified along
with surface roughness and temperature [225]. Swaco [194],
conducted a study to investigate the tribological behavior
of GNPs as nanosolid lubricants. A study also evaluates
the application of GNP to micro-drilling of carbon fiber-
reinforced plastic (MD-CFRP) [226]. The results showed
that GNPs increased the lubrication action in terms of surface
quality (delamination and uncut fibers) and tool wear of the
base fluid. With 0.1wt% of palm oil and GNPs, palm oil and
GNPs, together exhibited synergistic anti-friction properties
that reduced grinding energy consumption by 91.78% com-
pared to dry cutting. Compared to commercially available
LB2000, the cutting energy was reduced by 80.25% at the
same percentage of GNPs [227].

The latest advances in NP technology have led to numer-
ous studies evaluating NPs’ use in the petroleum industry
[228-230]. It has been concluded from the experimental
results that NPs can be used as an additive to modify the prop-
erties of drilling fluids [230, 231]. Adding NPs to drilling
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Table 2 Performance evaluation of GNPs in water-based muds

Optimal Additive nanomaterials Performance Experimental condition References
concentration

0.1,05and 1.0 g

0.1 ppb

0.05, 0.1 and 0.15
wt%

24¢

03-1.0¢g

1,2, and 3% by
volume

0.1-0.75% wt

0.01-0.3 ppb

0.5-3 wt%

0.2,0.5and 0.8
wt%

1.25-5 wt%

1,2, and 3 wt%

0.05, 0.1 and
0.2 ppb

GNPs and silver NPs

NS, MWCNT, GNPs

Graphene oxide (GO, xanthan
gum (XG),

Graphene oxide (GO) and
phosphorylated graphene
oxide (PGO)

Graphene nanoplatelet and
tapioca starch

Esters and graphene NPs

Silica and GNPs

NS and GNPs

MWCNT and GNPs

Graphene oxide nanosheets
(GO-NS)

Graphene

Graphene Oxide (GO)
nanosheets

Commercial Graphene and
Industrial waste Graphene

As YP slightly reduces, PV
increases slightly in comparison
with base fluid. When compared
to base fluid, FL was reduced by
nearly 89% by GPN additions

API, HPHT FL volume, (PV),
and (YP) were enhanced with
GNP additions

As the YP significantly raised, it
was observed that the PV had
increased. At 0.15 wt%
concentration, FL of 8.7 mL
was noticed over 30 min

PV reduced from 10 to 7 cp and
YP increased from 11 to
15 1b/100 ft2. FL and filter cake
(FC) reduced by about 40% and
60%, respectively

PV increased, and the YP
improved as well. Both the FC
thickness and the FL were
significantly reduced

WBMs sample of GNPs showed
improved rheological
characteristics with a
temperature BHR up to 60 °C

Enhanced rheology and FL.
control

Compared to NS, GNP is a better
FL material at higher
temperatures

The performance in terms of
tribology and rheology
improved as the amount of NPs
increased

As a thermal stabilizer, GO-NS
has superior viscosity at high
temperatures. By adding
0.8wt% GO-NS, more than 50%
of FL volume was reduced

An increase in the lubricity and
wear-resistance of water drilling
fluids was observed

GO nanosheets reduce FL, rate of
FL, and FC thickness by 60, 99,
and 72%, respectively, under
static conditions

GNPs increase (PV), (YP), and
API and HPHT FL volume with
small concentrations

Ambient temperature

Ambient temperature

Atmospheric conditions

At 275 °F and 100 psi for 16 h

At 68 °F, 250 °F, and 300 °F

0, 60, and 90 °C. Before and
after hot rolling

120 °F and 14.7 psi

At 150 °F, 250 °F, 350 °F, and
500 psi

Ambient temperature

At 30, 60 and 80 °C

Ambient temperature

Ambient temperature

At 200°F, 225°F, 250°F and 500
psi for 16 h

[279]

[210]

[280]

[281]

[198]

[282]

[238]

[12]

[283]

[284]

[285]

[286]

[220]

fluids improves their rheological properties, minimizes the
loss of drilling fluid, reduces CoF, enhances heat transfer, sta-
bilizes shale, and inhibits gas hydrate formation. Due to their

very high surface area to volume ratio, NPs provide improved
material properties that are surface-dependent [232, 233].
A significant amount of research has been conducted on
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graphene nanomaterials as an additive for improving the
properties of drilling fluids. In their study, Taha and Lee
[9] used WBM containing GNP to reduce torque, improve
lubricity, enhance bit lifetime, and reduce bit balling at high
temperatures. The result shows an improvement in the rate of
penetration (ROP), while the filtrate loss and torque were as
well minimized. Based on the results of a study by Aftab et al.
[210], GNPs were used to enhance the rheological properties
of mud blends. As aresult of the addition of GNPs, the FL vol-
umes (API and HPHT) were also reduced. When compared
to MWCNTs and nanosilica (NS) at the same concentration,
GNP has a better performance than MWCNTs and NS. A
number of studies have shown that the addition of GNP to
drilling fluids effectively improves the mud properties, as
shown in Table 2.

3.5 GNPs and Modified GNPs as Shale Swelling
Inhibitors in WBM

Shale instability causes wellbore instability due to clay min-
erals swelling capacity and their high sensitivity to water. It is
common to experience drilling problems related to shale and
unconventional hydrocarbon formations, as well as drilling
in deep water or in strata that have been depleted. As a result
of their morphology, consolidation, mineral content, grain
dispersion, and geological characteristics, clay-rich reser-
voirs exhibit a wide range of properties [3]. In this regard,
describing and generalizing the characteristics of shale rock
in response to drilling fluids is difficult. Minerals such
as smectite, montmorillonite, illite, chlorites, vermiculites,
cristobalite, and kaolinite can be found in shale with varying
particle diameters and characteristics [3, 234]. The complex
physical and chemical differences in shale formations can
be responsible for swelling, sloughing, loss of circulation,
pipe sticking, hole collapse, and highly pressurized forma-
tions [235]. Furthermore, gas kicks may occur, resulting in a
blowout of the well. The drilling mud must have the ability to
act as a shale barrier to address these concerns, resulting in a
lower amount of mud filtrate and improved wellbore stabil-
ity. Drilling fluid additives can be used to stabilize shale and
improve wellbore integrity, either by blocking shale pores or
coating the shale surface to avoid water penetration [236].
They can also effectively penetrate shale strata to plug the
shale nanopores and fractures [237].

A number of studies have investigated the use of GNPs
and modified GNPs as shale swelling inhibitors for WBMs
[12, 210, 213, 238-247]. It has been demonstrated that
adding GNPs increases the rheological properties of WBM,
decreases the fluid loss volume, and improves their shale inhi-
bition behavior [210, 238, 243]. When GNPs are used, shale
swelling can be minimized and mud rheological properties
can be improved [210]. GNPs are not the only nanoparti-
cles investigated for their capacity to inhibit shale swelling;
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nanosilica and MWCNT have been discovered to be effec-
tive as well [210, 244]. Using nanosilica and GNPs in
WBM formulations has been found to increase the mud’s
ability to inhibit clay swelling in unconventional shale reser-
voirs [238]. By testing immersion and cutting dispersion
against the Woodford shale, the nanoparticle-based muds
were shown to inhibit the shale reservoir formation by phys-
ically plugging the shale pore throats [238].

The study by Aftab et al. [210], examined how well GNP
worked in KCl mud systems to improve the rheological prop-
erties of drilling fluid and keep clay particles from getting
wet. The results show that GNP exhibited a higher level
of inhibition in KCl mud systems when compared to poly-
meric, nanosilica, and MWCNT. The presence of GNP in
KCI mud systems resulted in a minimum 20% decrease in
shale volume, as compared to mud systems with equiva-
lent concentrations of nanosilica or MWCNT. Additionally,
the incorporation of GNP resulted in enhanced rheologi-
cal characteristics of KCl-based drilling fluids and mitigated
fluid loss during filtration test. In another study, Wang et al.
[172] determined how to improve GNP in WBMs to slow
down the hydration of shale. In contrast to commonly used
shale inhibitors such as KCI and nanosilica, GNP has shown
superior efficacy in effectively obstructing nano- and micron-
scale holes, impeding water infiltration into shale formations,
suppressing the swelling of clay minerals during hydration,
and preserving the mechanical integrity of shale. GNP sheets
have the ability to produce extensive, uninterrupted films that
serve as a protective barrier for shale. Moreover, the flexible
nature of these graphene sheets allows for effortless defor-
mation, enabling them to effectively seal and occupy various
shale pore configurations. Hence, it can be inferred that GNP
has significant promise in safeguarding and enhancing the
stability of shale formations in drilling fluid systems.

The introduction of additional functional groups to GNP
would enhance the number of available chemical reac-
tion sites, thereby promoting shale stabilization. Electro-
chemical exfoliation was used to make nanocomposites by
mixing biopolymers with graphene-modified gum Arabic
(GrO-ArG). According to the findings, this significantly
lessens clay swelling in WBMs found in shale-rich forma-
tions that are susceptible to water damage [242]. Based on
the results, the authors suggest that GrO-ArG could be a
useful additive for improving the rheological properties of
WBM, limiting fluid loss, and inhibiting clay from swelling.
These properties make GrO-ArG a suitable candidate for
the development of environmentally friendly materials in the
field of green technology. The effectiveness of shale stabi-
lization via the GrO-ArG pathway is heavily reliant on the
plugging efficacy of graphene. Graphene effectively fills the
pores that are found on the surface and interlayer spacing of
the clay material. Following this, the clay was shielded from
the deleterious effects of water [242].
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In another study by Zhu et al. [245], choline chlo-
ride/graphene composite (Ch—G) was synthesized for appli-
cation as a shale stabilizer for drilling fluid, and its mecha-
nism of action showed that it efficiently plugged the shale
nanopores and coated the shale surface from absorbing
water [245]. Water intrusion was further prevented, and
the inhibition effect was further enhanced by the intercala-
tion of the Ch—G in montmorillonite. In addition, in terms
of shale expansion inhibition, Ch—-G was found to be a
highly effective, environmentally friendly shale inhibitor.
Another high-performance shale inhibitor was developed
using reduced graphene oxide (rGO) functionalized with
ethylenediamine (EDA). The developed rGO-EDA shale
inhibitor was found to be highly effective at plugging shale
nanopores and inhibiting clay hydration [244]. Another
drilling fluids containing cetyltrimethylammonium-modified
graphene (CTAB-Gr) formulation was developed by Rana
etal. [246]. According to the authors, adding CTAB-Gr to the
drilling mud makes the shale inhibition properties much bet-
ter than with other shale inhibitors. Additionally, it improves
the rheological characteristics of the mud, making it more
suitable for drilling purposes. The use of CTAB-Gr-modified
WBM resulted in the maximum recovery of shale dispersion
(88.5%), surpassing the recovery rates of unmodified drilling
mud (74.6%), KCl1 (50.3%), and water (26.2%). The swelling
test was used to assess the stability of clay materials when
exposed to the reactive effects of water in the presence of
CTAB-Gr. The clay exhibits a swelling capacity of 17% when
treated with CTAB-Gr, whereas it shows swelling capacities
of 22% and 27% when treated with KCI and water, respec-
tively.

Saleh et al. [247] used polyethylenimine-modified
graphene (PEI-Gr) in the development of a drilling mud with
shale-swelling inhibitive properties. When comparing the
performance of several fluids, namely conventional WBM,
KCl, water, and PEI-Gr, it was observed that PEI-Gr exhib-
ited the most significant enhancement in shale dispersion
recovery, achieving a recovery rate of 91%. In contrast,
the recovery rates for conventional WBM, KCl, and water
were 75%, 50%, and 26%, respectively. Furthermore, PEI-
Gr exhibited superior water-inhibition durability at the 24-h
mark when compared to conventional WBM, water alone,
and KCI. During the process of clay pore clogging, the inter-
action between polyethylenimine-graphene (PEI-Gr) and
hydroxyl groups present on the clay surface facilitates the
attachment of the amine groups within PEI to the hydroxyl
groups, hence impeding clay swelling. Saleh et al. (268) and
Rana et al. (267) used dispersion recovery tests and inhibi-
tion stability tests to observe how well the modified graphene
could hinder the reaction between shale and drilling fluid. It
was also shown that the WBM with the modified graphene
had better dispersion recovery and longer inhibitory dura-
bility than both the base mud and the WBM based on KCl

[247]. The incorporation of modified graphene into the WBM
resulted in a significant enhancement of shale inhibition and
animprovement in the rheological characteristics, as reported
by Rana et al. [246].

According to the studies that examined how GNP and
modified GNP-based fluids can stop clay from swelling, it
was found that graphene can efficiently plug shale surfaces.
This plugging capacity is attributed to the flexible nanosheet-
like structure of graphene, which effectively prevents water
from interacting with shale and consequently impedes shale
swelling. Furthermore, apart from the physical phenomenon
of graphene clogging the pores in the clay, the inhibitors
also hindered hydration by means of chemical interaction
between the modified groups and the clay particles. PEI has
positively charged amines that make it easier for PEI-Gr to
interact with the clay’s hydroxyl groups. Moreover, the amine
groups with positive charges in CTAB facilitated the binding
of CTAB-Gr to the clay surface via hydrogen bonding. The
introduction of modified graphene effectively hindered the
ingress of water molecules into the clay nanopores, thereby
minimizing the swelling caused by hydration.

3.6 Modified GNPs in Drilling Fluids

Due to their tendency toward aggregation and difficulty in
processing, unmodified GNPs may not be ideal in some cases
[248]. As a result of unmodified GNPs poor dispersion in
aqueous media, fluids containing it may exhibit flocculation
and aggregation. The use of modified GNPs in drilling flu-
ids would be more feasible and more stable as confirmed
by a patent on the modification of graphene surfaces [199].
The intrinsic hydrophobicity of GNPs also prevents its direct
use in water-based drilling fluids. Table 3 highlights some
research works were modified GNPs was used as a fluid
drilling additives in WBM.

Among other laboratory studies conducted on clay
swelling inhibition using graphene, high-performance shale
stabilizer of ethylene-diamine-modified graphene (EDA-G)
exhibited momentous control in clay swelling [249]. Under
some conditions, adding EDA-G to drilling fluid resulted in
the lowest filtration volume. Nanopores of ultralow perme-
ability shale could be plugged by using EDA-G solution.
Moreover, clay’s hydration was inhibited by EDA-G solu-
tion as well. A concentration of 0.2 wt% by carbon content
of EDA-G solution was found to be highly effective as an
inhibitor. It was observed that EDA-G solution both exhib-
ited excellent nanopore plugging capability and inhibited
clay hydration. In a study performed by Tian et al. [250]
on organic-sulfonate functionalized graphene in water-based
drilling fluids, graphene was found to be highly dispersive in
drilling fluids. A high degree of stability can be achieved
after the drilling fluids are aged at 240 °C with the help of
SDBS/graphene. As a result of the SDBS/graphene slurry,
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Table 3 Performance evaluation of modified GNPs in water-based muds

Concentration Additives Performance Experimental condition References
nanocomposites
0-3¢g SDS modified In addition to improved gel Drilling fluid hot rolled at 150  [287]
graphene (SDS-Gr) GS, FL, and dispersion, °F, 500 psi for 16 h
SDS-Gr also showed
improved swelling inhibition
performance
0-3¢g Poly ethylene imine In comparison with base mud,  Drilling fluid hot rolled at [247]
modified graphene PEI-Gr-WBM showed 25%, 66 °C, 500 psi for 16 h
(PEI-Gr) higher shale dispersion
recoveries as against 65%.
Rheological and FL control
were also improved
0-3¢g CTAB modified In comparison with Mud samples before and after ~ [246]
graphene (CTAB-Gr) unmodified drilling mud, hot rolling at 100 °C, 500
CTAB-Gr-WBM displays psi for 16 h
the highest shale dispersion
recovery (88.5%) and has
improved rheological
characteristics
24¢ Phosphorylated According to the results, PGO  Mud samples at 275 °F, 100 [281]
graphene oxide does not easily agglomerate, psifor 16 h
(PGO) but as a WBM additive,
PGO causes a significant
reduction in pH, creating a
negative impact on drilling
fluid quality
2.66 wt%, 5.32 wt% and 10,64  Glycine-modified Graphene oxide modified with 100 °F, 200°F, 300 °F, 350 °F [288]
wt% graphene oxide glycine made it more stable
at high temperatures (up to
350 °F) and better at
preventing filtration loss
0.85 wt% Glucopyranose PEI-Gr-WBM achieved 90% Drilling fluid hot rolled at [289]
modified graphene shale dispersion recovery 100 °C, 500 psi for 16 h
(Glu-Gr) compared to 74.6% for base
mud. It also improved shale
swelling control by 5% and
reduced linear swelling rate
by 8.1%
0.1 wt% Carboxylated graphene ~ GO-COOH was found to At 120 °C and 150 °C hot [290]
oxide (GO-COOH), possess excellent WBM rolling temperatures
properties in terms of
compatibility, FL reduction,
lubrication, and
high-temperature resistance
1 wt% Polymer/graphene After high-temperature aging, ~ Hot rolling at 150, 180, 200, [291]
oxide composite PAAN-G maintains stable 220, 240 °C and 3.5 MPa
(PAAN-G) rheological characteristics for 16 h

with a change rate of less
than 28%. A lower FL
volume and FC were also
observed with PAAN-G than
with base mud

@ Springer



Arabian Journal for Science and Engineering (2024) 49:7751-7781

7771

Corrosive media

Q

o ©

<

Pure graphene coating

 Metal

Fig. 11 Graphene acts an anti-corrosion barrier [269]

the CoF and wear rate have been reduced by 76% and 59%,
respectively, compared to the base slurry.

3.7 Well Tabular Corrosion Control

As long as the oil and gas industry has existed, corrosion
has been a major concern. Any type of downhole equip-
ment that is not plastic is susceptible to this condition. This
includes pipelines, production tubing, casing, and just about
every other nonplastic equipment. Downhole metal equip-
ment has been coated with GNPs to prevent corrosion as
illustrated in Fig. 11. As a coating material, GNPs offer strong
mechanical and electrical properties, as well as low chemi-
cal reactivity and impermeability to gases and liquids [201].
GNPs and metal oxides were used to functionalize titanium
alloy surfaces [251]. On top of the thin GNPs, a multilayer
film of Al,O3 and TiO; is deposited. Micro-Raman and X-
ray diffraction analysis confirmed the amorphous structure
of the metal oxide films.

3.8 Well Cementing

A further application for GNPs is as an additive for cementing
jobs during the compilation stages of oil and gas wells. GNPs
are being used in cement formulations to enhance cement
properties and long-term reliability [252]. By using GNPs
as a cement additive, the study aims to reduce gas leakage
potential and improve wellbore integrity. As a result of its
ability to modify the microstructure of hydration products
within cement, the material may improve cement durabil-
ity. This investigation found that adding GNPs to the cement
systems improved the mechanical properties of the cement
by 10% and 30%, respectively, resulting in improved com-
pressive and tensile strength. A major part of the chemical
shrinkage of cement-containing systems can be attributed to

Cement Slurry

Cement Casing

Drill String

Reservoir Formation

Cement Slurry

Fig. 12 Reservoir cementing process

the high surface area and aspect ratio of GNPs. Sunetal. [253]
CNFs and GNPs were used to quantify the rheology, curing
temperature, and mechanical performance of the cementing
process of oil wells. These composites were characterized
in terms of their thermal performance, surface functional
groups, morphology, and mechanical performance. Fresh
composite cement slurry showed increased yield stresses
when CNFs and GNPs were added, and temperature had a
significant influence on them. By adding CNFs and GNPs
to cement slurry composites, both flexural and compressive
strength were enhanced. By slightly modifying existing cast-
ing methods, GNPs were introduced into cement paste to
produce cement nanocomposites [254]. By monitoring light
absorbance over time, sonicated GNPs were quantitatively
assessed for stability in suspension. In the study, 1% GNP
suspension remained stable for 6 h after 1 h of sonication
with 15% surfactant. A mercury intrusion test showed that
GNP reduced effective porosity by 37% and the critical pore
diameter by 30%. An illustration of the cementing operation
in a producing reservoir is shown in Fig. 12.

3.9 Environmental and Economic Aspects of GNPs

Graphene-based NPs known as GNPs have potential uses in a
number of industries, including the automobile, biomedical
sciences, supercapacitors, sensors, and building materials.
According to Malhotra et al. [255], the environment, aquatic
life, and people may all be harmed by the waste material
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released by these companies. Research on the effects of GNPs
on the environment has revealed that GNPs can inevitably
release themselves into the environment at various stages
of their life cycles [256]. There might be some concerns
about the role of GNPs in a sustainable future if they are
released into the environment. Size, layers, and surface chem-
istry all play a role in the potential environmental impact of
GNPs [257]. According to a comparative life cycle evaluation
of GNPs-reinforced poly(propylene) composites and glass
fiber-reinforced poly(propylene) composites, nanocompos-
ite reduces the environmental impact of AP composites by
17-75%, based on their impact category [258]. The incor-
poration of GNPs into soil and the influence they have on
microbiomes can be facilitated through water-based transport
techniques such as precipitation and surface runoff [259].
Hence, understanding the environmental aspects of GNPs is
important to minimize their negative effects on the environ-
ment.

The unique properties and applications of GNPs have
attracted significant attention in the last few years. Razali
et al. [211] found that GNPs could enhance the rheologi-
cal properties of drilling fluids such as PV, YP, and GS. The
drilling process can be improved as a result, and there will be
less waste generated. The filtration capability of drilling flu-
ids can also be improved by GNPs [12]. As a result, they
can reduce the impact of drilling on the environment by
preventing the loss of drilling fluids into the formation. Stud-
ies have shown that GNPs can contribute to flocculation in
drilling fluid systems by improperly dispersing NPs [260].
The drilling fluid’s effectiveness can be reduced, and waste
generation may increase as a result. In order to mitigate the
agglomeration issue, the surface of GNP needs to be modified
prior to application, which will in turn improve the drilling
fluid characteristics. Carbon emissions from the construction
industry may be reduced by using GNPs. The carbon dioxide
emissions from cementitious composites using graphene are
expected to be reduced in a circular economy [261]. Lovén
et al. [262] examined workplace emissions and exposure to
GNPs to understand their potential environmental effects. As
aresult of incorporating GNPs into bio-based and biodegrad-
able blends, they may be able to have a positive impact on
the environment [263]. Due to their low toxicity and low
production/use amounts, some researchers have argued that
GNPs are not an environmental threat [264]. The economic
potential of nanomaterials lies in their ability to improve
the mechanical properties of materials, which will reduce
the cost of materials and services in industries such as con-
struction and manufacturing [265].Tavares et al. [263] found
that the use of GNPs in bio-based and biodegradable blends
enabled the composite’s physicochemical, thermal, rheolog-
ical, and mechanical properties to be improved, which was
cost-effective [263]. Various materials can benefit from using
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GNPs as nanofillers, improving their properties and intro-
ducing new applications [266]. Economic growth and job
creation can be achieved in the nanotechnology industry
through the development and commercialization of GNPs.

In general, GNPs can have a positive impact on both the
environment and the economy. The necessary precautions
should be taken to minimize any negative effects, but more
study is needed to determine their potential environmental
impact.

4 Challenges and Prospects

GNP is a good conductor of electricity in the electrical
domain, but it is difficult to turn off. It is also vulnerable
to an oxidative environment. Research on GNP preparation
and use has advanced at an unprecedented rate in the oil
and gas sector because of its special qualities. However, pro-
ducing high-quality GNP is a costly and time-consuming
process. Since GNPs were first successfully fabricated in
2004, the preparation process has reached a mature stage,
owing to widespread interest in the material. Dispersions can
be difficult to obtain, and GNP flakes can have significant
damage if they are not completely exfoliated into single-
or few-layer material with a reasonable lateral dimension.
Graphene nanosheets can easily be modified for a variety
of applications using chemical and physical methods due
to its oxygen-containing functional groups. There has been
detailed discussion in the current review on how GNPs can be
functionalized by various techniques. A study of graphene-
based NPs in hybrid nanofluids holds great potential for
research. GNPs have demonstrated their immense poten-
tial in the drilling industry, where they have provided new
changes and improvements. In spite of this, the following
observations ought to be taken into account for the future
direction of GNP utilization:

1. The development of new synthesis methods that use
robust, cost-effective, and environmentally friendly pre-
cursors would make producing graphene in mass more
feasible compared to current methods requires advance
studies.

2. GNPs require improved studies on nanofluid stability.
Despite numerous studies, it has not been possible to
eliminate from unset the agglomeration and sedimenta-
tion of graphene nanomaterial. To enhance drilling fluid
properties, size and dispersion rate are essential.

3. GNPs production must be scaled up with green meth-
ods, and drilling fluid properties can be optimized with
cost-effective nanomaterials. It will reduce the use of
unnecessary and expensive drilling fluid additives while
improving the functionality of the fluid. It is thus possible
to protect the environment while reducing drilling costs.
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To generate stable nanofluids in large quantities by sur-
face modification of GNPs and the preparation of stable
nanofluids, economic considerations must be taken into
account.

4. Changing the surface of graphene nanomaterials can
improve the flow properties of a drilling fluid that is
based on water by making it easier for additives to mix.
This is why more research is needed. As a result, cutting
transport efficiency might be improved during a reservoir
drilling operation.

5. GNPs can be modified at low temperatures and func-
tionalized at high temperatures without failure, but no
research has been done to demonstrate that high tem-
peratures are ineffective for surface modification. The
modification process becomes more efficient at higher
temperatures because more bonds can form because of
activation energy.

6. Even though changing the surface of GNPs has been
shown to make them more stable through ZP analysis
at different pH levels, this has only been shown in the
laboratory. Nevertheless, the effects of reservoir pH on
modified GNPs’ stability need to be considered in drilling
fluid field applications.

7. Both surface-modified and unmodified GNPs have been
widely used in drilling fluid applications. Previous stud-
ies have mostly focused on the physical interactions
between modified GNPs and drilling fluid additives and
also on the formation of the well rock. At varying pH
and temperature, researchers may be able to understand
how GNPs improve drilling fluid properties by observing
interactions between modified nano-enhanced drilling
fluids and well reservoir fluids.

8. GNP is still in the laboratory stage in terms of modi-
fication, characterization, and applications as a drilling
fluid additive. There are no substantial field trials in a
proper drilling environment where GNP and modified
GNPs have been applied. Thus, proper GNP assessment
in the oil and gas field is necessary.

9. Nanotechnology will play a major role in oil and gas suc-
cess in the future; thus, further studies on nanomaterials,
such as GNP, could be vital to achieving greater output.
Laboratory results indicate that GNP could be suitable
for field application. Thus, conducting and facilitating
the field application of GNP-based drilling fluid requires
collaboration between oil industries and academics or
research institutes.

5 Conclusions

This review presents vital information on GNPs modifica-
tion and application for oil well drilling and completion

operations. The synthesis methods, feedstocks and the chal-
lenges of GNPs modification were discussed in detail. The
research’s findings led to the following significant conclu-
sions.

1. Bottom-up approaches are more advantageous than top-
down approaches because they are likely to produce
nanostructures with fewer defects, more consistent chem-
ical alignment, and improved short-range and long-range
organization.

2. The results indicate that the right synthesis method can
significantly lower growth temperature and deposition
time, which can further enhance the synthesis and scala-
bility of the process as a whole.

3. Biomass feedstocks such as wood, leaf, bagasse, fruit,
newspaper, bone, and cow dung are capable of replacing
graphite in oxidative exfoliation reduction processes.

4. The review indicates that it is attractive to use nonco-
valent functionalization because it allows a variety of
groups to attach to the GNP while maintaining its phys-
ical properties without affecting its structure.

5. Thereview also shows that the addition of GNP to drilling
fluids effectively improved the mud properties, ROP, fil-
trate loss control, and reduced torque and drag. It shows
that 0.1-2.5 g of GNP reduced FL volume by 40-89%.

6. In addition, the review indicates that adding GNPs to
cement systems can improve the mechanical properties
of the cement by 10-30%, thereby resulting in improved
compressive and tensile strength.
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