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Summary
The use of graphene-based lubricants in water-based drilling fluids (WDFs) has emerged as a promising avenue for enhancing their 
tribological properties, particularly under high-temperature (HT) conditions, by incorporating inorganic-material-based additives. For 
this study, we used a green and adsorption-based approach to prepare highly-dispersed graphite for modification, utilizing a cationic 
surfactant. Our research demonstrated the effective dispersion of the prepared graphite in water, characterized by low sedimentation rates 
and small contact angles in distilled water. The concentration dosage of Flowzan® on graphite was determined to be 0.02 g/g. To assess 
the effectiveness of modified graphite as a lubricating additive in water-based drilling, we conducted rheological studies and measured 
viscosity coefficients. The results revealed a significant decrease in the viscosity coefficient of the drilling fluid by 68% at 300°F when 
incorporating 0.05% modified graphene. Furthermore, the study investigated the thickness of six WDFs under high-temperature, high-
pressure (HTHP) conditions. The addition of 3% graphene expansion resulted in a notable reduction in the volume of HTHP liquid filtrate 
by up to 30% compared with the control. These experimental findings underscore the advantageous effects of nanoparticle addition on 
properties such as lubricity, rheology, fluid loss, and thermal stability, potentially revolutionizing the drilling process. In addition to 
evaluating the performance of modified graphite, we analyzed its primary, crystalline, and morphological properties using various tech-
niques, including particle size tests, zeta potential tests, Fourier transform infrared (FTIR), powder X-ray diffraction (XRD), and scanning 
electron microscopy (SEM). These analyses elucidated the lubrication mechanism, demonstrating that graphite modification primarily 
occurred through physical adsorption without altering the crystal structure. These insights provide valuable guidance for the development 
of high-performance WDFs tailored to endure the challenges of drilling operations.

Introduction
The petroleum industry heavily relies on drilling fluids, which can be compared to blood in the human body (Du et al. 2019; Jie-nian 
2001). A WDF, also known as mud, is a mixture of water, bentonite, a viscosity enhancer, fluid loss agents, and lubricants. Together, these 
components create a coarse-scattering colloidal suspension system, consisting of a liquid stage, a strong stage, and a substance stage (Jie-
nian 2001; An et al. 2014). Drilling fluids play several significant roles and possess essential properties that make them crucial in drilling 
tasks. They are responsible for (1) removing debris from under the drill and transporting it to the surface; (2) building a thin, low-
permeability filter cake that covers pores and other permeable openings; (3) maintaining the safety of the wellbore; (4) cooling and lubri-
cating the drillstring and the bit; (5) transmitting information to the surface; and (6) reducing friction between the drillstring and the sides 
of the borehole. Initially, Einstein’s model served as the basis for the formulas used to estimate the viscosity of nanofluids (Apaleke et al. 
2012; Skalle 2012). Einstein (1906) proposed an intrinsic viscosity value of 2.5, but recent findings by Anoop et al. (2014) suggest that 
the intrinsic viscosity could go as high as 10.0. Further research is needed to understand how the solute affects the viscosity of nanofluids. 
Einstein introduced a model in 1906, and subsequent models have been developed by Batchelor (1956), Brinkman (1949), Krieger and 
Dougherty (1959), Nielsen et al. (2006), and Mooney (1940). Nonetheless, more research is required to fully understand this topic (Abdo 
and Haneef 2012).

Scientists have found that drilling fluids containing conventional WDF viscoelastic surfactants become unstable when exposed to HTs. 
To address this issue, they have proposed using nanometer-sized particles with advanced heat transfer properties that can function effec-
tively in HPHT downhole conditions. These particles can help to close the nanopore throats of shales and immobilize the fluid’s rheolog-
ical behavior (Al-Bazali 2005; Amanullah et al. 2011). Drilling problems are the challenges that can arise during the drilling of a complex 
well. These challenges may occur when drilling deviated wells or when encountering different levels of hardness in shale or rock layers. 
These complications can lead to issues such as pipe blockage, shale swelling, or wellbore instability. The main cause of these problems is 
the limitations of conventional drilling fluids, which are unable to effectively meet the demands of modern drilling and production envi-
ronments (Aftab et al. 2017; Amanullah and Al-Tahini 2009; Akpan et al. 2019). The use of water-based muds (WBMs) can increase wear 
rates in the wellbore. In contrast, oil-based muds and synthetic-based muds tend to have a lower coefficient of friction (COF) compared 
with WBMs, especially when there is contact between the formation and steel. However, oil-based muds and synthetic-based muds are 
limited due to their high cost and negative environmental impacts. It is important to note that drilling fluids can contaminate the cement 
and affect the integrity of the wellbore during the drilling process (Li and Radonjic 2019).

Various experts have demonstrated that using fluids containing nanoparticles significantly impacts the overall performance of the fluid 
being used (Aftab et al. 2016; Sensoy et al. 2009; Zakaria et al. 2012; Zoveidavianpoor and Samsuri 2016). Numerous experimental 
studies have explored the incorporation of nano-sized particles, including zinc oxide (ZnO) and copper oxide (CuO) nanoparticles, into 
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drilling fluids to enhance their properties and performance. These nanoparticles offer unique advantages due to their small size, large 
surface area, and surface reactivity, which can impart desirable characteristics to drilling fluids (Urmi et al. 2022). Nanosilica can be 
effectively dispersed without using an ultrasonicator by simply adjusting the pH of the mud. This adjustment causes the nanosilica parti-
cles to repel each other on the surface (Katende et al. 2019).

Any nanoparticles that are intended to be used as additives in drilling fluids must be fully dispersed before being added to the fluid 
(Barroso et al. 2018; Addagalla et al. 2018). Because of their superior performance, nanoparticles are widely used in the formulation of 
drilling fluids, specifically WBM, to enhance the environmentally friendly and cost-effective nature of the fluid. This application aids in 
resolving challenges such as shale inhibition and fluid loss (Peter et al. 2019). Ferric oxide nanoparticles were found to improve filtration 
and mudcake porosity reduction in filter-cake properties (Mahmoud et al. 2017).

When drilling wells, WBM is used to help with the process. However, if the temperature and salinity levels increase, the effectiveness 
of WBM decreases. This is because the mud’s rheology (flow behavior) and filtration capacity are negatively impacted by these changes. 
Drilling into salt formations or HT wells can be very challenging due to these factors (Raheem and Vipulanandan 2020). It is crucial to 
formulate the drilling fluid, or WBM, using the appropriate additives to maintain its properties as it penetrates deeper into the well. This 
will aid in efficiently moving and suspending the drilled cuttings, resisting salt contamination, and creating a filtration barrier with an 
appropriate filter cake. These details have been emphasized in studies such as that by Zhu et al. (2021). Indeed, achieving adequate dis-
persion of nanoparticles in drilling fluids, particularly under bottomhole conditions, presents significant challenges. Poor dispersion can 
lead to various issues such as borehole instability, formation damage, and reduced drilling efficiency. Several factors contribute to the 
challenges of nanoparticle dispersion, including changes in pH, salinity, and temperature of the base fluid, as well as the inherent proper-
ties of the nanoparticles themselves.

Nanoparticles smaller than 100 nm are often preferred in drilling mud design due to their reduced abrasive forces and lower 
kinetic energy impact. Smaller nanoparticles are more likely to disperse evenly throughout the drilling fluid, enhancing their effec-
tiveness in achieving desired rheological and filtration properties without causing excessive wear on drilling equipment or formation 
surfaces (Boyou et al. 2019; Vipulanandan and Mohammed 2015). Using nanoparticles in mud design is considered safer for the 
environment compared with traditional mud. Typically, the concentration of nanoparticles added to drilling mud is low, around 1% 
(Aramendiz and Imqam 2019). Salt contamination in brine-based drilling muds can cause various issues, such as wellbore swelling, 
frictional loss, pipe sticking, formation collapse, and lost circulation. These issues can significantly affect the density, filtration char-
acteristics, and rheology of drilling mud (Hirata et al. 2004; Gbadamosi et al. 2018). Graphene derivatives can act as a filter in oil-
based drilling fluids due to their stability in an aqueous medium (Magzoub et al. 2019). Nanomud is a drilling fluid that contains mud 
additives in the nanoparticle size range of 1–100 nm (Salih and Bilgesu 2017). Due to the extremely small size of the particles, the 
ratio of surface area to volume is exceptionally high (Z.A. et al. 2019). Nanoparticles are often stronger and more reactive than non-
nanoparticles (El-Diasty and Ragab 2013). These nanoparticles possess unique characteristics that make them highly sensitive and 
reactive agents, both chemically and physically. Due to their small size, they are effective bridging agents capable of plugging nano-
sized pores. Consequently, they can prevent fluid loss, especially in shale formations, thereby avoiding wellbore instability (Sharma 
et al. 2012; Song et al. 2016).

The use of polymer beads in WBM enhances the efficiency of cuttings transportation by harnessing the buoyant force (Hakim et al. 
2018). The contact angle between graphite and distilled water was measured before and after modification using a contact angle measur-
ing instrument. The angle was calculated using the measurement method found in Perween et al. (2018). Graphene oxide (GO) remains 
stable in WDFs, unlike graphene which has dispersion challenges in an aqueous medium (Hemmati-Sarapardeh et al. 2018). Graphene is 
a single layer of graphite that possesses unique properties. This material has been the subject of extensive research lately (Kosynkin et al. 
2012). Not many studies have been conducted on nanoparticles, specifically GO when used as the primary component of drilling mud. It 
is essential to examine their type, stability, and concentration, along with their size. These materials are susceptible to changes in pH, 
temperature, and ionic strength (Taha and Lee 2015). Graphene and its derivatives have indeed garnered considerable attention as nanoad-
ditives in the research and development of drilling fluids. Graphene, characterized by its atom-thick, 2D conjugated structure, boasts 
exceptional properties such as high conductivity and a large surface area. These unique characteristics make graphene-based materials 
promising candidates for enhancing the performance of drilling fluids.

One area where graphene-based materials show promise is in controlling fluid loss in WDFs. Fluid loss control is a critical aspect of 
drilling operations, as it helps maintain wellbore stability and prevents formation damage. Studies have suggested that incorporating 
graphene-based additives into WDF formulations can positively impact fluid loss control mechanisms (He et al. 2021). By penetrating the 
microscopic pores of the downhole assemblies and creating a protective film on their surface, it can lubricate and extend the lifespan of a 
drill bit (Fagundes et al. 2018). Numerous studies have investigated the dimensions, composition, and density of graphene derivatives. 
However, there is still a need for further research to gain a better understanding of their behavior under various conditions.

It has been observed that drilling mud containing fewer suspended particles can increase penetration rates while also minimizing neg-
ative environmental impacts (Sun et al. 2021). There are four primary ways to create graphene, which are chemical vapor deposition, 
graphite exfoliation, epitaxial growth on silicon carbide, and GO chemical reduction. Among these techniques, chemical activation has 
been thoroughly studied because it offers significant advantages over other methods that require HTs, high vacuums, and expensive exper-
imental setups (Tian 1995; Siddique et al. 2017).

Chemical activation is indeed a preferred method for converting waste materials and biomass into various forms of graphene due to 
several advantages it offers. First, chemical activation results in a well-defined micropore size distribution within the graphene structure. 
This ensures uniformity in pore sizes, which can be advantageous for specific applications such as adsorption and catalysis. Second, 
chemical activation typically yields high (Antonelou et al. 2018). Graphene nanoparticles (GNPs) tend to clump together due to a bond-
like graphite interaction, making it challenging to disperse in water-based solutions (Motozuka et  al. 2020). It is crucial to prevent 
graphene sheets from aggregating to maintain their separation. Steric or electrostatic repulsion can be utilized to achieve this objective 
(Medhekar et al. 2010). Chemical modification has the potential to significantly alter the properties of graphene (Muramatsu et al. 2014). 
The use of solvents aids in overcoming the dispersion of graphene in various applications, a limiting factor. Techniques such as layer-by-
layer assembly, spin coating, and filtration are utilized to address this issue (Hussain et al. 2020).

Using graphene as an additive in WDF offers advantages such as thermal stability, lubricating properties, and reduced fluid loss 
(Romero-Anaya et al. 2014). Indeed, graphene can be effectively dispersed in certain organic solvents such as N-methyl pyrrolidone, 
dimethyl sulfoxide, and dimethylformamide. These solvents possess unique properties that enable them to interact favorably with 
graphene, leading to improved dispersion. Specifically, N-methyl pyrrolidone, dimethyl sulfoxide, and dimethylformamide exhibit high 
solubility and strong interactions with graphene sheets, facilitating their separation and dispersion. As a result, these solvents are com-
monly used in research and industrial applications to disperse graphene and graphene-based materials for various purposes, including 
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coatings, composites, and electronic devices. By utilizing these organic solvents, researchers can achieve stable and homogeneous disper-
sions of graphene, enabling the exploration of its diverse properties and potential applications (Apaleke et al. 2012).

Achieving dispersion of graphene in common solvents typically requires extended sonication periods. This process involves subjecting 
the graphene material to ultrasonic energy for a prolonged duration to ensure its uniform distribution throughout the solvent. The sonica-
tion action helps break down agglomerates and promote the separation of graphene sheets, facilitating better dispersion. However, it is 
essential to note that the exact duration of sonication necessary may vary based on factors such as the type of solvent, the specific 
graphene material used, and the desired dispersion quality. While longer sonication times are often necessary for optimal dispersion, other 
techniques such as functionalization or the use of dispersing agents can also aid in achieving better dispersion with shorter sonication 
durations (Liu et al. 2011).

The study conducted by Sankar et al. (2017) delves into the production of superthin crumpled silk-veil-wave nanosheets with high 
surface area and porosity from carbonized brown rice husk through a process involving heating with KOH. This method leads to the 
creation of activated GNPs with remarkable properties. These activated GNPs possess an extensive surface area of 1225 m2/g, ensuring 
enhanced reactivity and adsorption capacity. In addition, their high porosity enables efficient gas and liquid transport, making them valu-
able candidates for various applications, including energy storage, catalysis, and environmental remediation. The study sheds light on a 
novel approach for synthesizing activated GNPs from renewable biomass sources, offering insights into sustainable and scalable nanoma-
terial production methods (Guardia et al. 2011; Kuila et al. 2012).

GNPs are indeed regarded as the next generation of nanomaterials for the oil and gas industry, owing to their exceptional thermal and 
mechanical properties, high aspect ratios, and plate-like shapes. These characteristics make GNPs highly desirable for various applica-
tions within the oil and gas sector, including enhanced drilling fluid formulations, improved wellbore stability, and increased thermal 
conductivity in downhole environments. Compared with traditional additives, GNPs offer significant advantages, making them a promis-
ing choice for addressing the evolving challenges in oil and gas exploration and production (Kusrini et al. 2020).

The study conducted by Urie et al. (2018) revealed that GNPs exhibit greater effectiveness compared to silica nanoparticles when used 
in HT WBM filtration. This finding suggests that GNPs may offer superior filtration performance and thermal stability under elevated 
temperature conditions, making them a promising additive for enhancing the properties of WDFs in HT environments (Saner et al. 2020). 
Graphite is indeed a valuable mineral composed of carbon particles bonded by single covalent bonds, forming a stable hexagonal struc-
ture. These single covalent bonds are exceptionally strong and demand a significant amount of energy to break. However, at temperatures 
exceeding 600°C, graphite can undergo oxidation when exposed to oxygen from the air. This characteristic renders graphite an excellent 
material for serving as a barrier against HTs, making it highly suitable for various applications where thermal resistance is crucial 
(Shanker and Rani 2022).

In this paper, we present a new concept related to the properties of graphene when combined with Flowzan in drilling fluids. Our study 
highlights the multiple applications of graphene, especially in graphite composites. The material’s unique features are derived from its 
conductive and permeable microstructure, which results from a synergistic effect between well-organized graphene particles and graphite. 
During drilling operations, WDFs can create high friction, leading to difficulties in various scenarios such as directional, horizontal, 
extended reach, cluster, and very deep wells. The primary lubricants used in this industry’s drilling fluids are mineral oil and vegetable 
oil, both of which have the potential to harm the environment.

Reagents
The chemical components utilized in this study were sourced from Shiajizhuang Huabang Mineral Products Co., Ltd., situated in Qingdao, 
China. These components include the following:

•	 Clay bentonite, primarily based on montmorillonite and characterized by a particle size smaller than 2 μm, with a surface area of 
approximately 700–800 m2/g.

•	 Graphene carbon nanomaterials, with a particle size of 20–30 nm, purity of 99%, density of 2270 kg/m3, and thermal conductivity 
of 4000 W/mK.

•	 Barite powder, with a particle size of 100 μm and a molecular weight of 233.39 g/mol.
•	 Potassium chloride (KCl), with a molecular weight of 74.55 and a concentration of 500 μm.
•	 Polyanionic cellulose, exhibiting an average particle size of 2 µm, bulk density of 1.5 g/cm3, purity of 99.99%, and specific gravity 

ranging from 1.5 to 1.6.
•	 Flowzan particles, possessing a size small enough to potentially enter human lungs, typically ranging between 0.4 μm and 0.7 μm.
•	 Polyacrylamide (PAM), a synthetic polymer characterized by a high molecular weight ranging from 1000 to 20×106 g/mol and a 

wide range of degrees of hydrolysis.
•	 Sodium hydroxide (NaOH), with a molecular weight of 39.997 g/mol, density of 2.13 g/cm³, and boiling point of 1388°C.

Experimental Procedure
In the experiment, we aimed to assess the impact of graphene on lubrication in conjunction with Flowzan and other additives while adher-
ing to API standard requirements. The results affirmed the potential application of graphene for solidifying oil wells. For the fluid drilling 
design, we used a mixture of 350 mL of natural water and synthesized materials including KCl, NaOH, polyanionic cellulose, polyhydro-
lytic PAM, barite, and graphene. Six samples were prepared, varying the weight of graphite from 0.5% to 3%. The procedure involved 
adding 14 g of bentonite and 2 g of potassium chloride, stirring the mixture for 4 minutes, followed by the addition of 0.14 g of NaOH 
and stirring for an additional 2 minutes. Subsequently, 0.2 g of Flowzan was introduced and stirred for 6 minutes, followed by the inclu-
sion of 1.2 g of polyanionic cellulose and stirring for another 6 minutes. This was succeeded by the addition of 1.2 g of polyhydrolytic 
PAM and stirring for 10 minutes. Finally, after 30 minutes of stirring, 1.8 g of barite was added. The apparent viscosity (AV), plastic 
viscosity (PV), yield point (YP), and gel strength (GS) of the six drilling fluids were determined using the Fann Model 35 viscometer. The 
compositions of the drilling fluids are detailed in Table 1.

Component Function Type Value

Water Fluid base 350 mL

Bentonite Drilling mud Industrial grade 14 g

Table 1—Chemical composition of drilling fluids.
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Component Function Type Value

KCl Density control Analytical purity 2

NaOH Hardness control Analytical purity 0.14

Polyanionic cellulose Additive Analytical purity 1.2

Polyhydrolytic PAM Additive Industrial grade 1.2

Barite Hardness control Analytical purity 1.8

Flowzan Hardness control Analytical purity 0.2

Graphene powder Lubrication Industrial grade 0–5 to 3

Table 1 (continued)—Chemical composition of drilling fluids.

Results and Analysis
Infrared Spectroscopy. The graphene samples were ground before the test. During the test, the ground sample was mixed with KBr in a 
ratio of 1:200. The mixture was then placed into a tablet press and pressed into transparent flakes.

Contact Angle Measurement. The modification process of the graphene powder entailed pressing it into graphite flakes using a four-
column press with a pressure of 20 MPa. Subsequently, the resulting flakes underwent testing for their contact angle using a measuring 
instrument to ascertain the optimal amount of Flowzan needed for the graphene. It was observed that the average contact angle between 
the graphite flakes and distilled water was determined to be 300°F. Furthermore, the contact angle for the graphite flakes treated with 
Flowzan exhibited a decrease on average compared with the untreated graphite samples (Samples 1–6.

Synthesis of Graphene. To create a blend of graphene powder, we used a substance precipitation procedure. The process began by 
dissolving 10  g of graphene in 150  mL of demineralized water. Subsequently, the mixture underwent scrubbing and washing with 
deionized water and ethanol to eliminate any excess base. The resulting material was then dried at 70°F for 3 hours in a hot air oven. 
Following the drying process, the material was crushed and subjected to calcination for 4 hours in a stifling heater at 300°F. Finally, the 
graphite powder content obtained was analyzed through powder XRD, and the residue was examined using SEM to verify that the desired 
outcome was achieved.

High-Pressure Rheology Measurement. The rheological and filtration properties of WBM affect its efficiency and performance in 
drilling operations. The thixotropic and shear-thinning properties also impact the WBM’s performance (Parsamehr et al. 2019). PV is 
influenced by various factors such as the concentration, size, and shape of solid particles, along with the viscosity of the fluid phase. The 
fluid behavior at high rates is determined by the PV. Mechanical friction from the solid particles present in the drilling fluid produces PV, 
according to Urie et al. (2018). YP is the primary resistance between solid particles and electrochemical gravity. High YP in drilling fluid 
helps transfer cuttings from a wellbore but should not exceed a certain level that puts pressure on the pump when mud is stopped and 
resumed (Rafieefar et al. 2021). As a result of the nanoadditives in the fluid, the particles are more attracted to each other, which increases 
the YP of the fluid. Increasing the YP of a fluid has several positive effects, including improving its ability to clean drilling cuttings 
from wells, reducing drillstring sticking probability, and reducing the torque associated with the drillstring (Gang et al. 2019). It is YP 
that determines the ability of drilling fluid to remove drilling cuttings from beneath the drill bit to the surface through the annulus (Gang 
et al. 2019; Rana et al. 2020). The higher the YP is, the more effective the fluid is at carrying cuttings to the surface. This is because the 
higher the YP, the greater the potential energy it has, which allows it to overcome the friction from the walls of the wellbore and move 
the cuttings efficiently. As nanoparticle concentration was increased, YP improved, which means that cuttings removal from boreholes 
to the surface will be improved (Zhang et al. 2019). A Fann Model 35 viscometer was used to measure the consistency, plastic thickness, 
yield strength, and GS of drilling fluids. By taking dial readings at different speeds, we were able to determine the consistency, plastic 
thickness, yield strength, and GS of the fluid. In addition, we measured the GS at 10 seconds and 10 minutes with Plate Number 1. The 
following methods were used to determine the rheological properties of the drilling mud, including consistency (Condition 1), plastic 
thickness (Condition 2), and yield strength (Condition 3):

	﻿‍
AV =

�600
2

,
‍�

(1)

	﻿‍ PV = �600 � �300,‍� (2)
	﻿‍ YP = �030 � PV,‍� (3)

where AV represents the clear viscosity, PV represents the plastic viscosity, and YP represents the yield point. The dial readings at 600 
rev/min and 300 rev/min are denoted as θ600 and θ300, respectively.

Laser Particle-Size Measurement. The synthesized graphene was used in the laser particle sizing experiment to measure the size of 
bentonite particles in various drilling fluids that had been treated with a conditioning agent known as “Treatment.” These estimations were 
utilized to decide the middle and ordinary molecule sizes of the bentonite particles. The review planned to notice the progressions in the 
molecule size of bentonite particles utilizing the information gathered from the analysis referenced above (Gang et al. 2019).

Zeta Potential Measurement. The zeta potential of the supernatant solutions was evaluated using a high-sensitivity Omni multiangle 
particle size and zeta potential analyzer. Changes in graphite’s zeta potential were analyzed at various adsorbent concentrations. We used 
the electrophoretic light scattering method in our study to investigate the zeta potential of graphite. We measured the particle velocity 
under an electric field, and these data were used to calculate the zeta potential. Zeta potential tests were conducted on modified graphite to 
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assess the efficacy of surface modifications. A notable alteration in the surface charge would indicate a successful modification. Suppose 
there is a significant change in zeta potential following modification. In that case, it suggests that the surface chemistry of graphite has 
been modified, potentially affecting its interactions in various environments and its stability in suspensions. This analytical approach 
provides valuable insights into the surface charge of the graphite particles and how it changes with varying concentrations of adsorbent. 
Such information is crucial for understanding the interaction between the adsorbent and the surrounding fluid, which can influence 
properties like dispersion stability and colloidal behavior (Benyounes et al. 2010; Yu 1985).

Synthesized Graphene XRD. Graphene plates are connected by an irregular lattice of hydrogen bonds, which are regulated by water 
molecules, oxygen-containing functional groups, as well as other xanthan gum (XG) and carboxymethyl cellulose low-viscosity (CMC 
LV) functional groups. The formation of the H-bond network plays a crucial role in defining the overall structure of solutions containing 
GOES. Molecular dynamics studies suggest that the characteristics of such solutions are primarily governed by the H-bond lattice, which 
encompasses both functional groups and water molecules present in the interlayer space (Park et al. 2008). It was observed that graphene 
plates have a strong tendency to form hydrogen bonds with other particles, including themselves. When combined with a smaller and 
stiffer particle like CMC LV, GO improved filter-cake formation better than larger particles like XG. The combination of GO and CMC 
LV resulted in considerably superior filtration characteristics. The individual platelets could join together, forming structures similar to 
jellyfish which could block the micropores. Although XG has a more significant impact on viscosity than CMC LV, CMC LV’s ability to 
form jellyfish structures with GO platelets further reduces the filtrate volume (Livescu 2012). The mixed graphene was taken apart using a 
Bruker D8ADVAHCL X-pillar diffractometer (Berlin, Germany). The following qualities were present in the instrument: Cu target, clay 
X-beam tube, 40 Mama tube current, 40 kV tube voltage, 0.02 step size, and an output scope of 5−90° (2θ). The model was recognized 
as changed graphite, and the Bragg condition (nλ = 2 sin θ) was used to conclude the spatial difference in bentonite layers under different 
conditions. The powder of graphite was broken down for a change, as announced by William et al. (2021). XRD was utilized to notice 
the translucent capacitance of the orchestrated graphene. The deliberate diffraction designs are displayed in Fig. 1. It very well may be 
seen that the GNPs are situated principally on the c-pivot with a little (002) top. The trademark tops show up in the accompanying 2θ 
territories: ≈85, 43.23, as indicated by the Debye-Scherrer equation D = Kλβ cos θ. Modifying processes may disrupt the well-organized 
layers of graphite, resulting in alterations in peak positions and intensities. Shifts in peak positions or changes in peak intensities in the 
XRD pattern suggest modifications in the graphite crystal structure. For instance, exfoliation or intercalation would cause the peaks to 
become broader and their intensity to decrease.

Fig. 1—XRD of graphene.

Synthesized Graphene SEM. The sample is bombarded with a focused electron beam, and the resulting secondary electrons are detected 
to form an image. SEM is used to observe the surface morphology of modified graphite, allowing for the visualization of changes in 
surface texture, particle shape, and size distribution. The SEM images provide a clear comparison between the surface structures before 
and after modification. For example, in the case of exfoliation, the SEM images would display more distinct and thinner layers compared 
with the unmodified graphite. These techniques contribute to a comprehensive understanding of the properties of modified graphite. 
Graphene composition and morphology were studied using SEM. Fig. 2 shows a surface of compact clay soil with large, smooth, and 
homogeneous crystals with a grain size of less than 5 μm.

FTIR spectroscopy is a technique that utilizes an infrared absorption spectrum to provide information about the chemical bonds present 
in molecules. In this study, FTIR measurements were conducted using an IRTracer-100 FTIR SHIMAD 24 instrument. This technique 
allowed for the examination of the characteristics of graphite, as depicted in Fig. 3. Specifically, the FTIR analysis enabled the identifica-
tion of various chemical bonds within the graphite sample. For instance, the metallic oxygen bond was assigned to the spectral region 
between 314 cm–1 and 600  cm–1. This region corresponds to vibrations associated with metal-oxygen bonds present in the graphite 
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structure. Additionally, the bonding region was observed between 1400 cm–1 and 1123 cm–1, representing vibrations related to various 
bonding interactions within the graphite material. The sample is subjected to infrared light, and the absorbed wavelengths are measured. 
Various functional groups can absorb specific frequencies of infrared light. The FTIR technique is used to verify the existence of particular 
functional groups that are introduced during the modification of graphite. For instance, if oxidation was used for the modification process, 
peaks corresponding to carbonyl (C = O) or hydroxyl (OH) groups should be observable. The emergence of new peaks or alterations in 
existing peaks in the FTIR spectrum after modification signposts the presence of new functional groups, thereby confirming the success 
of the chemical modification.

Investigation of Thermal and Electrical Conductivities. Tables 2 and 3 display the thermal and electrical conductivities data for six 
drilling mud formulations. The incorporation of graphite nanoparticles within a polymer matrix has notably enhanced the thermal stability 
of the drilling mud. The study encompassed five temperature levels, simulating downhole conditions, specifically a low-temperature 
range of 0–70°F, a moderate-temperature range of 70–120°F, an elevated-temperature range of 120–180°F, an HT range of 180–250°F, 
and an ultra-HT range of 250–300°F. These temperature ranges are representative of conditions encountered in wells during drilling 
operations (Anand et al. 2012; Liu et al. 2018; Qamar et al. 2019). Across all five temperature ranges, the lubrication efficiency of the 
composite remained acceptable. However, as temperatures increased, larger quantities of graphene were required to maintain this level 
of lubrication. Nevertheless, the graphite composite exhibited minimal changes in weight loss across various drilling mud conditions.

Fig. 2—SEM of graphene.

Fig. 3—FTIR spectroscopy of graphene.
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Thermogravimetric Examination. The thermogravimetric analysis (TGA) was conducted on two types of surfaces: GNP-RHC and 
GNP-TXT, to evaluate the percentage of oxygen-containing groups and to assess the thermal degradation of block copolymers. For 
GNP-RHC, the analysis revealed two distinct weight loss steps. The first step occurred in the temperature range of 65–120°C, attributed 
to a process such as moisture desorption or removal of physically adsorbed gases. The second weight loss step was observed in the range 
of 310–550°C, indicating thermal decomposition of the material. On the other hand, GNP-TXT exhibited a more gradual weight loss 
profile. At 300°C, GNP-TXT experienced only a 10% weight decrease, suggesting minimal degradation at this temperature. However, 
the modified GNP-TXT underwent significant weight loss, approximately 78%, up to 885°C. This substantial weight loss was attributed 
to the thermal degradation of dispersants used in the modification process. Overall, the TGA results provide valuable insights into the 
thermal stability and degradation behavior of the GNP surfaces, aiding in understanding their suitability for various applications (Wissing 
et al. 2004). The thermal stability of modified graphene is significantly enhanced compared with unmodified graphene when incorporated 
into the drilling fluid composition. The modified graphene experiences only a 6% weight loss at 70°F, whereas the unmodified graphene 
undergoes a much higher weight loss, approximately 73%, at 250°F. This can be seen in Fig. 4. This substantial difference in thermal 
stability highlights the effectiveness of the modification process in improving the graphene’s resistance to HTs, making it a valuable 
additive for applications in drilling fluids where elevated temperatures are encountered.

Particle Size Measurement. Particle-size analysis is important for characterizing drilling fluid additives. The particle-size distribution 
affects the rheological properties, stability, and effectiveness of the fluid in controlling fluid loss and providing lubrication. Laser diffraction 
measures the angular change in the intensity of scattered light as it passes through a sample with dispersed particles. This method relies 
on the principle that smaller particles scatter light at wider angles than larger particles. The molecular shape of the samples was analyzed 
using a molecule size analyzer called laser diffraction. Table 4 illustrates that the average particle size of modified graphite is larger than 
that of unmodified graphite. The average particle sizes for Samples 1–6 were 102.80 µm, 25.11 µm, 17.1 µm, 15.45 µm, 10.03 µm, and 
22.03 µm, respectively. In contrast, the median particle size of modified graphite was larger than that of unmodified graphite, with values 
of 90.25 µm, 18.98 µm, 13.71 µm, 12.54 µm, 7.93 µm, and 18.68 µm for Samples 1–6, respectively. The addition of excessive amounts of 
Flowzan and potassium initially led to a decrease and then an increase in the average and median particle sizes of graphite. This indicates 
that an excessive amount of potassium causes aggregation of graphite, resulting in poor dispersion between the graphite particles.

Drilling Fluids Average Particle Size (µm) Median Particle Size (µm)

Drilling Fluid A 102.8 90.25

Drilling Fluid B 25.11 18.98

Drilling Fluid C 17.1 13.71

Drilling Fluid E 15.45 12.54

Drilling Fluid D 10.03 7.93

Drilling Fluid F 22.03 18.68

Table 4—Average and median particle sizes of graphene.

Zeta Potential Measurement. According to Ravichandran et al. (2014), zeta potential values above 30 mV indicate good dispersion 
and stability. Furthermore, zeta potential values above 60 mV suggest excellent long-term stability, while values around 20 mV indicate 

Drillings Fluids Thermal Conductivity (W/mK)b % Age Intensification

Drilling Fluid A 0.372 –

Drilling Fluid B 0.417 12.1

Drilling Fluid C 0.441 18.55

Drilling Fluid D 0.46 23.66

Drilling Fluid E 0.476 27.96

Drilling Fluid F 0.503 35.22

Table 2—Thermal conductivities.

Drillings Fluids Electrical Conductivity (μS/cm) % Age Increase

Drilling Fluid A 276 –

Drilling Fluid B 302 9.42

Drilling Fluid C 326 18.12

Drilling Fluid D 350 26.81

Drilling Fluid E 398 44.2

Drilling Fluid F 403 46.01

Table 3—Electrical conductivities.
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good short-term stability (Honary and Zahir 2013). We used a high-sensitivity Omni multipoint particle size and zeta potential analyzer 
to measure the sample dispersion. We aimed to investigate the zeta potential of graphite before and after the addition of potassium. We 
observed that the zeta potential of the modified graphite increased from 8.65 mV to 30.77 mV, 35.05 mV, 40.86 mV, 50.25 mV, and 
50.19 mV for Tests A through F, as indicated in Table 5. This rise in potential indicates that the adsorption of potassium and Flowzan has 
enhanced the stability of the suspension.

Drilling Fluids Zeta Potential Value (mV)

Drilling Fluid A 8.65

Drilling Fluid B 30.77

Drilling Fluid C 35.05

Drilling Fluid D 40.86

Drilling Fluid E 50.25

Drilling Fluid F 50.19

Table 5—Zeta potential value of drilling fluids.

Rheological Properties. Drilling mud with favorable shear-thinning properties is highly sought after in drilling operations as it facilitates 
easier pumping into the bottom of a wellbore. GO serves as an excellent component for modifying fluid flow behaviors owing to its 
exceptional properties. Additionally, even in the absence of GO, the XG/CMC LV suspension displayed a nearly shear-thinning property. 
This observation suggests that XG can serve as a potent viscosifier in drilling mud formulations. Therefore, the combination of GO and 
XG or the use of XG alone can contribute significantly to achieving the desired rheological properties essential for efficient drilling 
operations (Shanker and Rani 2022). As the concentration of GO increases from 0 wt% to 0.15 wt%, there is a steady increase in shear 
stress. For instance, at a high shear rate of 1,022 s–1, the shear stresses of GO/XG/CMC LV-WDF with 0.0 wt%, 0.05 wt%, 0.1 wt%, 
and 0.15 wt% of GO are 13.24 Pa, 22.98 Pa, 24.61 Pa, and 27.58 Pa, respectively. This indicates that the shear stress in the presence of 
0.15 wt% GO is double that of the absence of GO at a high shear rate. Rheological analysis confirmed that the rheological characteristics 
of GO/CMC LV/XG were positively influenced by the increase in GO concentration. The sheet-like shape of GO is well-known, and it 
was found that carboxyl and hydroxyl groups were present on the edges and planes of the GO sheets. These functional groups contribute 
to the interaction between GO sheets and the XG/CMC LV matrix, enhancing the rheological properties of the drilling fluid. As the 
concentration of GO increases, more interactions occur between the GO sheets and the fluid matrix, leading to an increase in shear stress 
and improved rheological behavior (Ahmed et al. 2020). A drilling fluid solution displaying thixotropic behavior experiences a reduction 
in viscosity as shear rates increase. Thixotropy refers to the property of certain fluids where the viscosity decreases under shear stress 
and returns to its original viscosity when the stress is removed. This behavior is advantageous in drilling operations as it allows the fluid 
to flow more easily under high shear conditions, such as during pumping, while still maintaining sufficient viscosity to suspend solids 
and carry cuttings when the shear stress is removed. Thixotropic drilling fluids provide efficient performance in wellbore operations by 

Fig. 4—TGA spectra for drilling fluids with graphene modified under HTPT.
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balancing fluid flowability and suspension properties (Bayat et al. 2018). Mohammadsalehi and Malekzadeh (2011) have observed that 
drilling fluid rheology and flow rate are the two primary factors that significantly impact the transport of cuttings. However, they also 
mentioned that managing these parameters in the field is relatively straightforward. Ogunrinde and Dosunmu (2012) further affirmed that 
the flow rate of the fluid is the most influential factor in the formation of the cuttings bed. Fig. 5 illustrates plots of shear stress vs. shear 
rate under HTHP conditions. By analyzing the drilling fluid as a Herschel-Bulkley fluid model, the shear stress (τ) can be determined. The 
Herschel-Bulkley model describes the rheological behavior of fluids that exhibit both shear-thinning and yield stress properties. By fitting 
the experimental data from Fig. 5 to the Herschel-Bulkley model, the yield stress can be determined, representing the pressure required 
to start flow in the drilling fluid under HTHP conditions.

Fig. 5—Variations of shear stress vs. shear rate under HTPT.

Effect of Graphene on PV and YP. GS measurement is crucial for assessing a drilling fluid’s ability to withstand the settling of solid 
particles and cuttings when fluid circulation ceases. When the fluid is at rest, solid particles suspended in the drilling mud demonstrate GS 
due to the electrochemical forces acting on them. Drilling fluid with higher GS typically exhibits higher viscosity and is more effective in 
resisting particle settling. Therefore, monitoring GS is essential for ensuring the stability and performance of drilling fluids during drilling 
operations (Akpan et  al. 2020). In drilling operations, “low-flat gels” are preferred over “high-flat gels.” Low-flat gels have a more 
desirable rheological profile because they require lower pumping pressures to break and resume fluid circulation compared with high-flat 
gels. When drilling mud forms a high-flat gel, it exhibits higher resistance to flow, leading to increased viscosity and GS. As a result, 
higher pumping pressures are required to break these gels and resume fluid circulation, which can increase the risk of issues such as stuck 
pipes during drilling operations. Therefore, drilling fluids with low-flat gels are favored as they offer better fluid circulation and help 
mitigate the risk of operational challenges associated with high viscosity and GS (Oseh et al. 2024). Indeed, the rheological and filtration 
properties of drilling fluids are influenced by several parameters, including the concentration of additives and fluid temperature. By 
carefully controlling these parameters and optimizing the formulation of drilling fluids, operators can ensure desirable rheological and 
filtration properties tailored to specific drilling conditions, ultimately enhancing drilling efficiency and minimizing operational challenges 
(Blkoor et al. 2023). When the temperature rises, it can cause the main chain of the polymeric molecule in the drilling fluid to break. This, 
in turn, leads to an increase in the amount of fluid that is lost as per API standards. Furthermore, an increase in temperature can also cause 
a decrease in the rheological properties of the drilling fluid (Hyne et al. 2014). The rheological behavior of drilling fluids is determined 
by crucial parameters such as mud density, PV, and YP. These parameters play an important role in maintaining formation pressure and 
improving wellbore stability. If the mud density is low, it can cause the wellbore to collapse due to rock shear failure, which is also known 
as wellbore breakout. Conversely, high mud density can lead to circulation loss, a decrease in penetration rate, and formation damage. 
The addition of nanoadditives to WDFs has almost no effect on the weight of mud (Ismail et al. 2016). Although all the PV values 
obtained when using nanosilica as an additive are within the recommended range, it is advisable to choose the mud sample with the lowest 
PV value. Lower PV values increase the rate of penetration, reduce energy consumption during mud circulation, improve cooling and 
lubrication for downhole equipment, and minimize mud loss. Selecting the mud sample with the lowest PV value helps avoid the risk of 
excessive equivalent circulation density and formation fractures (Salih and Bilgesu 2017; Parizad et  al. 2018). A decrease in PV is 
observed once 0.5 ppb of nanosilica is added to the mud. This decrease is attributed to the nanosilica’s capacity to disrupt gel formations 
among the mud particles (Boyou et al. 2019). Using nanosilica helps reduce the PV of mud, which is beneficial for drilling at both low 
and high mud weights. However, it should be noted that increasing the concentration of nanosilica to 1.0 ppb and 1.5 ppb leads to an 
increase in PV. This is because there is a higher presence of solid particles in the mud at these concentrations (Katende et al. 2019). PV 
refers to the resistance of drilling fluid to flow caused by mechanical friction. Two key factors that affect PV are the volume of solids 
present in the mud and the viscosity of the liquid in which they are suspended. Additionally, PV is influenced by the physical properties 
of the material, such as its size and concentration Fatihah Majid et al. (2019). When drilling for oil, it is important to use non-Newtonian 
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fluids that can keep drill cuttings suspended in the wellbore and prevent issues like differential sticking. To measure the effectiveness of 
these fluids, we use the YP parameter. As the size of the solid additive particles decreases, the YP increases, which leads to better 
attraction forces between solid particles. This enhances the drill-cuttings carrying capacity and cleans the wellbore effectively (Ikram 
et al. 2021). Ensuring that the yield strength (YP) of drilling fluids is appropriate is crucial for supporting the conveyance of abrasive 
fluids and facilitating the removal of drill cuttings from beneath the drill to the surface through the annulus. By carefully controlling the 
yield strength of drilling fluids and optimizing other rheological properties, engineers can ensure that the fluid is capable of effectively 
conveying abrasive fluids and removing drill cuttings, thereby enhancing drilling efficiency and minimizing operational challenges 
(Hafshejani et al. 2016). The observation that at a concentration of just 0.5 wt% of nanoparticles, there is only a small 6.25% decrease in 
YP is significant. Despite this decrease, the resulting YP value remains within an acceptable range. This outcome is attributed to the 
positive surface charge of iron oxide nanoparticles in the aqueous state. The positive surface charge of the nanoparticles can contribute to 
maintaining the stability and performance of the drilling fluid. This charge may facilitate interactions between the nanoparticles and other 
components of the drilling fluid, helping to maintain or even enhance certain rheological properties such as YP. Therefore, even at 
relatively low concentrations, nanoparticles can still exert a beneficial effect on the rheological behavior of drilling fluids, contributing to 
their overall performance and suitability for drilling operations (Ismail et al. 2020). YP is a crucial factor in ensuring that fluids enter 
through the stream system, flowing from the lower part of the opening to the surface. A high YP is generally necessary for this purpose. 
If there is a lack of YP, it can adversely affect the transport efficiency and cause a transition from laminar to fierce streams. The use of 
nanoparticles can increase YP, but a high concentration of gas bubbles in the fluids can reduce the PV. Researchers are currently 
conducting further studies on this topic (Barry et al. 2015). Generally, increasing the concentration of nanosilica decreases the 10-second 
GS of the WBM. This is because the use of nanosilica allows for the formation of a more delicate gel (Salih and Bilgesu 2017). A good 
GS is always required as it helps maintain the necessary circulation pressure to restart drilling operations (Ismail et al. 2016; Anoop et al. 
2019; Vryzas et al. 2019). The impact of different nanoparticle concentrations on the GS of graphite at 10 seconds is shown in Figs. 6 and 
7 and Tables 6 through 9. Interestingly, it has been found that even with a small amount of nanoparticles, adding 0.3 ppb of nanocomposite 
can have a negative impact on GS. This finding highlights the sensitivity of GS to nanoparticle concentrations and underscores the 
importance of carefully optimizing nanoparticle dosages in drilling fluid formulations. While nanoparticles can offer several benefits to 
drilling fluids, including improved rheological properties and thermal stability, excessive concentrations may adversely affect certain fluid 
properties such as GS. Therefore, it is crucial for drilling engineers to conduct thorough evaluations and trials to determine the optimal 

Fig. 6—(a) PV variations. (b) YP variations.

Fig. 7—(a) 10-second GS of drilling fluids. (b) 10-second GS of WBM.



2024 SPE Journal 11

concentrations of nanoparticles. This allows for a balance between the desired enhancements in fluid performance and the maintenance 
of critical properties, such as GS. By doing so, drilling operations can proceed smoothly.

Loss of Filtering. Wellbore plugging, formation expansion, and wellbore instability and collapse can all be caused by fluid outflow into 
the formation. Differential pressure adhesion, caused by cake buildup on the wellbore wall, increases the risk of drilling tool damage (Sun 
et al. 2020). To prevent drilling fluid from escaping and entering a formation, nanoparticles can be used to obstruct the pore space (Ahmed 
et al. 2020). Fig. 8 illustrates the behavior of fluid loss in graphene-WBM; Drilling Fluid A, which contained 0.5% graphene, produced 
13.5 mL of filtrate in the 30-minute API filtration test. In contrast, after incorporating 3% graphene in Drilling Fluid F, the volume of 
fluid loss was reduced to 4.3 mL. This substantial reduction in filtrate liquid is a result of the graphene’s significant presence, which 
effectively blocks the pore space of the filter paper. The addition of 1 g of Fe2O3 nanoparticles resulted in a decrease in the filter losses 
of lignosulfonate-WBM to 8.6 mL. The use of 1 g of Fe2O3 nanoparticles can effectively reduce fluid loss in the base mud. Furthermore, 
Fe2O3 nanoparticles prove to be a superior option for minimizing fluid loss. These results support the consistent discovery made by 
Cheraghian (2021).

Lubricity Improvements. During drilling operations, heat and friction are generated at the bit and the drillstring/wellbore interface. The 
rotation of the drillstring can also create torque and drag due to friction between the wellbore and the drillstring. Lubricating the drillstring 
is one of the main functions of drilling fluid. To determine the COF, it is necessary to evaluate the level of traction between the two objects 
(Ismail et al. 2016). The lubricity of the drilling mud is a critical property that must be carefully controlled during mud formulation. 
This is because the mud plays a vital role in lubricating the drillstring throughout the drilling operation (Aston et al. 1998; Wu and 
Hareland 2012). The COF is defined as the ratio of the frictional forces between two bodies that are in contact with each other (Ismail 
et al. 2016; Quigley et al. 2016; Skalle et al. 2010; Samuel 2010). The extreme pressure oil coefficient of a new WDF is influenced by the 
presence of graphite, which decreases after 16 hours of aging at 300°F. Moreover, as the amount of graphene increases, the oil coefficient 
decreases proportionally. Specifically, when the graphite content reaches 3%, the extreme pressure grease coefficient of the freshwater-
based drilling fluid can decrease by up to 92.4%. This indicates that incorporating graphite nanoparticles, particularly with potassium 
polymer, can enhance the efficiency of the drilling fluid component. To evaluate the extreme pressure oil coefficient, experiments were 

Drilling Fluids
At 

70°F
At 

120°F
At 

180°F
At 

250°F
At 

300°F

Drilling Fluid A 30 27.5 27 26.5 24.5

Drilling Fluid B 27 25 23 22 20

Drilling Fluid C 23.5 21.5 19 15 10

Drilling Fluid D 22.5 20 15.5 14 10

Drilling Fluid E 21 17 15 10 7.5

Drilling Fluid F 19 15 10 4 1.5

Table 6—PV variation under temperature, GO, and Flowzan.

Drilling Fluids
At 

70°F
At 

120°F
At 

180°F
At 

250°F
At 

300°F

Drilling Fluid A 30 29 28 27.5 26.5

Drilling Fluid B 28.5 27 26 25 22.5

Drilling Fluid C 26.5 24.5 24 22 15

Drilling Fluid D 25.5 23 22 18 13.5

Drilling Fluid E 25 22 18 10.5 7

Drilling Fluid F 22.5 15 14 7 6

Table 7—YP variations under temperature, GO, and Flowzan.

Drilling Fluids
At 

70°F
At 

120°F
At 

180°F
At 

250°F
At 

300°F

Drilling Fluid A 15 14 13 12.5 12.5

Drilling Fluid B 14.5 13 12 10 8

Drilling Fluid C 13 12.5 11 11 9.5

Drilling Fluid D 11 9.5 8 8 7

Drilling Fluid E 8.5 7 6 5 3

Drilling Fluid F 7 5 3.5 3 1.5

Table 8—10-second GS variations under temperature, GO, 
and Flowzan.
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conducted using a Model 212 extreme pressure analyzer. The lubricity of the drilling mud samples depends solely on the concentration of 
nanosilica, while temperature does not have an impact on it. Nanosilica can increase the mud’s lubricity by forming a type of boundary 
lubrication through physisorption (Alshubbar et al. 2017; Al-saba et al. 2018). The COF was adjusted through a metal-on-metal review, 
simulating the interaction between the drillstring and the drilling. Before testing the mud samples, the equipment underwent calibration 
with deionized water. The lubricity coefficient was then determined using Eqs. 4 and 5. This experimental setup allowed for a precise 
assessment of the lubricating properties of the drilling fluid under extreme conditions, providing valuable insights into its performance 
and effectiveness in drilling operations. According to Fig. 9, the COF values obtained are 0.428, 0.375, 0.342, 0.321, 0.319, and 0.268. 
The use of nanoparticles reduces the COF by creating a slippery layer between the drillstring and the borehole.

	﻿‍
Correction Factor =

Standard Meter Reading for Deionized Water
Meter Reading Obtained in Deionozed Water Calibration

,
‍�

(4)

	﻿‍
Lubricity Coefficient =

Meter Reading Correction Factor
100 Pounds

.
‍�

(5)

Characterization of Filter Cake. A filter cake or mudcake forms at the wellbore when the filtrate is lost from the wellbore into the 
permeable zone. Excessive filtration loss can damage the formation. Therefore, it is important for any mud formulation to create a thin, 
strong, and impermeable filter cake during filtration. This helps prevent further contamination of the formation due to filtrate loss and 
avoids pipe blockage caused by an uneven or excessively thick mudcake (Ismail and Paramasivam 2016). It is well-known that the 
introduction of fluids into a formation can lead to swelling, which can cause issues with the collapse of the wellbore. Furthermore, the 
filter cake that forms on the wall of the borehole can increase the risks of pipe sticking and damage to the wellbore (Blkoor and Ka 2013; 
Mao et al. 2015). The rate of filtration tends to decrease as the fluid viscosity increases, primarily due to the characteristics of the filter 

T (°F)
Drilling fluids 70° F 120° F 180° F 250° F 300° F

Drilling fluid A 14 13.5 14 15 16

Drilling fluid B 12 12 13 14 15

Drilling fluid C 11 12 13 12.5 15

Drilling fluid D 8 9 9.5 11 13

Drilling fluid E 4 6 8 9 11

Drilling fluid F 2.5 4 5 7 3

Table 9—10-Minute gel strength under temperature and GO 
and Flowzan.

Fig. 8—Concentration of graphene affects the filtrate volume (mL).
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cake formed during the filtration process. When a drilling fluid passes through a permeable formation or filter medium, it forms a filter 
cake on the surface. This filter cake acts as a barrier, preventing further fluid loss and the passage of solid particles into the formation. 
However, the formation of a thicker and more viscous filter cake can impede fluid flow through the filter medium, reducing the rate of 
filtration. Higher fluid viscosity results in the formation of a denser and more impermeable filter cake, which offers greater resistance to 
fluid flow. As a result, the rate at which the fluid passes through the filter medium decreases, leading to a slower filtration rate. Therefore, 
maintaining optimal fluid viscosity is crucial in drilling operations to balance the need for effective filtration with the requirements for 
fluid mobility and wellbore stability (Bülichen and Plank 2012). The research study utilized SEM and XRD methods to examine the 
structure and morphology of six distinct filter cakes. Cross-sectional SEM images of the filter cakes are presented in Figs. 10 and 11. The 
study aimed to investigate the influence of various mud additives, including Flowzan, NaOH, graphite nanoparticles, and bentonite, on the 
static filter cake formed during a fluid loss in WBM. The findings revealed that the filtration cake formed from bentonite, which served 
as the base mud, exhibited a dense, smooth, and cohesive surface with a small particle size averaging 5 µm. This information provides 
valuable insights into how different mud additives impact the formation and characteristics of filtration cakes. Understanding the effects of 
mud additives on filter-cake formation is crucial for optimizing drilling fluid formulations and enhancing wellbore stability. By analyzing 
the structure and properties of filtration cakes, researchers can develop strategies to improve drilling fluid performance and mitigate fluid 
loss issues during drilling operations.

Fig. 9—COF of samples.

Fig. 10—Surface morphology of dried filter cake by SEM.
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Conclusion
The experimental findings suggest that the addition of modified graphite has a significant positive impact on the performance of WDFs, 
particularly at HTs. At 300°F, the density coefficient notably decreases with the concentration of modified graphite reaching 3% in the 
drilling fluid. Additionally, the AV and plastic consistency of the freshwater-based drilling fluid decrease with increasing temperature, 
indicating the lubricating effects of the processed graphite under these conditions. Graphene plays a consistent role in forming a compact 
filter cake with low-solid materials, enhancing the fluid’s oil capacity. The absorption of potassium and Flowzan contributes to spreading 
out double layers of electrical scattering, mitigating repulsiveness between particles, and improving the dispersal of graphite in the fluid 
or drilling fluid, thus enhancing its oil capacity. The large surface area of graphene plates necessitates additional liquid phases to wet their 
surfaces, efficiently increasing PV and carrying capacity. When graphene is combined with polyanionic cellulose, it influences the filter 
cake’s microstructure, forming a tree-root-like morphology that effectively blocks micropores. Furthermore, the presence of polyhydro-
lytic PAM significantly affects filtration characteristics, while combining graphene with NaOH serves as an effective viscosifier, with 
bentonite acting as a filtration control agent. The combination of polyanionic cellulose and potassium chloride in a graphene WDF leads 
to improved rheological characteristics and filtration performance. However, the presence of GO in the filter-cake solution could alter its 
microstructure due to hydrogen bonding among oxygen-containing functional groups. The density of functional groups directly influences 
the strength of this hydrogen bonding. Uniform dispersion of GO plates is crucial to avoid discontinuities that could compromise the 
barrier against water infiltration, leading to micropore development in the mudcake structure. However, higher concentrations of GO 
plates result in a more robust tree-root structure, reducing the formation of micropores and decreasing fluid loss.
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