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ABSTRACT: Drilling fluids are an essential component of drilling
operations in the oil and gas industry. Nanotechnology is being
used to develop advanced drilling fluid additives. This study looked
at the viability of synthesizing SiO2/g-C3N4 hybrid extending the
Stober process followed by its addition in different concentrations
to water-based drilling fluids and studying impact on the
rheological and fluid loss properties of the fluids. The synthesized
hybrid was analyzed using XRD, SEM, TGA, and FTIR.
Subsequently, it was used to develop the water-based drilling
mud formulations and subjected to measurements in accordance
with API standard practices. The studies were carried out at
various SiO2/g-C3N4 nanoparticle concentrations under before hot
rolling (BHR) and after hot rolling (AHR) conditions. The
outcomes demonstrated that the rheological and fluid loss properties were enhanced by the addition of SiO2/g-C3N4 nanoparticles,
as it worked in synergy with other additives. Additionally, it was discovered that the nanoparticles improved the drilling fluid thermal
stability. The experimental findings indicate a significant influence of SiO2/g-C3N4 nanoparticles on base fluid properties including
rheology and fluid loss as the most remarkable, especially at higher temperatures. The significant improvements in yield point and 10
s gel strength were 55 and 42.8% under BHR and 216 and 140% under AHR conditions, respectively. Permeability plugging test
(PPT) fluid loss was reduced by 69.6 and 87.2% under BHR and AHR conditions, respectively, when 0.5 lb/bbl nanoparticles were
used in formulations. As a result, SiO2/g-C3N4 nanomaterial has the potential to be used as drilling fluid additive in water-based
drilling fluids.

1. INTRODUCTION
Drilling fluids are used in oil and gas and geothermal energy
drilling operations to perform a variety of tasks, including
removing drill cuttings, cooling and lubricating the drill bit,
and supplying hydrostatic pressure to ensure borehole stability.
The execution of these tasks depends on the lithology being
drilled and a number of drilling fluid parameters that need to
be optimized to achieve desired performance water base muds
(WBM) have had various additives added to them to enhance
performance.1,2 These materials, which include natural
polymers like xanthan gum, are employed to develop
rheological and filtration properties and to reduce wellbore
instability issues.3−5 The thermal stability of these polymers
becomes a noteworthy concern, as well as a technical and
economic concern, as the well depth and bottom hole
temperatures rise. Furthermore, it has been suggested that
dispersing nanoparticles into drilling mud might enhance its
performance, particularly in downhole circumstances.6−9

Therefore, further technological developments are required
to address the high-pressure and high-temperature (HPHT)
issues and minimize drilling problems.10 High thermal stability
is needed for improved drilling mud systems to function in

HPHT environments and prevent mud deterioration. The
downhole equipment, casing, and cement sheaths might be
destroyed by these harsh circumstances.11

Due to its hydrophilic characteristics, hydrophilic shale
readily interacts with drilling fluid to become hydrated. It has
been demonstrated that altering rock wettability can enhance
wellbore stability.12,13 Small size, high surface reactivity, high
adsorption capacity, and high specific surface area are
characteristics of nanoparticles.14 According to reports, nano-
particles can enhance the rheology, lubricity, and inhibition of
drilling fluids. Furthermore, it has been demonstrated that by
actively blocking the pores in the shale, nanoparticles may
stabilize the shale by lowering filtrate infiltration.15,16 The use
of nanoparticles to change the wettability of rocks has also
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been the subject of several investigations.17 The research that
has already been done on using nanoparticles to change rock
wettability, however, has mostly been concerned with
improving oil recovery.18

There are two approaches to manufacture hydrophobic
surfaces: either by adding a nanoscale rough structure to a low
surface energy surface or by chemically changing the rough
surface. In this research, hydrophobically modified nano-
particles were created by treating low-surface-energy silica
nanoparticles.12 By changing the wellbore rock from hydro-
philic to hydrophobic and using nanoparticles as plugs, the
physicochemical interaction of the rock with water was
hindered. They showed that nanoparticles worked well to
block pore throats, greatly lowering the permeability of the
shale in the process. Additionally, nanoparticles alone cannot
seal the microcracks in shale, but when combined with other
elements in drilling fluid, they had a positive synergistic
impact.19 The previously reported silica nanoparticles may
raise the yield point (YP) and plastic viscosity (PV) of WBDF
and OBDF. The pH of nano WBDFs may decrease as a result
of the interaction between the nanoparticles and hydroxyl ions.
By physically sealing the wellbore and by the use of
nanomaterials, such as silica nanoparticles, the potential of
shale swelling and instability problems is greatly reduced.
Higher quantities of SiO2 NPs can result in better plugging
effects.20

The combination of smart polymers and nanosilica is an
effective method for preventing free water intrusion into shale
micronanopores during drilling and therefore assuring wellbore
stability. Nano-SiO2 has a strong potential for increasing the
performance of low water-in-oil drilling fluids and high thermal
stability with a decomposition temperature of 370 °C.21−23

Another research demonstrates that the use of hybrid silicate,
both organic and inorganic, as a film-forming agent
significantly improved well stability in water-based drilling
fluids.24 Another study revealed that silica NPs significantly
improved shale inhibition with 96% shale recovery after hot
rolling.25,26 In comparison to their bulk form, the carbon-based
nanostructures exhibit exceptional chemical, mechanical,
physical, and electrical properties.27,28 The carbon nano-
particles (CNPs) are being addressed to solve the techno-
logical and environmental difficulties associated with drilling.
The rheology, shale inhibition, lubrication, and fluid loss
control are all significantly improved by the use of carbon
nanoparticles (CNPs), such as g-C3N4.

29,30 This previous
study provides in-depth information about the application of
several CNPs to enhance the characteristics of drilling fluids.
Carbon is widely regarded as the most versatile material ever
invented, having the capacity to react with other compounds
and produce a broad range of structural forms, resulting in
significant industrial advances.31,32 The intention is to employ
graphitic carbon nitrides, which have a huge surface area and
improved thermal and mechanical qualities due to their 2D
sheet structure.33

The effects of different SiO2/g-C3N4 concentrations on the
rheology and filtration control performance of WBDF under
HPHT conditions were examined in this work. Surface
morphology, functional groups, particle structures, and rigidity
of various SiO2/g-C3N4 species have all had an impact on their
surface characteristics and fluid interactions. As a result, in this
work, SiO2/g-C3N4 was synthesized by using a Stober
approach using TEOS as the source of SiO2 and melamine
as the source of g-C3N4. Considering that g-C3N4 may improve

dispersion stability under high-temperature conditions, the
possibility of employing these SiO2/g-C3N4 to improve the
filtration control capacity of water-based drilling fluids in
severe high-temperature environments was explored. To the
best of our knowledge, the use of SiO2/g-C3N4 in drilling fluids
has not been examined. Hence, this is an innovative work and
would help in safe drilling of horizontal and extended reach
wells to tap unconventional shale and tight sandstone
reservoirs. Previously, attempts were made to improve fluid
properties using graphite, which is pure carbon. However,
using g-C3N4 instead of graphite is a step forward toward
greener approach as it reduces the carbon footprint by
replacing some carbon with nitrogen.

2. MATERIALS AND METHOD
For the synthesis of SiO2/g-C3N4, the ingredients tetraethyl
orthosilicate (TEOS), ammonia solution (NH3), ethanol,
deionized water, and melamine were acquired from Sigma-
Aldrich and were of analytical grade.

The base fluids have been designed for optimum rheology
and fluid loss characteristics. The base fluids contained soda
ash (hardness controller), API bentonite (viscosity agent),
NaOH (alkalinity source), KCl (shale inhibitor), polyanionic
cellulose low viscosity (fluid loss controller), xanthan gum,
modified starch, CaCO3, and API barite.
2.1. Synthesis of Bare g-C3N4. The bulk of g-C3N4 was

made using a procedure that has been documented in the
literature.34 Alumina crucible containing 20 g of melamine was
placed in a muffle furnace and heated to 550 °C at a rate of 10
°C/min for 4 h. After that, the solution was kept at room
temperature at 25 °C. A yellow cluster was produced after
calcination; this cluster was then ground into a fine powder in
a mortar and pestle.
2.2. Synthesis of SiO2/g-C3N4 Hybrid Nanomaterial.

Although the literature implies that the Stober synthesis can
take many different forms,35 the authors of this study opted to
adopt the formulation described by Sivolapov et al.36 As a
result, 5 mL of TEOS, 6 mL of ammonia, 2 mL of deionized
water, and 100 mL of a solvent (ethanol) were added to the
reaction medium, which already included the presynthesized g-
C3N4 powder. The aforementioned ingredients were mixed
together on a magnetic stirrer for 5 h at 35 °C. The reaction
was then continued under the same conditions for an
additional 2 h after an additional 1 mL of TEOS was added.
In order to boost the reaction’s yield, more TEOS was
added.37 Studies show that adding TEOS once will result in
fewer SiO2 particles being produced, regardless of the amount
added, than adding TEOS again to the reaction mixture.
Additionally, larger sized NPs are produced as a result of this
process, but their shape and size distribution are left
unchanged. After the reaction, the system was repeatedly
rinsed many times with deionized water, and the residual
solvents were then removed using a rotary centrifuge.
2.3. Characterizations. The crystallinity and composi-

tional analyses of the hybrids as-fabricated were assessed by X-
ray diffraction (XRD) (STOE-SEIFERTX’PER PRO), with
values of 2θ ranging from 0 to 90° using Cu−K radiation.
Using energy-dispersive X-ray microscopy (EDX) and
scanning electron microscopy (SEM) (JEOL-JSM-6490A),
the surface morphology and structure of the prepared
nanomaterial were examined. To determine the functional
group of the nanomaterial, Fourier transform infrared spec-
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troscopy (FTIR) methods are employed to obtain the infrared
absorption spectra of powdered materials.
2.4. Preparation of SiO2/g-C3N4 Nanofluids. Before

being introduced to the base drilling fluid, the SiO2/g-C3N4
nanoparticles were dispersed in 50 mL of deionized water and
stirred at 600 rpm for 30 min to achieve a homogeneous
solution. Thirty min of ultrasonication and dispersion were
used to make the solutions homogeneous (Ultrasonic bath
FB15051, Fisher brand).
2.5. Preparation of Water-Based Drilling Fluids

Containing Nanoparticles. The formulated water-based
drilling fluid system includes a number of the drilling fluid
chemicals as listed in Table 1. The purpose of using all
components is to develop a drilling fluid with good fluidity
characteristics including rheology and fluid loss so as to
evaluate the real effects of nanomaterials on these character-
istics of drilling fluids under before and after hot rolling
conditions. We employed the same formulation with 0.5, 1,
and 1.5 g of nanomaterials per lab barrel of fluid (350 mL) to
compare the results. Before each experiment, 50 mL of 0.5, 1,
and 1.5 g of SiO2/g-C3N4 nanofluids were introduced to the
WBDF and continued mixing using a Hamilton beach mixer
for 30 min developing material balanced formulations.
2.6. Drilling Fluid Properties Measurements.

2.6.1. Rheology Properties. Drilling fluid samples’ rheological
characteristics were assessed in accordance with the API’s
suggested methodology.38 Briefly, the plastic viscosity (PV),
yield point (YP), 10 s and 10 min gel strengths, as well as
apparent viscosity (AV), were measured using a rotating
viscometer, the Fann 35, which has six speeds of shear rate (3,
6, 100, 200, 300, and 600 rpm). PV is a measure of a fluid’s
resistance to flow; it is equivalent to the viscosity of mud
caused by frictions between its solid particles. YP, on the other
hand, refers to the initial stress needed to move the fluid. The
results of the PV, YP, and AV calculations are shown below.

=apparent viscosity(AV) Ø /2cP600 (1)

=plastic viscosity(PV) Ø Ø cP600 300 (2)

=yield point(YP) (Ø PV)lb/100ft300
2

(3)

The units of AV and PV are cP, whereas YP was measured in
lb/100 ft2.

2.6.2. Filtration Properties. Using an API filter press
(OFITE), the filtration rate of the drilling fluid was measured.
The fluid was subjected to an applied pressure of 100 psi,
which forced the filtrate to drain from it. Thirty minutes were

spent doing this at room temperature (25 °C) before the
volume of fluid loss was measured.

2.6.3. High-Pressure and High-Temperature Filter Press
(HPHT). An API high pressure and high temperature (HPHT)
filter press was used in a stainless-steel filtration cell for static
filtration testing. The measurements were made at a differential
pressure of 500 psi and a temperature of 225 °F. The filtrate
for filtration at 225 °F was collected by using a condenser.

2.6.4. Permeability Plugging Tester (PPT). Using a certified
permeability plugging tester (PPT), the plugging effectiveness
of the SiO2/g-C3N4 was assessed using a 40 μm ceramic disc.
The disc had a 3.5 in2 filtration area that had been
manufactured artificially. The PPT’s schematic with the
ceramic disc is shown in Figure 8a,b. Before being heated to
the desired temperature (°F), the fluid is placed inside the PPT
cell and pressured there at 1000 psi differential pressure.
Controlling the top valve on the PPT cell induced flow when
the sample was conditioned. The progression of filtration over
time and at various pressures was observed.

3. RESULTS AND DISCUSSION
3.1. Powder X-ray Diffraction. The produced SiO2/g-

C3N4 hybrid powder X-ray diffraction pattern is shown in
Figure 1. The XRD profiles for the SiO2 nanospheres sample
exhibit only strong and wide peaks in the 2θ = 15−35° range,
which is attributed to amorphous SiO2.

39 The amorphous
nature of the deposited film is shown by the absence of a

Table 1. Chemicals Used in Synthesis of Water-Based Drilling Fluids

sr. no. component function specific gravity concentration (g/350 mL) equivalent volume (mL)

1 deionized water base fluid 1.00 318.59 318.59
2 soda ash hardness controller 2.53 0.10 0.04
3 API bentonite viscosity enhancer 2.60 5.00 1.92
4 sodium hydroxide alkalinity source 2.10 0.20 0.10
5 potassium chloride shale inhibitor 1.99 10.00 5.03
6 polyanionic cellulose low viscosity fluid loss controller 1.50 2.00 1.33
7 xanthan gum rheology modifier 1.50 1.00 0.67
8 modified starch fluid loss controller 1.50 2.00 1.33
9 CaCO3−5 micrometers bridging material 2.70 5.00 1.85
10 CaCO3−50 micrometers bridging material 2.70 5.00 1.85
11 API barite weighing agent 4.20 69.00 16.43

Figure 1. Powder X-ray diffraction of SiO2/g-C3N4.
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distinctive peak in the SiO2 layer’s XRD pattern.40 There are
two distinct diffraction peaks on it. The interlayer stacking of
conjugated aromatic planes, indexed as (002), is assigned to
the strong peak at 27°. Furthermore, the small peak at almost
12.5° is in plane indexed as (100) structural packing motif of
tri-s-triazine units.41,42

3.2. Fourier Transform Infrared spectroscopy (FTIR).
The functional groups of SiO2/g-C3N4 identified using FT-IR
spectroscopy are shown in Figure 2. The spectral profile of the
synthesized sample had prominent bands between 1100 and
1750 cm−1. The aromatic C−N stretching vibrations were
represented by the prominent peaks seen at about 1250, 1320,
and 1460 cm−1, whereas the C�N stretching vibrations could
be found at 1569 cm−1.43−46 The stretching vibrations of the
hydroxyl groups (O−H) are at 3075 cm−1 and N−H at 3406
cm−1. The distinctive adsorption maxima at 1090, 790, and 465
cm−1 are attributed to the bending vibration, asymmetric
stretching, and symmetric stretching of Si−O−Si, respec-
tively.47,48 The validity status of the silica particles was verified
through examination of the amorphous structure, and the area
of the wavelength number intrinsic to silica particles in the
findings. Since no additional areas were found, it is believed
that silica particles formed in this intrinsic region of
wavenumber, which is the usual peak region of SiO2.

48

3.3. Microstructural and Elemental Composition
Analysis. The SiO2/g-C3N4 nanoparticles’ surface morphol-
ogy, size, and shape were examined using scanning electron
microscopy (SEM). The spherical form of nanoparticles and
the size of silica particles are both shown in the SEM image of
SiO2. The produced nanoparticles for the whole SiO2
concentration are clearly seen in Figure 3 to have a spherical
shape with clearly defined borders and a particle size of 200−
450 nm. Energy dispersive spectroscopy (EDS), stimulated
with an electron beam (20 keV), was used to examine the
elemental compositions of nanoparticles. Carbon (C) and
oxygen (O) have peaks at 0.4 and 0.5 keV, respectively. While
Si is responsible for the higher peak at 1.7 keV, Si and O are
present in the investigated samples as the main elements,
according to the EDS analysis.

In the hybrid sample, g-C3N4 exhibits a characteristic
lamellar structure, which is produced by the aggregation of
massive g-C3N4 particles. The representative SEM pictures of
the SiO2/g-C3N4 nanospheres are shown in Figure 3e. It can
be seen that the structural characteristics of all of the SiO2/g-
C3N4 compounds are comparable. To obtain a typical SiO2/g-
C3N4 nanosphere, some of the SiO2 nanoparticles uniformly
distributed on the surface of 2D g-C3N4.All elements were
observed to be distributed uniformly throughout the selected
region as shown in EDS result Figure 3f. This suggests that the
distribution of SiO2 and g-C3N4 is uniform.
3.4. Thermogravimetric Analysis (TGA). The study of

the SiO2/g-C3N4 Nano hybrid by TGA is shown in Figure 4
Compared to pure g-C3N4, the SiO2/g-C3N4 nanohybrid
exhibits exceptional thermal stability. Below 120 °C, both
adsorbed and chemisorbed water evaporation takes place as
shown in Figure up to 450 °C, relatively stable oxygen-
containing groups start to disintegrate, and they roughly start
to become stable about 710 °C. This demonstrates that below
500 °C, the chemical characteristics of g-C3N4 are stable. The
internal structure, which consists of an aromatic ring
conjugated system coupled by a covalent connection between
carbon and nitrogen, is the cause of this. However, g-C3N4 has
a layered structure that resembles that of graphite. Between
layers, there is a rather strong van der Waals force.49 As the
temperature increases from the initial 500 °C point, g-C3N4
begins to disintegrate. At 710 °C, g-C3N4 totally disintegrates.
The mass of g-C3N4 is 0 at this moment. This is consistent
with where the curve’s inflection point is located. Below 900
°C, SiO2 essentially has no mass loss. Below 900 °C, it has high
thermochemical stability.50 The fraction of SiO2 in the sample
may be calculated using the value of the curve’s inflection point
and the features of g-C3N4 and SiO2 in the TG curve. The
amount of SiO2 in SiO2/g-C3N4 is 20% and nano-SiO2 has
excellent thermal properties.
3.5. Effect of Synthesized Nanomaterial on the

Established Drilling Fluid System’s Filtration and
Rheological Properties. The rheological properties of the
drilling fluids are important characteristics that affect several
essential aspects of the drilling operation. The fluid’s yield

Figure 2. FTIR spectra of SiO2/g-C3N4.
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point, apparent viscosity, plastic viscosity, and gelling
characteristics are its most important rheological character-
istics. These rheological properties are successfully attained in
drilling fluids based on nanocomposite materials. The
fundamental rheological properties of the manufactured
muds were evaluated including plastic viscosity, yield point,
gel strength, filter cake thickness, and filtrate loss. The
parameters for plastic viscosity and yield point as well as
mud viscosity and gel strength were determined using a Fann
viscometer (model 35SA). The sample was first heated to 120
°F in a Thermo-cup. The Fann viscometer speed was then set
to 600 and 300 rpm to calculate the values of the plastic
viscosity and yield point at each speed. Furthermore, the filter
cake and filter loss were evaluated with an OFITE filter press
(141−00-C). The filter press includes a pressured chamber

with filter media fitted. Figure 6 depicts the configuration for
the OFITE filter press. In order to increase the cell pressure to
100 psi, a CO2 cartridge was attached to the filter press
apparatus. In the cell, the prepared mud was loaded to within a
quarter in. of the O-ring groove. To determine the filtrate
value, a suitably graduated cylinder was positioned beneath the
filtrate aperture. The cell’s pressure-applying intake valve was
then opened. Every test took place over a period of 30 min.
The cell was disassembled, and the mud was discarded after
diluting with water. It should be emphasized that the
dismantling must be done slowly and carefully to avoid
disturbing or harming the mud cake that has been developed.
The cake was then properly cleaned to remove the extra mud.
After then, the thickness of the mud cake was determined.
Table 2 and Figure 5 illustrate the impact of nanocomposite on

Figure 3. (a) SEM image of bare SiO2. (b) Corresponding element mapping of bare SiO2. (c) Area selection for EDS. (d) Elemental composition
EDS. (e) SEM image of SiO2/g-C3N4. (f) Corresponding elemental composition of the hybrid sample.
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the rheological characteristics of synthesized drilling fluid
formulations, yield point, and plastic viscosity and gelling
properties.

The rheological properties of drilling fluid improved with
increasing nanomaterial concentrations according to experi-
ments. With increasing SiO2/g-C3N4 concentration, yield point
(YP) and apparent viscosity (AV) rose dramatically. The
improved hydrogen bonding is due to the synergistic actions of
the nanomaterial and xanthan gum polymer. Because drilling
fluid is exposed to varied shear rates inside the wellbore
throughout the drilling operation,51,52 a reasonable range of
apparent viscosity (AV) is necessary for the cutting flow. At
higher concentrations of the nanomaterial, a slight increase in
plastic viscosity was observed. To produce an alkaline
environment, the pH of the drilling fluid compositions was
kept between 8.0 and 8.5 using potassium hydroxide. The hot
rolling conditions of the drilling fluid are as follows:
temperature, 225 °F; time, 16 h.

The effectiveness of cleaning holes is influenced by the fluid
viscosity and the yield point. As shown in Figure 5 and Table

2, the addition of 0.5, 1.0, and 1.5 lb/bbl SiO2−C3N4 NPs
significantly increase the viscosity of water-based drilling fluids.
As part of its role as a yield point enhancer, the xanthan gum
polymer also frequently increases the fluid viscosity. However,
a nanocomposite’s chain joiner sites aid in postincreasing the
stable viscosity.

The gel strength of the drilling fluid, which is an important
component, determines its ability to keep the drill cuttings
suspended. According to experimental results, the SiO2/g-
C3N4 NPs also depicted an acceptable gel strength at both 10 s
and 10 min, as shown in Table 2 and Figure 5c. The water-
based drilling fluid’s 10 s gel strength was 7 lb/100 ft2 before
being enhanced to 10 lb/100 ft2 by the addition of 0.5 lb/bbl
of SiO2/g-C3N4 nanoparticles. After hot rolling, it was
observed that the gel strength of base mud decreased to 5
lb/100 ft2, but the gel strengths of the fluid treated with 0.5, 1,
and 1.5 lb/bbl SiO2/g-C3N4 nanoparticles significantly
improved to 12, 14, and 14 lb/100 ft2, respectively. This
enhancement may be due to the nanoparticles’ capacity to
serve as chain joiner sites between the polymer matrixes

Figure 4. TGA curve of SiO2/g-C3N4.

Table 2. Properties of the Developed Base Drilling Fluids with and without Nanomaterialsa

base mud 0.5 lb/bbl SiO2/g-C3N4 1 lb/bbl SiO2/g-C3N4 1.5 lb/bbl SiO2/g-C3N4

Properties BHR AHR BHR AHR BHR AHR BHR AHR

M.W 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20
viscometer dial readings

600 rpm 52 26 65 70 68 72 73 78
300 rpm 36 19 48 54 51 57 54 62
200 rpm 30 16 41 48 42 50 44 53
100 rpm 22 12 31 36 32 39 35 42
6 rpm 8 5 11 14 12 19 14 21
3 rpm 6 4 6 11 9 16 10 18

PV (cP) 16 7 17 16 17 15 19 16
AV (Cp) 26 13 32.5 35 34 36 36.5 39
YP (lb/100 ft2) 20 12 31 38 34 42 35 46
gel′ (lb/100 ft2) 7 5 10 12 11 14 12 14
gel″(lb/100 ft2) 10 8 22 21 25 22 26 24
API FL (mL) 6 12.5 5.5 6.5 5.5 6 5.2 5.6
cake (mm) 1.0 2.5 0.5 0.5 0.5 1 0.5 1
pH 8.0 8.0 8.5 8.0 8.0 8.0 8.0 8.0
aAHR: after hot rolling; BHR: before hot rolling; API FL: API fluid loss.
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(Xanthan gum) and aid the gelation behavior of the
nanocomposite drilling fluid. The results demonstrate that
synthesized nanohybrid considerably influences the rheological
characteristics of the generated drilling fluid system more than
xanthan gum polymer and silicon oxide nanoparticles do
separately.

3.5.1. Plastic Viscosity (PV). The viscosity of mud is
described by a Bingham model component termed plastic
viscosity (PV), which may be extended to an infinite shear rate
using the Bingham model’s mathematics.53 Drillers often avoid
utilizing high PV drilling fluids for drilling operations since
they are difficult to pump. However, in order to increase
hydrostatic pressure, which is directly connected to mud
viscosity, a drilling fluid must be of sufficient density. Reduced
mud viscosity leads to decreased mud density and, it appears,
lower hydrostatic pressure, which is not always desired. As a
result, in order to conduct safe drilling operations, an optimal
value of PV should be established by taking into account all
operational factors and the necessary mud properties.54 Before
hot rolling (BHR) and after hot rolling (AHR), the PV of base
mud was measured to be 16 and 7 cP, respectively.

According to Table 2, adding SiO2/g-C3N4 NPs often led to
an increase in PV of the base mud. The value of PV for each
kind of NPs at different concentrations (from 0.5 to 1.5 lb/

bbl) was, however, nearly identical. The base mud did not
sustain their PV value during hot rolling, as evidenced by data
that showed that the PV value of the base mud reduced after
hot rolling by almost half. The PV values of the 0.5, 1, and 1.5
lb/bbl SiO2/g-C3N4 NPs were 17, 17, and 19 cP before hot
rolling and 16, 15, and 16 cP after hot rolling, respectively. The
results above demonstrate that the PV value of NPs treated
mud systems did not decrease. This can be attributed to the
fact that SiO2/g-C3N4 NPs retain their structural integrity and
bentonite−bentonite coupling capabilities. SiO2/g-C3N4 NPs
can improve the flow characteristics of base mud by a number
of mechanisms, the majority of which are dependent on the
mud system’s continuous phase and the SiO2/g-C3N4 NPs
features. SiO2/g-C3N4 NPs frequently enhance the apparent
viscosity of base mud, the continuous phase of drilling fluids. It
is well-known that the viscosity of nanofluids is much higher
than that of regular dispersions for a given volume
concentration of dispersed particles; after NPs are dispersed
in the fluid, this friction may increase, increasing the viscosity
of the nanofluid.55,56 Essential physical properties that
influence how drilling fluid rheological characteristics change
include the NPs density, structure, and heat capacity. The NPs
and base mud may be linked or bound together directly or

Figure 5. Drilling fluids shear rate and shear stress with different concentrations of nanomaterial and base fluid (a) before hot rolling (BHR); (b)
after hot rolling. (c) Gel strength of drilling fluids BHR and AHR. (d) Yield point (YP) of drilling fluids BHR and AHR.
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through certain chemical interactions in order to increase the
PV of the base mud.20

3.5.2. Gel Strength. The ability of a drilling fluid to suspend
drilling fluid particles depends on a number of essential
properties, including gel strength.57 The gel strength is used to
determine the electrochemical forces present in the fluid under
static conditions. Figure 5c shows the impact of SiO2/g-C3N4
NPs on gel strength at different concentrations for 10 s and 10
min, respectively. The gel strength values for 10 s and 10 min
were 7 and 10 lb/100 ft2 respectively, which correspond to the
first evaluation of base mud gel strength. According to Figure
5c, adding 0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 NPs increased
the gel strength of base mud to 10, 11, and 12 lb/100 ft2 for 10

s tests and 22, 25, and 26 lb/100 ft2 for 10 min tests,
respectively. Additionally, it can be noted in the findings that
NPs slightly enhanced the gel strength (10 s, 10 min) after hot
rolling and decreased the gel strength of the base mud (see
Figure 5c). High gel strength is also necessary to prevent a
number of serious drilling issues.58 The gelling characteristics
of 0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 NP concentrations are
therefore shown to be superior to base mud.

3.5.3. Yield Point (YP). The key factor affecting fluid flow in
the reverse direction is the yield point (YP). The capacity of
drilling fluid to remove drilling cuttings from downhole and
transport them to the surface is often accomplished via the YP
characteristic.59 Electrical ions in the vicinity of the active

Figure 6. (a) OFITE 141−00-C API filter press used to check fluid loss. (b) OFITE filter paper obtained after API filter press of 0.5 SiO2/g-C3N4.
(c) Corresponding fluid loss of 0.5 SiO2/g-C3N4 in measuring cylinder. (d) OFITE filter paper obtained after API filter press of base fluid. (e)
Comparative fluid loss of different formulations within different time periods BHR and (f) AHR.
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chemical cause this parameter, which is introduced into a fluid
via electrostatic forces. The electrical charges that are present
on the surfaces of the interacting particles generate these
electrochemical forces.57 In particular, increasing the YP value
enables drill cuttings to accelerate and carry faster toward the
ground surface.60 The YP needs to be high enough to initiate
mud flow while still being low enough to prevent excessive
pump pressure.61 Base mud YP was calculated to be 20 and 12
lb/100 ft2 BHR and AHR, respectively. Figure 5d illustrates
how SiO2/g-C3N4 NPs affect the YP of based mud. When
SiO2/g-C3N4 NPs are present in varied quantities, the YP of
base mud exhibits varying performances. At all tested
concentrations, there is an increasing trend in the YP of the
SiO2/g-C3N4 NPs WBDF. For 1 lb/bbl SiO2/g-C3N4 NPs, the
highest yield point was 34 lb/100 ft2 BHR and 42 lb/100 ft2
AHR, respectively. The similar trend was seen in 0.5 lb/bbl
SiO2/g-C3N4 NP maximum yield point values of 31 lb/100 ft2
and 38 lb/100 ft2 BHR and AHR, respectively. As the
concentration of NPs further increased to 1.5 lb/bbl SiO2/g-
C3N4, the yield point further increased to 35 lb/100 ft2 and 46
lb/100 ft2 BHR and AHR, respectively. The yield point value is
enhanced by increasing concentrations. According to previous
research, SiO2/g-C3N4 NPs with larger surface area per volume
may interact more with the matrix and the surrounding water-
based drilling mud.62 Due to the particle bridging effect

created by the interaction of polar functional groups such as
−OH, etc., situated in favorable locations to work with
appealing interacting layers for having a high attraction to
water.

3.5.4. Filtrate Loss. The mud cake thickness and fluid loss
volume are the two important parameters that are measured in
this type of experiment. The substantial amount of fluid loss
volume is a damaging aspect for drilling fluids since it may lead
to many problems, such as formation damage and instability of
wellbore.46,63 The resulting pressure is effectively directed
toward the formation at any point along the wellbore. This is
because of the ongoing overbalance used to stop kicks from the
formation. Mud is forced into the structure by this pressure.
The fluid penetrates further into the formation, while the solid
portion of the mud creates a thin plaster around the wellbore.
If this filtrate loss occurs in shale, it may cause clay to swell. All
of these result in increased complexity and deteriorated shale
formation integrity in the first instance. A comparison of the
fluid loss behavior of base mud and at different NPs
concentrations is shown in Figure 6e,f. After 30 min, the
base mud had 6 and 12.5 mL of fluid loss BHR and AHR,
respectively. The fluid loss volume was 5.5 and 6.5 mL when
0.5 lb/bbl of SiO2/g-C3N4 NPs were added to the base mud
BHR and AHR, and it slightly reduced to 5.5 and 5.2 mL at 1
and 1.5 lb/bbl SiO2/g-C3N4 NPs, respectively. The findings

Figure 7. (a) OFITE high-pressure and high-temperature (HPHT) assembly. (b) OFITE filter obtained BHR and AHR of 0.5 ppb SiO2/g-C3N4.
(c) Bar chart to comparisons of HPHT fluid loss of different formulations.
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demonstrate that SiO2/g-C3N4 NPs might be a potential
addition to lower base mud fluid loss, particularly at
concentrations between 0.5 and 1.5 lb/bbl. SiO2/g-C3N4
NPs, which significantly decrease the base mud fluid loss
(5.5 mL) at concentrations of 1.5 lb/bbl. After hot rolling, the
base mud loses a significant amount of fluid because the
polymeric materials (Polyanionic Cellulose, Modified Starch)
used in the formulation lose their properties. However, NPs
mud had nearly the same fluid loss in both BHR and AHR
because NPs do not lose their properties and maintain
structure and shape after hot rolling. Actually, when SiO2/g-
C3N4 NPs concentrations increased, the number of nano-
particles in the drilling fluid system increased, resulting in a
drop in the mud cake thickness, which blocked extremely small
holes and microscopic cavities in mud cake surfaces. As a
result, the volume of mud filtration is reduced.

3.5.5. High Pressure and High Temperature. The filtration
characteristics of the drilling fluid samples were evaluated by
using the HPHT filtration test at 225 °F and 500 psi
differential pressure, respectively. The filtrate loss and mud
cake were measured after the test had run for 30 min. Figure 7
depicts a comparison of the efficacy of several drilling fluids
under extreme pressure and heat. According to Figure 7,

filtration loss at HPHT up to 225 °F for the base mud showed
considerable fluid loss as compared to SiO2/g-C3N4 NPs mud
performing better. At HPHT conditions, the base muds usually
had a greater filtrate loss until a temperature of 225 °F. The
filtrate loss from the base mud was higher than the filtrate loss
from the muds containing SiO2/g-C3N4 NPs at 225 °F.

Figure 7a depicts the HPHT apparatus used for this test, and
Figure 7b depicts the mud cake that resulted from the test,
with a thickness of 1 mm for 0.5 lb/bbl SiO2/g-C3N4 NPs
BHR and AHR. This mud cake has a smooth surface and is
very thick. The cumulative fluid loss is shown in Figure 7c, and
it is obvious from the graph that as the concentration of
nanomaterials increased the fluid loss decreased, reaching
minimums of 7.5 and 9.2 mL of BHR and AHR for 1.5 lb/bbl
nanomaterial. This was due to the fact that polymers are
temperature-sensitive, and under HPHT conditions, they
breakdown, increasing fluid loss and impairing the ability to
move cuttings upward.64,65 As compared to the base mud
sample, SiO2/g-C3N4 NPs outperformed in terms of filtrate
loss volume. The performance of SiO2/g-C3N4 NPs was caused
by the edge-to-edge (positive edge bentonite−negative face
bentonite) and face-to-face (modified silica and bentonite)
electrostatic attraction. This arrangement traps silica in the

Figure 8. (a) OFTITE 171−85 permeability plugging tester apparatus. (b) 40 μm ceramic discs used in PPT. Accumulated total fluid loss of
different formulations: (c) BHR; (d) AHR.
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spaces between the clay granules, resulting in heterocoagulated
formation cluster.66,67 The fluid within the formation is held
and retained by this created structure, which lowers the volume
loss of the filtrate. Daswani and Van Herk said that when two
particles with different features, such as chemical composition,
size, and charge, combine, clusters develop, which leads to the
production of a gel-like structure known as heterocoagula-
tion.68

3.5.6. Permeability Plugging Test (PPT). A permeability
plugging tester (PPT), which is a modification of the common
HTHP filter press, is a device used to evaluate a drilling fluid’s
potential to plug pores in a ceramic disc. Drilling fluid was
prepared and then placed in a PPT cell. A pump on the bottom
side of the cell delivers the appropriate amount of pressure as it
forces drilling through a ceramic disc that is set up on the top
side of the cell. After 0.5, 1, 3, 5, 7.5, 15, and 30 min, the filtrate
was collected in a receiver. The filter media is a ceramic disc,
and the filtration area is 3.5 in2, which is twice as small as API
filtration. The experiments were run at a temperature of 225 °F
and a differential pressure of 1000 psi, and the pore size of the
employed ceramic discs was 40 μm. Equation 4 must be
multiplied by 2 to account for the API filtration’s twice as big
filtration surface, while eq 5 may be used to determine the
spurt loss.69

= × VPPT filtrate volume 2 30 (4)

= × ×V Vspurt loss 4 27.5 30 (5)

where V30 is the filtrate volume collected after 30 min in mL
and V7.5 is the filtrate volume collected after 7.5 min in mL.
Spurt loss is defined as fluid volume collected before
establishment of mud cake in mL.

Filtration through the ceramic disc, which has a pore size of
40 μm, resulted in a significant decrease in filtration volume
after 30 min for tested nanomaterials drilling fluids containing
0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 NPs (24, 19.6, and 19 mL,
respectively) when compared to values measured with base
drilling fluid (79 mL) for BHR. Using the spurt loss values, the
quantity of fluid lost before developing the drilling fluid cake
was greatly reduced for tested NP-containing drilling fluids as
shown in Table 3. Because the tested disc has varying hole
diameters, it is proven that NPs better plugged the disc pores

than base mud passed through the disc before producing the
drilling fluid cake. As 0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 NPs
are added to the drilling fluid, the invasion rate into the 40 μm
disc is reduced by 69.6, 75.1, and 76%, respectively, as
compared to the base drilling mud. AHR nanoparticles with
0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 decreased the invasion rate
by 87.2, 88.3, and 88.7%, respectively, which shows much more
improvement than nonfunctionalized and high- and low-
carboxyl-functionalized SiO2, which reduced the filtration by
13, 33, and 36%.70

According to the data, AHR, base mud has a total loss after
30 min, indicating that polymeric materials lose their
characteristics, and NPs are more effective. AHR results
indicate that the NPs considerably plugged the pores and
reduced fluid penetration.

4. CONCLUSIONS
In this work, SiO2/g-C3N4 NPs mud with different
concentrations including 0.5, 1, and 1.5 lb/bbl NPs were
produced. It was determined through this experimental
research that SiO2/g-C3N4 is effective for enhancing WBM
fluids. A g-C3N4 was grafted onto the surface of silica NPs to
modify them. The results show that this was an effective
method for lowering silica NPs aggregation, leading to better
mud system properties. It will be desirable to utilize g-C3N4
modified silica NPs in drilling mud systems when silica is in a
good, disseminated form since stability was important in the
experimental study. The nanoparticles were subsequently
dispersed in water using the well-known two-step techniques
to make nanofluids. The generated nanofluids were then added
to the drilling mud to improve its filtration and rheological
properties. The following are the conclusions of the experi-
ments conducted for this study:

1. The addition of nanoparticles to base mud improves the
rheological characteristics of the drilling fluid. This
improvement is proportional to the size and concen-
tration of nanoparticles. For 1 and 1.5 lb/bbl SiO2/g-
C3N4 NPs, the highest yield points were 34 and 35 lb/
100 ft2 BHR and 42 and 46 lb/100 ft2 AHR, respectively.
A similar trend was seen in 0.5 lb/bbl SiO2/g-C3N4 NPs
with maximum yield point values of 31 and 38 lb/100 ft2
BHR and AHR, respectively.

2. Nanoparticles treated drilling fluid has substantially
lower fluid loss in PPT before and after hot rolling than
base mud. As 0.5, 1, and 1.5 lb/bbl SiO2/g-C3N4 NPs
are added to the drilling fluid, the fluid loss reduced by
69.6, 75.1, and 76%, respectively, as compared to the
base drilling mud. AHR nanoparticles with 0.5, 1, and
1.5 lb/bbl SiO2/g-C3N4 NPs decreased the fluid loss by
87.2, 88.3, and 88.7% respectively.

3. Adding nanoparticles to drilling fluids successfully
increases their thermal stability.

4. We understand that the hybrid SiO2/g-C3N4 has been
investigated for the first time in this study to enhance the
properties of the water-based drilling fluids.
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