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Abstract: Shale formations present significant challenges to traditional drilling fluids due to fluid
infiltration, cuttings dispersion, and shale swelling, which can destabilize the wellbore. While oil-
based drilling fluids (OBM) effectively address these problems concerns about their environmental
impact and cost limit their widespread use. Recently, nanomaterials (NPs) have emerged as a
promising approach in drilling fluid technology, offering an innovative solution to improve the
efficiency of water-based drilling fluids (WBDF) in shale operations. This study evaluates the
potential of utilizing modified silica nanocomposite and graphene nanopowder to formulate a
nanoparticle-enhanced water-based drilling fluid (NP-WBDF). The main objective is to investigate
the impact of these nanoparticle additives on the flow characteristics, filtration efficiency, and
inhibition properties of the NP-WBDF. In this research, a silica nanocomposite was successfully
synthesized using emulsion polymerization and analyzed using FTIR, PSD, and TEM techniques.
Results showed that the silica nanocomposite exhibited a unimodal particle size distribution
ranging from 38 nm to 164 nm, with an average particle size of approximately 72 nm. Shale samples
before and after interaction with Graphene nanopowder-WBDF and NFC-WBDF were analyzed
using scanning electron microscopy (SEM). The NP-WBM underwent evaluation through API
filtration tests (LTLP), high-temperature/high-pressure (HTHP) filtration tests, and rheological
measurements conducted with a conventional viscometer. Experimental results showed that silica
nanocomposite and graphene nanopowder effectively bridged and sealed shale pore throats,
demonstrating superior inhibition performance compared to conventional WBDEF. Post adsorption,
the shale surface exhibited increased hydrophobicity, contributing to enhanced stability. Overall,
silica nanocomposite and graphene nanopowder positively impacted rheological performance and
provided favorable filtration control in water-based drilling fluids.

Keywords: drilling fluids; graphene nanopowder; polymer; shale stability

1. Introduction

During drilling operations, shale formations pose significant challenges, accounting for
approximately 90% of wellbore instability issues [1,2]. Despite extensive research, shale instability
remains a critical concern in the petroleum industry [3,4]. The emergence of shale gas has further
complicated this issue, especially in horizontal drilling sections [5,6]. Traditional drilling fluids
struggle to stabilize shale due to their large particle size, which cannot effectively bridge and seal
nanopores within shale formations [7]. While oil-based drilling fluids (OBM) perform well under
these conditions, their high cost and environmental impact limit their use. Consequently, water-
based drilling fluids (WBDF) are preferred, despite their tendency to interact adversely with shale
clays [8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Nanoparticles (NPs) have recently been explored to enhance the performance of WBDFs. NPs,
typically ranging from 1 to 100 nm, can physically block shale pores, reducing filtrate invasion and
improving wellbore stability [9,10]. Their high surface area-to-volume ratio allows for effective use
at low concentrations, minimizing fluid losses and filter cake thickness under both low-temperature
low-pressure (LTLP) and high-temperature high-pressure (HTHP) conditions. NPs also improve the
rheological properties of WBDFs, preventing excessive gel strength [11].

Research has shown that polymer latex nanoparticles and nano-emulsions can bridge and seal
nanopores and microfractures in shale, but these solutions often lack stability and resistance to high
temperatures [12,13]. A promising alternative is the incorporation of nano-fillers into polymer
matrices, combining the rigidity and thermal stability of inorganic nanomaterials with the resilience
of polymers [14,15]. This study investigates the preparation and evaluation of a silica nanocomposite
as a potential shale stabilizer in WBDFs. Silica nanocomposite was synthesized using styrene (St),
butyl acrylate (BA), and nano-silica through emulsion polymerization. The effects of silica
nanocomposite and graphene nanopowder on the rheological behavior of WBDFs were assessed,
showing improved shale stability and reduced shale permeability.

2. Materials and Methods

2.1. Materials

The study utilized various materials: 1) Styrene (St); 2) n-butyl acrylate (BA); 3) SiO2
nanoparticles (7-40 nm); 4) octylphenol polyoxyethylene ether (OP-10); 5) ethanol, silane coupling
agent KH570; 6) sodium dodecyl sulfate (SDS); 7) ethylic acid; 8) potassium persulfate (KPS); 9)
sodium bicarbonate (NaHCO3); and graphene nanopowder were also incorporated. Deionized water
was consistently used as the solvent throughout the experiments.

Silica oxide nanoparticles (SiO2-NPs) were obtained from the Scientific Center of Composite
Materials in Almaty, Kazakhstan. These spherical SiO2-NPs ranged in size from 7 nm to 40 nm and
were unmodified and non-porous. Graphene nanopowder, sourced from Sarsen Amanzholov East
Kazakhstan University in Ust-Kamenogorsk, Kazakhstan, had a two-dimensional (2D) structure,
with particles sized between 1.3 um and 2.3 um and a thickness of less than 3 nm.

Traditional additives were used in the drilling fluid formulation. Bentonite was the main
viscosifier, while xanthan gum (XG) enhanced rheology. Polyanionic cellulose low-viscosity (PAC-
LV) and pre-gelled starch controlled filtration, and graphite was used as a lost circulation material
(LCM). Potassium hydroxide (KOH, 85%) adjusted the alkalinity. These additives were sourced from
various suppliers and used without further modification.

2.2. Preparation of silica nanocomposite

The preparation of silica nanocomposite involved several sequential steps. Initially, nanosilica
was dispersed in 100 mL of ethanol using ultrasonic assistance for 1 hour. KH570 was then dissolved
in the ethanol along with a small amount of water, maintaining a weight ratio of 1:1:18 for
KH570/H20/ethanol. Subsequently, 1 mL of ethylic acid was added to the dispersion and stirred
magnetically for 30 minutes at room temperature. The resulting dispersion was transferred to a
reaction flask and vigorously stirred for 4 hours at 75°C using a mechanical stirrer to yield KH570-
modified nanosilica. Finally, the modified nanosilica was washed multiple times with absolute
ethanol and dried at 60°C for subsequent use.

To prepare the silica nanocomposite as a potential shale stabilizer, emulsion polymerization was
conducted using KH570-modified nanosilica, Styrene (St), Butyl acrylate (BA). The polymerization
process occurred in a 250-mL four-necked flask equipped with a reflux condenser, mechanical stirrer,
thermometer, and dropping funnel. Initially, modified nanosilica was dispersed in deionized water
containing SDS and OP-10. Subsequently, 0.12 g of NaHCO3, 28 g of Styrene (St), and 12 g of Butyl
acrylate (BA) were added to the dispersion and subjected to ultrasonic treatment for 1 hour. The
mixture was then pre-emulsified under mechanical stirring and heated to 75°C for an additional hour.
KPS (0.24 g) was added to initiate polymerization, which continued for 3 hours at 75°C before cooling
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to room temperature. Figure 1 illustrates the mechanism of preparing the modified polymer-based
silica nanocomposite.
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Figure 1. Schematic illustration of silica nanocomposite [21].

2.3. Characterization and Measurement of Graphene Nanopowder and SiO2-NPs

SEM was used to analyze the morphology of both graphene nanopowder and silica oxide
nanoparticles (SiO2-NPs). Figure 2 shows SEM images of (a) SiO2-NPs and (b) graphene
nanopowder. The surface morphology was investigated using the SEM Quanta 200i 3D (FEI,
Netherlands) under high vacuum conditions with a secondary electron detector at an accelerating
voltage of 15 kV. To enhance electron transfer, an aluminum coating was applied to the surfaces of
both materials. The specimens were then affixed to aluminum pins using carbon tape for
examination.

(b)

Figure 2. SEM picture of SiO2-NPs (a) and Graphene nanopowder (b).

2.4. Characterization of silica nanocomposite

The chemical composition of silica nanocomposite was analyzed using FTIR with a Simex FTIR
FT-801 spectrometer, featuring a resolution of 1 cm™ and a wavelength range of 450-4700 cm™. The
analysis employed standard procedures using single-use universal full internal reflection and mirror-
diffuse reflection methods. Measurements were conducted at 25°C, with each sample undergoing 100
scans. The size of silica nanocomposite particles was assessed using dynamic light scattering with a
particle size distribution analyzer (Zetasizer Nano ZS90, UK). The morphology of silica
nanocomposite was examined through TEM analysis (TEM, JEOL JEM-2100UHR, Japan).

2.5. Preparation of WBDFs

The formulation in Table 1 was used to prepare the base fluid (A). To prepare the base fluid,
bentonite was added to 675 ml of deionized water and agitated at 11,000 rev/min for 30 minutes. The
resulting slurry was allowed to hydrate undisturbed for 12 h at 25°C before introducing other
additives. The remaining 300 ml of deionized water was used to prepare nanoparticle dispersions.
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For graphene nanopowder dispersion, a high-precision balance with an accuracy of +0.0001 g
was used to measure the nanomaterial. Then, 250 ml of deionized water was poured into an the flask,
then graphene nanopowder was added with magnetic stirring. An ultrasonication step was
conducted for one hour at 40 kHz and 185W to ensure a uniform dispersion. In contrast, silica
nanocomposite underwent polymerization and was added to the base fluid during its preparation.

Table 1. Formulation of the basic A WBDF.

Concentration 1.0 10 0.25 1.85 1.85 *
(Ibm/bbl)
Additive Water Bentonite Xhantan Starch PAC-LV KOH

* KOH was added until a pH value of 9.5 was reached.

Table 2. Formulation of WBDF with Graphene nanopowder and NFC.

WBDF+NFC (B) 675 ml basic WBDF+2 wt% NFC
WBDF+Graphene nanopowder (C) 675 ml basic WBDF+0.5 wt% Graphene nanopowder

2.6. Drilling Fluid Properties Measurements

Rheological Properties. A rotational viscometer (OFITE 800) was used to assess the rheological
characteristics at varying shear rates and a temperature of 120°F. Figure 3 shows the OFITE 800
rotational viscometer. The rheological parameters, Plastic Viscosity (PV) and Yield Point (YP), were
determined following the guidelines in the American Petroleum Institute (API) document API RP
13B-1 (2003). Gel strength measurements were obtained by recording the maximum dial reading at 3
revolutions per minute (rev/min) after allowing the drilling fluid to remain undisturbed for specified
intervals (i.e., GellOsec, GellOmin, Gel30min). PV represents the fluid's resistance to flow,
corresponding to the mud's viscosity due to friction between solids. YP indicates the initial stress
required to initiate fluid movement. The computation method for PV and YP is as follows:

PV=0600-6300 (1)
YP=0300-PV ()
Here, PV represents the plastic viscosity, measured in cP, and YP denotes the yield point,

measured in 1b/100 ft2. These values are derived from the dial readings at 600 rpm (6600) and 300
rpm (6300).

Figure 3. OFITE 800 rotational viscosimetr.
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Filtration Properties. The API Low Temperature Low Pressure (LTLP) filtration test was carried
out at 77°F and 100 psi, using standard filter paper with a pore size of 2.7 um and air as the pressure
source. The High Temperature High Pressure (HTHP) filtration test was conducted at 250°F and 500
psi, utilizing an OFITE HTHP filter press system with CO; as the pressure source and standard filter
paper. Figure 4 shows the OFITE HTHP filter press. Both tests involved monitoring the filtrate
volume over 30 minutes, with the final volume reported to the nearest 0.1 ml. Due to the HTHP filter
press area being half that of the LTLP test, the HTHP filtrate volume was doubled according to API
guidelines. The same adjustment was made for the spurt volume. Additionally, the filter cake
thickness was measured using a Vernier caliper.

> back pressure receiver

» graduated cylinder

» ceramic filter disk

> drilling mud

> piston
» hydraulic oil

> test cell

—— heating jacket

» hydraulic pump

Figure 4. OFITE HTHP filter press.

Swelling Investigation Methodology and Artificial Sample Preparation. Standard certified
Swellmeter OFITE, Fann instruments were used to assess the technological parameters of drilling
fluids and their impact on the stability of clay formations. Figure 5 shows the OFITE dynamic-linear
swellmeter. The inhibition capabilities of the drilling fluids were studied using samples made from
unmodified clay powder, primarily composed of montmorillonite, pressed at 6 MPa with a mass of
9.6 g each. The longitudinal swelling tester investigates the interaction between the circulating
drilling fluid and rock samples. The tester is equipped with multiple measurement cells, and the
sample is subjected to the drilling fluid circulating around it. A differential longitudinal expansion
sensor measures the sample's vertical expansion at one-minute intervals with an accuracy of 0.1%.

The research methodology involved the following steps:

1. Preparation of the drilling fluids (A, B, C).

Placement of artificial samples in a container, which was then filled with the fluid.
3. Determination of the change in sample volume.

The experiment duration was limited to 24 hours. The linear swelling percentage is determined
using the following equation:

Swelling percent = % x 100 3)
0

where ho is the original thickness of the clay samle, and the ht is the swelled height after exposure to

the drilling fluids.
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Figure 5. OFITE dynamic-linear swellmeter.
3. Results and discussion

3.1. Material Characterization

The choice of SiO2-NPs was driven by their size, which aligns with the pore size of shale
samples, making them effective as pore-plugging agents [16]. Additionally, their cost-effectiveness,
due to established preparation methods, enhances their economic appeal [17]. Graphene
nanopowders were included because their pliable nature at downhole temperatures could seal shale
fissures, potentially reducing the development of microfractures along the shale bedding planes. This
could mitigate water influx into the shale matrix, thereby enhancing wellbore stability [18,19]. FESEM
analysis revealed that both graphene nanopowder and SiO2-NPs had small dimensions. SiO2-NPs
measured between 7 nm and 40 nm, while graphene nanopowder ranged from 1.3 um to 2.3 um in
size, with a thickness of less than 3 nm, as shown in Figure 2. These characteristics are advantageous
for their adsorption onto the shale surface.

3.2. Characterization of NFC

3.2.1. FT-IR Analysis

Figure 6 shows the FT-IR spectra of the Poly(St-BA)/silica nanocomposite. Peaks at 1602 cm™,
1493 cm™, and 1452 cm™ correspond to characteristic vibrations of the benzene skeleton. Peaks at 758
cm! and 697 em™ indicate a single substitution benzene ring, confirming the successful incorporation
of styrene in the polymerization reaction. The peak at 1728 cm™ corresponds to the C=O bond, and
the peak at 1155 cm™ corresponds to the C—-O-C bond, indicating the involvement of butyl acrylate
in the polymerization process. Additionally, the peak at 1098 cm™ corresponds to the Si-O-5i bond.
Thus, the FT-IR spectra confirm the effective synthesis of the Poly(St-BA)/silica nanocomposite.
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Figure 6. FT-IR spectra of the nanocomposite NFC.
3.2.2. PSD analysis

Figure 7 illustrates the particle size distribution of the nanocomposite NFC in a diluted aqueous
solution. It is evident from the graph that the distribution of particle sizes in the nanocomposite NFC
was more focused, forming a parabolic curve. The particle sizes ranged from 38 to 164 nm, with a
medium particle size D50 value of 72 nm. As a result, NFC demonstrates the ability to efficiently seal
micro-nano scale pore throats and fractures within shale formations, thus contributing to borehole

stability.
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Figure 7. PSD analysis of diluted NFC nanocomposite.
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3.2.3. TEM Analysis

Figure 8 shows the TEM image of the nanocomposite NFC in a diluted aqueous solution. The
image reveals uniformly dispersed particles with a consistent spherical shape. The average particle
size was approximately 70 nm, closely aligning with the D50 value (72 nm) from the particle size
distribution characterization. Additionally, the core-shell structure of the particles suggests
successful grafting of the hydrophobic polymer Poly(St-BA) onto the surface of the nano-silica
particles.

Figure 8. TEM image of diluted NFC nanocomposite.

3.3. Rheological Properties

The rheological characteristics of Graphene nanopowder-WBDF and NFC-WBDF were
compared with those of the base fluid (A). Table 3 summarizes the properties of the base fluid and
samples containing different concentrations of Graphene nanopowder and NFC modified
nanocomposite at 120°F and 14.7 psi. The addition of Graphene nanopowder and NFC modified
nanocomposite led to a decrease in PV compared to the base fluid. This reduction can be attributed
to enhanced repulsive forces among particles in the drilling fluid, stemming from interactions
between the negatively charged nanoparticles (NPs) and clay surfaces. Lower PV enhances drilling
efficiency by enabling faster penetration rates and reducing total pressure losses and equivalent
circulation densities (ECD) [20]. Moreover, well-dispersed NPs promote a more uniform distribution
of conventional additives in the drilling fluid, improving polymer hydration and enhancing the yield
point (YP). NFC-WBDF exhibited superior performance, reducing filtrate volume by up to 16.28%
and 25.74% in LTLP and HTHP filtration tests, respectively.

Table 3. Fluid properties of the base fluid (A), fluid (B) and fluid (C).

Fluid | Rheological properties at 120 °F and 14.7 psi LTLP fluid HTHP fluid
PV YP Geliosec Geliomin Gelsomin loss loss
(cP) (Ib¢/100 (Ib¢/100 (Ib/100 (Ib/100 (ml/30min) (ml/30min)
ft2) ft2) ft2) ft?)
19 15 3 9 12 8.6 27.2
B 16 20 4 14 19 7.2 20.2
C 17 19 4 14 19 7.5 21
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3.4. Filtration Properties

Adding Graphene nanopowder to fluid A reduced LTLP filtrate by 12.79%, while NFC showed
superior performance with a 20.93% reduction. Under HTHP conditions, NFC-WBDF demonstrated
a 27.21% reduction compared to 16.91% with Graphene nanopowder-WBDF, highlighting NFC's
better filtration performance. Furthermore, NP WBM reduced filter cake thickness by over 10% in
both tests, directly impacting filter cake permeability. Well-dispersed nanoparticles create denser and
less permeable filter cakes, which limit fluid invasion into formations. This is particularly beneficial
for NFC-WBDF and Graphene nanopowder-WBDF in unconventional shales, where they can form
external filter cakes on nanopore structures, reducing fluid invasion and pore pressure impact to
enhance wellbore stability. Previous research corroborates these findings with Graphene
nanopowder, SiO2, and NFC [31-34]. Figure 9 illustrates SEM photos of shale samples before and
after interaction with NFC and Graphene nanopowder, showing effective bridging and sealing of
pore throats and microcracks, forming a dense plugging film on the shale surface to improve shale
stability during drilling. NFC's inhibition mechanism against shale hydration is attributed to its small
particle size, large specific surface area, and high surface energy, promoting strong surface activity
and easy adsorption onto clay particles. Additionally, NFC's surface, when grafted with hydrophobic
polymer Poly(St-BA), becomes more hydrophobic upon contact with NFC solution, inhibiting clay
mineral hydration by restricting water molecule entry into clay particle clearances, thereby
demonstrating effective shale inhibition performance.

Figure 9. FESEM micrograph of WBDF: a) the base WBDF; b) NFC-WBDF; c) Graphene nanopowder-
WBDF.

3.5. Swelling and Hydration Research Results

The inhibitory capacity of the tested solutions was evaluated based on changes in sample
swelling. Observations were recorded at 1h, 2h, 3h, 12h, and 24h after the start of the experiment.
Table 4 summarizes the swelling behavior of shale samples in different fluids. In the base solution,
the clay sample initially swelled sharply, followed by nearly linear volume changes over time,
without a damping phase observed. Visual inspection revealed the sample surface covered with large
cracks, yet it remained intact, indicating preserved connections between individual aggregates. When
NFC was introduced to the base solution, three distinct phases were observed: an initial period of
intensive swelling in the first hour, followed by more stable behavior with minimal volume changes
from 2h to 12h, and a damping phase from 12h to 24h. Throughout the observation period, the sample
maintained stability without further swelling or fracturing, retaining its original shape. This
underscores NFC's effective inhibitory capacity. Similarly, graphene nanopowder-treated solution
exhibited effective inhibitory properties by hydrophobicizing the sample surface. At a concentration
of 0.5 wt%, the sample showed approximately 10% increase in volume over the entire observation
period, maintaining its shape even at lower concentrations of the product.
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Table 4. Swelling intensity of WBDF.

Fluid Swelling intensity %, at 1h, 2h, 3h, 12h, 24h
1h 2h 3h 12h 24h
The base fluid (A) 11 13 15 20 25
NFC-WBDF (B) 8 7.9 7.9 8 8
Graphene-nanopowder-WBDF (C) 9 10 11 12 12

4. Conclusions

The hydrophobic modified polymer-based silica nanocomposite (NFC) was successfully
synthesized as a potential shale stabilizer for water-based drilling fluids. With a particle size
distribution ranging from 38 nm to 164 nm and a D50 value of approximately 72 nm, the newly
developed NFC demonstrated excellent thermal stability. NFC effectively impeded pressure
transmission and reduced shale permeability by bridging and sealing shale core pore throats and
microcracks, leading to the formation of a dense plugging film on the shale surface and enhancing
shale stability. In terms of shale inhibition performance, NFC exhibited outstanding results, achieving
a 90.7% recovery rate at a 2% concentration, surpassing both the base fluid and Graphene
nanopowder-WBDF. Additionally, NFC adsorption rendered the shale surface more hydrophobic,
further contributing to enhanced shale stability. Overall, NFC shows promising potential as a
superior shale stabilizer in water-based drilling fluids, particularly for challenging shale formations.
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