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ABSTRACT: Maintaining the stability of microbubbles is
essential for enhancing the longevity of aphronic water-based
drilling fluid usage in drilling depleted reservoirs and other under-
pressured zones. Here, we introduce the integration of partially
reduced graphene oxide (PrGO) nanosheets into the shell of
aphron microbubbles (AMBS) to enhance the stability and size
distribution, particularly for drilling fluid applications and carbon
geological storage. The amphiphilic characteristic of PrGO
nanosheets, due to meticulous control of the reduction process
of graphene oxide, facilitates their spontaneous adsorption at
interfaces, thereby reducing the interfacial energy as a two-
dimensional surfactant. The loading of PrGO nanosheets in the
polymeric shell of AMBs enhances mechanical strength, stability,
and resistance to gas diffusion, prolonging the half-life of the microbubbles to over 120%. According to the results, a more uniform
size distribution and reduction of microbubble size up to 60% have been achieved at a concentration of 0.30 wt % PrGO.
Rheological studies using various models indicate the optimal PrGO concentration for improved stability in aphronic fluids.
Filtration tests indicate the loaded PrGO can reduce filtration loss by up to 45% at 0.50 wt % by forming a cohesive and
compressible cake, improving filtration control. Changes in the Fourier-transform infrared spectra and contact angle measurements
suggest increased surface hydrophobicity with higher graphene concentrations in aphronic fluid cakes. Moreover, the study
elucidates that the stability of microbubbles is influenced by the type of core gas, with N2 gas yielding the highest stability and CO2
the lowest. Ultimately, these results highlight the beneficial effect of incorporation of PrGO nanosheets in aphron microbubbles to
boost the drilling fluid performance and efficiency, which will pave the way toward ultralightweight fluids that can even be used as
carrier and injection fluids in carbon capture and leak-free geological storage technologies.
KEYWORDS: aphron microbubble, CO2 storage, water-based drilling fluid, nanosheet, partially reduced graphene oxide, stability

1. INTRODUCTION
One of the significant challenges currently confronting the
drilling industry is the process of drilling in low-pressure or
depleted reservoirs. This particular type of drilling presents a
myriad of technical and economic obstacles, such as
unmanageable loss in fractures and pipe sticking, ultimately
rendering the development of these fields economically
unsustainable.1

Recent advancements in the drilling industry have led to the
development of lightweight and ultralightweight fluids aimed at
improving the efficiency of drilling, well completions, and
workover operations. These innovative fluids, utilizing aphron
colloidal microbubbles, have been found to effectively meet the
needs of drilling and workover operations while also reducing
damage to the formation.1−3 The design and formulation of
aphronic microbubble fluid technology emphasize the control of
fluid flow into the formation to prevent overflow and minimize
formation damage.4 Producing drilling fluid with lower density
and enhanced pore-blocking properties based on pressure

differentials is a fundamental aspect of deploying this advanced
technology.5

Aphron microbubbles are characterized by their colloidal
stability within a liquid continuous phase, displaying a unique
core−shell structure. The special properties exhibited by these
microbubbles are dependent on the phases present within the
core, shell, and continuous phase. Aphron microbubbles
(AMBS) have unique properties, including large specific surface
area and controllable surface properties, relatively great stability,
high compressibility, easy separation from the bulk medium, and
flow properties close to those of water, which make them proper
candidates for different applications, such as biotechnology6−8
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and drug delivery,9−11 smart-fluid technology,3,12 separation
industry,13 protein recovery and flotation process,14 oil and gas
drilling fluids,15−18 CO2-EOR and CO2 geological storage in
carbon capture and storage (CCS) technologies,19 andmaterials
synthesis.20

The composition of the shell, consisting of a two- or three-
layer structure of surfactant molecules, and the nonuniform size
distribution of the microbubbles due to the high permeability of
the gaseous core to the continuous phase contribute to the lack
of stability in practical conditions.3

Based on the unique properties of aphrons and the
combination of colloidal gas aphrons with water-based drilling
fluid in order to create microbubble drilling fluid, many research
studies have been conducted, which show high application
potential and strong interest in its field application and
operational optimization as an advanced technology in the oil
and gas industry today.2,21,22 However, a major challenge faced
by these fluids is their stability at varying drilling depths. The
stability of microbubbles and the changes in bubble size under
different drilling conditions have been identified as key issues
hindering the widespread application of aphron-based drilling
fluids.23 Achieving optimal efficiency and maximum utilization
in the design of a functional fluid requires stable aphrons in
smaller dimensions with enhanced performance through
increased surface energy. Smaller aphrons lead to a greater
interfacial area and active surface, resulting in improved stability
and efficiency in practical applications. Consequently, attaining
a narrower size distribution and a smaller size with enhanced
stability of aphrons is one of the other problems and challenges
of this type of fluid.17

Microbubble-based drilling fluids exhibit instability during
drilling, leading to a significant drop in performance after
multiple circulation cycles in the well.24 Despite the advantages
offered by this technology, its limited stability poses a barrier to
widespread adoption. Addressing the stabilization of properties
and performance of aphron-based fluids is crucial in overcoming
these challenges.
In recent years, efforts have been focused on enhancing the

stability of aphron-based drilling fluids under varying temper-
ature and pressure conditions through the implementation of
different methods and the use of novel or improved
additives.17,18,25−28

Aphron microbubbles are complex dynamic systems charac-
terized by continual changes in their structure resulting from
bubble breakup, coalescence, and fission, leading to limited
stability. Various parameters have been established for these
microbubbles by researchers.3,29 The primary parameter
determining the quality of aphron microbubbles is their stability,
which surpasses that of foams and pseudofoams. Stability is
influenced by factors such as shell thickness, shell viscosity, and
the type and concentration of surfactant and polymer. The
stability of aphron microbubbles is critical for their practical
applications owing to their thermodynamic quasi-stable nature.
Despite their superior stability compared to traditional foams,
aphron microbubbles can undergo shape changes over time due
to transfer and penetration processes, transitioning from a
spherical state to a more complex, multifaceted shape.30

Efforts to enhance the stability and longevity of thermody-
namically unstable microbubbles have focused on introducing
coatings or surface layers of lipids,31 proteins,32 surfactants,33

polymers,34 nanoparticles,35,36 or combinations thereof. Select-
ing appropriate shell materials is critical for mechanical
properties and stability, with potential strategies including

incorporating solid particles or suitable fillers in the polymer
matrix to reinforce the shell and reduce permeability.37,38 In
recent years, graphene-based nanostructures have emerged as
promising options for enhancing the mechanical properties of
polymer matrices due to their unique characteristics.39,40

Graphene nanosheets are employed as high-performance fillers
in polymer nanocomposites to enhance both mechanical and
physical attributes.41 Graphene has been increasingly recognized
for its remarkable applications, including its use as an active
component in water-based drilling fluids. The incorporation of
graphene into these fluids offers a range of benefits, such as
enhanced thermal stability, minimized fluid loss, and superior
lubricating properties. These advantages can significantly
improve the effectiveness and efficiency of drilling operations
in the oil and gas industry.42,43

To enhance efficiency and utilize practical design effectively,
incorporating graphene-based nanostructures into the shell of
aphron microbubbles can significantly improve the stability and
size distribution. Through the lens of interfacial science, precise
control over the oxygen functionality during the reduction
process of graphene oxide can result in tailored surface energies
and hydrophobicity, thereby yielding unique and appealing
interfacial properties.44,45 By carefully modulating the rate of
reduction of graphene oxide, materials with versatile surfaces can
be synthesized, exhibiting distinctive properties and applica-
tions. Following partial reduction, the graphene sheets undergo
derivatization to form a two-dimensional lattice composed of
partially fragmented sp2-bonded carbon networks bearing
phenol, hydroxyl, and epoxide groups on the basal planes, as
well as carboxylic acid groups at the edges.44 This structure
renders partially reduced graphene oxide (PrGO) amphiphilic
with a sizable hydrophobic basal plane and hydrophilic edges.
Owing to the distribution of both hydrophilic and hydrophobic
groups on PrGO nanosheets, it can spontaneously adsorb to
interfaces and reduce interfacial energy, serving as a two-
dimensional surfactant.46

In this research, we have provided a pioneering approach to
deal with the challenges related to the stability and uniformity of
size distribution in the technology of aphronic water-based
drilling fluids by embedding and integrating PrGO nanosheets
in the shells of aphron microbubbles. The extraordinary
properties of graphene structure significantly contribute to
increasing the stability of aphron microbubbles, preventing
coalescence and the Ostwald ripening phenomenon. This
innovative advancement enables precise applications in light-
weight and ultralightweight water-based drilling fluids, with
ongoing research offering the potential to enhance current
technologies and drive future innovations in CO2 geological
storage.

2. MATERIALS AND METHODS
2.1. Materials. Graphite powder −325 mesh (C, ≥98.5%), sodium

nitrate (NaNO3, ≥99.0%), hydrogen peroxide (H2O2, 35 wt % in
H2O), sodium dodecyl benzenesulfonate (SDBS, C18H29NaO3S,
≥98.5%), polysorbate 20 (T20, C58H114O26, ≥40.0%), and Xanthan
gum polymer (XG, C8H14Cl2N2O2, ≥90.0%) were purchased from
Sigma-Aldrich. Sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl,
37.0 wt %), potassium permanganate (KMnO4, ≥99.0%), sodium
carbonate (Na2CO3, ≥99.5%), sodium hydroxide (NaOH, ≥99.0%),
and ethyl alcohol (EtOH, C2H6O, ≥99.0%) were supplied by Merck
Company. Zwitterionic surfactant cocamidopropyl betaine (CPB,
C19H38N2O3, ≥30.0%) was provided by DChemie chemical supplies.
Low-viscosity polyanionic cellulose (PAC-LV), modified starch, and
biocide were purchased from M-I SWACO supplies as technical-grade
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drilling fluid additives. The gases used for the experiments were 99.9%
pure CO2 and 99.6% pure N2.

Scheme 1. Schematic Illustration of the Synthesis Route: Schematic Representation Showing the Method Used for Synthesizing
Graphene-Loaded Aphron Microbubbles, along with the Final Structure of the Product

Figure 1.Characterization results of the as-synthesized PrGO nanosheets. (a) XRD: decreased d-spacing of graphene sheets due to thermal reduction
and removal of a part of functional groups, (b) FTIR: decrease in oxygenated functional groups in PrGO compared to GO, (c) Raman: confirmation of
PrGO formation with increased sp3 defects and decreased sp2 domains, (d) FE-SEM, and (e) TEM: two-dimensional structure of PrGOwith crumpled
and wrinkled graphene nanosheets.
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All of the chemical reagents were used as received without further
purification. All aqueous solutions were prepared with deionized water
(DW).
2.2. Preparation of PrGO Nanosheets. GO sheets were

synthesized via the ultrasonic-assisted modified Hummer’s method.47

Briefly, graphite powder (3 g, 250 mmol) was added to a concentrated
H2SO4 and H3PO4 mixed solution (9:1 volume ratio). Then, KMnO4
(18 g, 114 mmol) was slowly added to the mixture and magnetically
stirred for 5 min. After that, the mixture was sonicated for 45 min at 35
°C with an ultrasonic bath sonicator (SONICA 2400 S3, SOLTEC Srl,
40 kHz, 260 W), and a dark brown mixture was obtained. The reaction
mixture was cooled and poured onto ice of DW (400 mL) with 30%
H2O2 (3 mL). The resultant yellow suspension was subsequently
filtered and washed with diluted HCl solution (10%), followed by
rewashing with DW and ETOH centrifugation several times at 4000
rpm. Finally, the prepared GO was dried at 40 °C in a vacuum oven to
decrease the amount of trapped water in the GO structure. For
preparing PrGO, the dried GO powder was reduced thermally at 300
°C for 5 min in a box furnace.
2.3. Preparation of the Aphronic Water-Based Drilling Fluid.

The AMB water-based drilling fluids are formulated from eight
components, as shown in Table S1, Supporting Information. The
microbubble fluid was prepared using a high-speed homogenizer (IKA
T-25, Cole-Parmer Germany) equipped with a chamber capable of
maintaining a gas atmosphere of air, N2, or CO2. Components were
added based on specified concentrations and mixed for designated
times. At this stage, care should be taken not to form a foam.
Subsequently, the desired gas was introduced into the chamber and
mixed at 8000 rpm for 5 min. Shearing speed and time were
standardized to ensure the consistent creation of microbubbles across
all samples. Prior to introducing N2 or CO2 gases, the system was
evacuated to prevent air contamination during microbubble produc-
tion. In order to prepare the mixed surfactant solution, three types of
anionic (SDBS) as a base active agent, nonionic (T20) as a stabilizing
agent, and zwitterionic (CPB) as a booster agent were used. In this
regard, a mixed aqueous solution (7.5 mL) containing SDBS (0.05 g,
0.14 mmol), T20 (0.25 g, 0.20 mmol), and CPB (0.10 g, 0.30 mmol)
was prepared at room temperature. To investigate the effect of PrGO
concentration, six concentrations of 0.05 wt % (GAMB-05), 0.10 wt %
(GAMB-10), 0.20 wt % (GAMB-20), 0.30 wt % (GAMB-30), 0.40 wt %
(GAMB-40), and 0.50 wt % (GAMB-50) were considered and in the
surfactant solution added and mixed. To compare with the base case, a
blank AMB without PrGO was also prepared according to the same
process and conditions. Scheme 1 provides a schematic representation
of the synthesis route for the graphene-loaded aphron microbubble.
This scheme depicts both the process of synthesis and the structure of
the resulting graphene-loaded aphron microbubble.
2.4. Characterization. The morphological features of the obtained

PrGO nanosheets were studied by field emission scanning electron
microscopy (FE-SEM) (MIRA3-XMU Tescan) and transmission
electron microscopy (TEM) on a Philips CM120 with an accelerating
voltage of 100 kV. X-ray diffraction (XRD) patterns were recorded on a
Philips PW 1730 X-ray diffractometer with Cu Kα radiation (λ = 1.5418
Å) operated at 40 kV and 30 mA in the 2θ range of 5−60° at a scanning
step of 0.05°. The functional groups and chemical bonds were evaluated
by a Spectrum 400 HR Fourier transform infrared spectroscopy system
(FTIR). The carbonic structure of synthesized GO and PrGO was
investigated by Raman spectroscopy (TakRamN1−541, TeKsan). The
average diameter and size distribution of AMBs were determined using
a transmission optical microscope (BM-500, Sairan) and were analyzed
using ImageJ software. The drilling fluid properties were tested in
accordance with the standards set by the American Petroleum Institute
(API). Rheological properties of AMB drilling fluids were analyzed
using a six-speed viscometer (Model 35SA, Fann) and a low-speed
viscometer (Model DV2T, Brookfield). Filtration testing was
conducted utilizing an API multiple-unit filter press apparatus
(LPLT, Fann) under a pressure of 100 psi, with the volume of fluid
loss recorded over a 30 min period.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of Partially Reduced

Graphene Oxide. Spectroscopy and electron microscopy
results of the as-synthesized GO and PrGO nanosheets are listed
in Figure 1. As shown in Figure 1a, a sharp diffractive peak at
about 2θ = 11.5° can be seen in the spectrum of GO, which
corresponds to the (001) diffractive plane with a d-spacing of
7.72 Å. The large interlayer distance is attributed to the
formation of hydroxyl, epoxy, and carboxyl groups.48 In contrast,
this peak intensity has decreased in the spectrum of PrGO, and a
broad peak is observed at around 2θ = 24.8°, which corresponds
to the (002) plane with a d-spacing of 3.64 Å. As expected, after
thermal reduction and partial removal of oxygen-containing
functional groups, the π−π stacking between graphene sheets
increased and caused the distance between the layers to
decrease. From Figure 1b, the changes of the functional groups
in the thermally reducing process were investigated by FTIR
spectroscopy. The oxygenated functional groups such as C−O
stretching vibration (carboxyl and alkoxy) at 1055 cm−1, C−O−
C stretching (epoxy) at 1220 cm−1, C�C (aromatic) and O−H
stretching and bending at 1621 cm−1, C�O stretching vibration
(carbonyl) at 1749 cm−1, and O−H stretching (hydroxyl) at
3403 cm−1 appeared in GO spectra.49 As can be observed in the
PrGO spectra, these characteristic groups of GO have become
relatively weaker or have disappeared after thermal reduction.
Therefore, it can be concluded that the deoxygenation leads to
the PrGO becoming more hydrophobic, and the remaining
water molecules are repelled from the interlayer pores. The
formation of PrGO can be confirmed by Raman spectroscopy
(Figure 1c). Two characteristic D and G bands were observed in
both the GO and PrGO spectra. The D peak at around 1345−
1355 cm−1 corresponds to structural defects and disorders in the
graphite-like materials, whereas the G band at approximately
1590−1600 cm−1 is due to C−C stretching vibrations (sp2
carbons in rings and chains).50 The intensity ratio (ID/IG) that is
attributed to sp3 hybridized carbon and sp2 carbon moieties
increased from 0.90 to 1.09 after reduction. It can be ascertained
that sp3 defects are increased in PrGO, and due to the partial
removal of the oxygenated functional groups, sp2 domains are
decreased during the reduction process. Consequently, it can be
emphasized that the reducing reaction successfully proceeded.
As can be seen in the electron microscopy (FE-SEM and TEM)
images (Figure 1d,e), the PrGO structure has a two-dimensional
structure containing crumpled and wrinkled graphene nano-
sheets.
3.2. Physical and Structural Characterizations of

Aphron Microbubbles. Physical characterization of AMBs
initially includes considerations of aphronic yield (amount of
generated AMBs compared to the primary fluid), colloidal
stability of microbubbles, and the amount of gas hold-up
(volume percentage of entrapped gas in the microbubble core).
The aphronic yield (Ya) and gas hold-up (GHU) percent can be
obtained from eqs 1 and 2, respectively.

= ×
i
k
jjjjj

y
{
zzzzzY

V V
V

100a
f i

i (1)

= ×
i
k
jjjjj

y
{
zzzzz

V V
V

GHU 100f i

f (2)

where Vf and Vi are the volume of the fluid immediately after the
formation of the AMBs and the volume of the initial fluid,
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respectively. The AMB stability, one of the most important

parameters, is expressed in terms of when half the initial volume

of liquid is drained (τ1/2, half-life time) that can be determined

directly from the measurement of the volume of liquid drained
with respect to time (drainage rate).
The changes in aphronic parameters with time in the air-filled

AMB water-based drilling fluids with different concentrations of

Figure 2. Physical characterization results of graphene-loaded aphron air-filled microbubbles. Time-behavior of (a) normalized drainage liquid, (b)
normalized microbubble volume, (c) gas hold-up, and (d) yield and half-life time at various concentrations of PrGO. Experiments were carried out
under atmospheric air pressure and constant temperature conditions of 26−28 °C.

Figure 3. Optical micrographs of graphene-loaded aphron air-filled microbubbles. The effect of PrGO concentrations: (a) blank, (b) 0.05 wt %, (c)
0.10 wt %, (d) 0.20 wt %, (e) 0.30 wt %, (f) 0.40 wt %, and (g) 0.50 wt %. (h) three-layered structure of microbubble shell. The structural composition
of aphron microbubbles bears resemblance to that of a core−shell structure, with multiple layers of surfactant molecules forming the shell. The
distribution of surfactants within the structure is such that the hydrophobic or nonpolar heads are oriented toward the core, while the hydrophilic heads
are positioned on the exterior. The shell comprises a dense three-layer film, consisting of an inner layer of surfactant surrounding the core, a viscous
layer of continuous phase, and a two-layer structure of surfactant that enhances the strength and penetration resistance of the shell. The outer surface of
aphrons may exhibit either a negative or positive charge, depending on the ionization of anionic or cationic surfactants. Consequently, the stability of
the aphrons surpasses that of regular bubbles enveloped by a monolayer of surfactant molecules.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.4c05693
ACS Appl. Nano Mater. 2024, 7, 26187−26201

26191

https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c05693?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c05693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PrGO are listed in Figure 2. As can be seen in Figure 2a, the
amount of liquid drainage in the sample with a concentration of
0.30 wt % had a slower trend than other samples and started later
and also ended later. In the same way, according to Figure 2b, it
can be seen that the microbubbles produced in the
concentration of 0.30 wt % of graphene have a slower change
process with time and actually disappear later than other
samples. Changes related to the amount of trapped air (GHU)
with time for the prepared samples are listed in Figure 2c. The
initial analysis shows that the blank sample initially contained a
higher percentage of trapped air. However, with the
introduction of PrGO, the percentage of trapped air decreased.
As the concentration of PrGO increased, the amount of trapped
air further decreased. This phenomenon may be attributed to
the presence of a greater hydrophobic proportion of PrGO in the
fluid, resulting in an antibubble behavior51 also also reducing the
aphronic yield (Figure 2d).
The incorporation of PrGO nanosheets into the microbubble

shell can increase the mechanical strength and stability of the
shell structure due to the excellent mechanical properties of
graphene and its amphiphilic behavior at the liquid−gas
interface.52 The high surface area of PrGO nanosheets allows
better interaction between the surfactant molecules and
PrGO,53 leading to a more stable microbubble structure. In
addition, PrGO nanosheets can act as a barrier to prevent gas
diffusion from the microbubbles, leading to a longer half-life
(stability) of the microbubbles. The high surface area of PrGO
nanosheets provides a large contact surface to which surfactant
molecules adhere, forming a stronger shell that can resist the
diffusion of gas molecules. This barrier effect helps the
microbubbles maintain their integrity and stability over a longer
period of time.
Optical microscopy images and size distribution of AMBs in

different concentrations of PrGO are shown in Figures 3 and 4,
respectively. According to the results, the microbubble size is
reduced, and their size distribution is narrowed by strengthening
bubble shells with PrGO. These changes in the microbubble size
distribution indicate that the presence of PrGO nanosheets in
the shell helps prevent drainage and air gas diffusion between the
AMBs. By increasing the PrGO concentration up to 0.30 wt %,
smaller microbubbles with a more uniform distribution were

obtained, so the average size of microbubbles decreased from 71
μm for 0.05 wt % to 38 μm for 0.30 wt %.
However, with a further increase in the concentration, the

mean shifts to a higher microbubble size. At low concentrations,
the arrangement of graphene sheets in the shell is not complete,
and themechanisms of steric stabilization and surfactant transfer
can be inhibited to some extent. By increasing the concentration
to a critical value, the layer-by-layer density of graphene sheets in
the shell becomes greater and can minimize free energy and
stabilize microbubbles against collapse and drainage. At higher
concentrations, the microbubble shell is saturated with PrGO
nanosheets, and the rest remain in the continuous phase around
the microbubbles.
Although graphene oxide itself also shows amphiphilic

properties, due to its high negative surface charge, its absorption
in the microbubble shell by itself is not feasible.44 Here, we were
able to do this process by combining two modes; one is about
the partial reduction process of graphene oxide, which can
reduce its negative charge by eliminating some oxygen groups
and enhancing its tendency to be absorbed at the interface.
The second mechanism focused on the interaction of

graphene sheets with surfactants. Surfactants adhere to the
surface of graphene sheets through electrostatic and steric forces
or hydrophobic/hydrophilic interactions, augmenting their
surface activity.54 This interaction enables the guidedmovement
of graphene sheets to the microbubble shell with reduced energy
expenditure, prompting a reorganization in the hydrophobic
region of the shell. Consequently, the formation of a
multilayered structure, facilitated by the arrangement of
surfactant molecules and self-assembly of graphene sheets
within the microbubble shell, significantly enhances the
elasticity and mechanical strength of the shell, enabling the
microbubbles to withstand external forces and maintain their
shape over extended periods of time. Notably, the presence of
graphene sheets establishes an effective gas barrier in the
multilayered structure, limiting gas permeability and preventing
bubble expansion, thereby achieving exceptional stability.
Previous studies have shown that the absorption of graphene

sheets at the water−air or water−oil interface reduces surface
tension.55,56 Therefore, the surface tension results can be used to
prove and confirm the incorporation process of the PrGO
nanosheets. The data (Figure S1a, Supporting Information)

Figure 4.Microbubble size distribution of graphene-loaded aphron air-filled microbubbles. (a) blank, (b) 0.05 wt %, (c) 0.10 wt %, (d) 0.20 wt %, (e)
0.30 wt %, (f) 0.40 wt %, (g) 0.50 wt % PrGO, and (h) the effect of PrGO concentrations on average AMB diameter.
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demonstrates a decline in surface tension up to a concentration
of 0.20 wt % of PrGO with a steep slope, followed by a gradual
decrease with increasing concentrations without a significant
change in surface tension value. Further increases in PrGO
concentration up to a critical threshold result in improved
absorption within the microbubble shell, leading to thickening
of the shell and prolonging the coalescence and drainage of the
bubble, ultimately enhancing the microbubble stability.
However, thermodynamically and based on the hydrodynamic
properties of aphrons, there exists a finite maximum thickness
for the shells of both stable and semistable microbubbles3 that
limits the absorption of PrGO nanosheets in the hydrophobic
layer after reaching the critical concentration. Consequently,
excess PrGO remains in the surrounding medium. This surplus
of PrGO at a fixed surfactant concentration can adsorb more
surfactant molecules, ultimately diminishing their role in the
microbubble formation process and thereby reducing the
aphronic efficiency. Figure S1b in the Supporting Information
depicts a detailed schematic illustrating the self-assembly
process of shell layers during microbubble formation. This
process involves the formation of a viscous polymeric layer, the
interplay with the PrGO layer facilitated by the surfactants, and

the development of an electrical double layer due to the negative
charge of the anionic surfactant (SDBS). This visualization
highlights the complex interactions and mechanisms that lead to
the formation of graphene-loaded AMB.
To analyze the data collected from dispersion and determine

the primary mechanism affecting the changes in drainage liquid
quantity and microbubble volume, the Lifshitz−Slyozov−
Wagner (LSW) theory can be utilized. This theory is associated
with the Ostwald ripening phenomenon, describing the
coarsening process of bubbles in a continuous phase.57,58

According to this phenomenon, the growth of the bubble size is
linked to the consumption of smaller bubbles in the system,
leading to their disintegration and eventual disappearance.
Within the framework of Ostwald ripening, scaling laws have

been suggested for two distinct growth scenarios. In the
diffusion-controlled ripening regime, the relationship between
the radius of bubbles (r) and time (t) is described by a cubic
relationship (r3 ∝ t). Conversely, in the interface-controlled
ripening regime, the radius of bubbles scales with the square root
of time. This implies that, in diffusion-controlled ripening, the
bubbles grow larger with time at a faster rate compared to the
interface-controlled regime, where the growth is slower.59 The

Figure 5. Effect of core gas type on physical properties of graphene-loaded aphronmicrobubbles. Time-behavior of (a) normalized drainage liquid, (b)
normalized microbubble volume, and (c) gas hold-up. Optical micrograph and microbubble size distribution of air-filled (d, g), N2-filled (e, h), and
CO2-filled (f, i) microbubbles. Experiments were carried out at 0.30 wt % PrGO under atmospheric pressure and constant temperature conditions of
26−28 °C.
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incorporation of PrGO nanosheets into the microbubble shell
can change the growth scenario. The presence of PrGO
nanosheets in the shell at low concentrations can potentially
reduce diffusion processes in the diffusion-controlled ripening
regime and lead to lower growth rates. By increasing the
concentration and placement of more graphene sheets in the
shell, the interface between the bubble and the surrounding
environment is disturbed, and surface tension effects become
more important and can lead the ripening scenario to the
interface-controlled ripening regime. As a result, this can lead to
a square root relationship between bubble radius and time, the
growth rate is better restrained, and higher stability is achieved.
3.3. Influence of Core Gas Type on Aphron Micro-

bubbles Properties. The stability of the aphron microbubbles
is significantly impacted by the type of core gas utilized to
produce the bubbles. This core gas not only influences the
average size and size distribution of the microbubbles but also
plays a key role in their overall stability performance. In this
section, we explored the impact of core gas type (air, N2, and
CO2) on the stability performance, average size, and size
distribution of aphron microbubbles reinforced with 0.30 wt %
PrGO nanosheets.

Figure 5 illustrates the evolution of aphronic parameters over
time and optical microscopic images alongside the correspond-
ing size distribution of microbubbles filled with air, N2, and CO2
gases.
Notably, microbubble stability exhibits distinct behavior

based on the core gas type. N2 gas yields the highest stability,
while CO2 results in the lowest stability. The average sizes of
microbubbles filled with air and N2 and CO2 gases were
measured at 38, 33, and 40 μm, respectively. These variations in
stability and size are attributed to differences in gas solubility and
diffusion rates, which impact the growth and coalescence of
microbubbles. The CO2 gas, with its higher solubility,

60 leads to
faster coalescence and growth, resulting in larger mean sizes
compared to air and N2.
Microbubble shrinkage, a critical characteristic compared to

regular bubbles, occurs due to gas diffusion from the trapped
microbubble gas into the surrounding solution. The phys-
icochemical properties of the gas significantly influence this
process.61 Laplace pressure drives microbubble shrinkage,
emphasizing the need to minimize gas mass transfer from the
microbubble to the solution. The shell acts as a barrier,
enhancing the stability by reducing gas permeability. The overall
mass transfer coefficient, determined by gas properties

Figure 6. Rheological model fitting curves of the graphene-loaded AMB water-based drilling fluids for different concentrations of PrGO. (a) Power−
Law model, (b) Herschel−Bulkley model, (c) Casson model, and (d) Sisko model.
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(diffusion coefficient and Ostwald coefficient), directly affects
the microbubble stability. Lower coefficients correlate with
better shell impermeability.62 CO2, with its higher solubility and
Ostwald coefficient, diffuses rapidly from microbubbles to the
surrounding solution.63 Consequently, CO2 microbubbles
exhibit a shorter half-life time. Initially, CO2 traps more gas
than the other two gases, but dissolution eventually reduces this
amount due to its greater solubility in water (Figure 5c).
Our results suggest that N2 and air are optimal choices for

ultralight aphron drilling fluids, while CO2 is ideal for enhanced
oil recovery and geological CO2 storage applications.
From an operational perspective, utilizing N2 gas may require

additional equipment and considerations for the N2 gas supply
and injection at the wellhead, which should be taken into
account for economic feasibility.
3.4. Aphronic Water-Based Drilling Fluid Character-

ization. 3.4.1. Rheological Studies. The quantitative descrip-
tion of aphronic water-based fluid behavior relies on the
concepts of shear stress and shear rate, as well as their
measurement. Aphronic drilling fluids exhibit non-Newtonian
behavior, varying with cutting rates and being strongly
influenced by applied cutting rates. For an aphron-based fluid
to maintain stability and function effectively as an aphronic fluid,
it must possess the appropriate rheological properties. These
properties include the ability to suspend microbubbles, prevent
water molecule penetration in the microbubble membrane, and
hinder molecular gas from entering the continuous phase. The
stability of the aphron-based fluid structure is crucially
dependent on its rheological properties.
The viscosity of the aphronic water-based drilling fluids was

evaluated using a Fann 35 viscometer with a heater cup. Dial
readings were taken at various rpm (600, 300, 200, 100, 6, and 3)
and a constant temperature of 120 F in accordance with API
standards. These readings were then converted to the shear
stress and shear rate for analysis. To elucidate the behavior of
aphron-based drilling fluids, shear stress (τ) and shear rate (γ)
values were analyzed using four different rheological models,
Power-Law, Herschel−Bulkley, Casson, and Sisko, according to
eqs 3−6. The experimental data were then fitted to these
rheological models using OriginPro software.

= KPower Law: n
(3)

= + KHerschel Bulkley: n
0 (4)

= + KCasson: 0.5
0 Y

0.5
(5)

= +A KSisko: n
(6)

where τ0 is yield point, K is the consistency index, and n is the
flow behavior index. The application of these models to the
relationship between shear rate and shear stress at various
concentrations of PrGO is illustrated in Figure 6, with
accompanying fitting parameters detailed in Table 1. A lower
R2 value signifies reduced accuracy in describing the rheological
behavior of aphronic water-based drilling fluids. The Herschel−
Bulkley and Sisko models exhibited R2 values close to 1 across
different concentrations of PrGO, indicating a superior fit to
experimental data. Microscopic observations revealed that
increasing the concentration of PrGO resulted in the formation
of smaller bubbles, consequently elevating shear stress and
viscosity in aphron-based fluids. Notably, sample GAMB-30,
with a 0.3 wt % concentration of PrGO, exhibited improved
rheological properties compared to other samples, as depicted in
Figure 6.
However, surpassing the optimal PrGO concentration did not

yield favorable effects on the rheological properties of aphron-
based drilling fluids. An elevated concentration of PrGO may
result in oversaturation of the fluid with graphene nanosheets,
thereby impeding the formation of small bubbles. The presence
of smaller bubbles is advantageous for enhancing viscosity and
flow characteristics, potentially diminishing the efficacy of
microbubble formation on rheological properties.64 Further-
more, the heightened viscosity of aphronic water-based drilling
fluids leads to delayed gravity drainage and thickening of the
liquid film around the core, thereby enhancing the stability of
microbubbles.
The findings obtained from the Sisko model analysis reveal

that the parameter “n” in varying concentrations of PrGO is
consistently lower than that of the control sample, with the
lowest value observed at a concentration of 0.10 wt %. A
decrease in the n index indicates a more non-Newtonian

Table 1. Rheological Fitting Parameters of the Graphene-Loaded AMBWater-Based Drilling Fluids for Different Concentrations
of PrGOa

PrGO concentration (wt %)

model blank 0.05 0.10 0.20 0.30 0.40 0.50

Power−Law K 6.0 ± 0.5 7.9 ± 1.1 12.5 ± 0.9 11.4 ± 1.3 11.8 ± 1.5 8.9 ± 0.9 8.4 ± 0.4
n 0.32 ± 0.01 0.30 ± 0.02 0.25 ± 0.01 0.28 ± 0.02 0.30 ± 0.02 0.30 ± 0.02 0.29 ± 0.01
R2 0.9968 0.9886 0.9947 0.9900 0.9908 0.9936 0.9987

Herschel−Bulkley τ0 5.2 ± 0.7 7.2 ± 4.7 10.7 ± 2.0 13.6 ± 1.3 14.6 ± 1.4 9.0 ± 2.2 4.5 ± 1.1
K 3.2 ± 0.3 3.8 ± 2.3 5.4 ± 1.1 3.6 ± 0.6 3.9 ± 0.6 3.8 ± 1.0 5.6 ± 0.6
n 0.40 ± 0.01 0.39 ± 0.08 0.35 ± 0.03 0.43 ± 0.02 0.44 ± 0.02 0.41 ± 0.03 0.34 ± 0.01
R2 0.9997 0.9922 0.9991 0.9994 0.9995 0.9985 0.9998

Casson τ0 3.5 ± 0.3 3.9 ± 0.3 4.6 ± 0.3 4.6 ± 0.2 4.8 ± 0.3 4.2 ± 0.3 4.0 ± 0.3
K 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 0.15 ± 0.01 0.17 ± 0.01 0.15 ± 0.01 0.13 ± 0.01
R2 0.9717 0.9665 0.9669 0.9801 0.9810 0.9741 0.9604

Sisko A 0.009 ± 0.001 0.013 ± 0.007 0.011 ± 0.002 0.020 ± 0.001 0.024 ± 0.001 0.015 ± 0.003 0.006 ± 0.001
K 7.1 ± 0.2 9.6 ± 1.5 14.1 ± 0.4 14.2 ± 0.3 15.2 ± 0.3 10.8 ± 0.6 9.2 ± 0.2
n 0.27 ± 0.01 0.25 ± 0.04 0.21 ± 0.01 0.22 ± 0.01 0.23 ± 0.01 0.25 ± 0.01 0.27 ± 0.01
R2 0.9999 0.9940 0.9996 0.9999 0.9999 0.9992 0.9999

aThe behavior of the prepared fluids is characterized by the parameters K (consistency coefficient) and n (flow behavior index). All samples exhibit
a value of n less than 1, classifying them as non-Newtonian fluids, and with decreasing n, the shear-thinning ability of the fluid increases.
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behavior of the fluid, resulting in a transition toward laminar flow
and promoting shear-thinning characteristics. Shear thinning is a
critical property of high-quality drilling fluids, as it enhances
fluid performance during drilling operations. Furthermore, the
parameter “K”, which represents effective viscosity, shows a
substantial increase with the inclusion of PrGO nanosheets,
peaking at a concentration of 0.30 wt %. This escalation in the K
index can enhance fluid efficiency in hole cleaning and
suspension of drilling fluid components.
3.4.2. Filtration Loss. The mechanism of fluid invasion

control of graphene-loaded AMBs is a complex process that
plays an important role in maintaining well stability, preventing
formation damage, and optimizing drilling operations in the oil
and gas industry. When aphron-based drilling fluid enters a
formation, microbubbles with graphene-reinforced shells and
improved elasticity properties play a key role in creating a
microenvironment that isolates the borehole from formation
pressures. By improving the hydrophobic layer of the AMB shell
by incorporation of PrGO nanosheets, the capillary pressure can
play an effective role in controlling fluid invasion into the
permeable and porous network of the low-pressure formation
and improve the sealing effectiveness of AMB.
Enhanced aphrons actually have a precompressed structure

when drilling in depleted or low-pressure formations due to the
pressure of the fluid column and form a high-energy micro-
environment. When the well pressure exceeds the formation
pressure, the AMBs migrate from the well to the formation with
a pressure gradient. The AMBsmove to the front of the fluid due
to the pressure difference, individually bridge the pores, and
gather in the fractures and larger openings inside the formation
and create an agglomeration of bubbles. With the release of the
stored energy, the microbubble expansion process begins, and
this process continues until the internal and external pressures
are balanced. One of the key properties of drilling fluids that
strongly affects their performance in this field is low shear rate
viscosity (LSRV), which indicates the fluid’s resistance to flow
under low shear conditions.

The LSRV measurements of the graphene-loaded AMB
water-based drilling fluids are presented in Table S2, Supporting
Information. The data demonstrate a significant increase in
LSRV when graphene is incorporated into the AMB shell, such
that at a concentration of 0.30 wt %, a staggering value of
224 000 cPwas achieved at a speed of 0.3 rpm. This behavior can
be attributed to the unique structure formed by the assembly of a
multilayer shell comprising graphene sheets, surfactant mole-
cules, and polymer chains. The presence of graphene sheets
facilitates interactions between these components, leading to
enhanced LSRV properties of the aphron-based drilling fluid. A
high LSRV is critical in controlling the flow of drilling fluids into
the formation during drilling operations, as it helps to maintain
well integrity and prevent fluid loss.
Filtration loss is a critical parameter in drilling fluid design and

performance evaluation, as it directly influences wellbore
stability, formation damage, and overall drilling efficiency. The
filtration test results of aphronic drilling fluids based on
graphene-loaded microbubbles are given in Figure 7. Filtration
behavior with time can be seen in Figure 7a, and the addition of
PrGO nanosheets significantly reduces the filtration loss of the
fluids. The filtration liquid of aphronic drilling fluid is composed
of two parts, the lower part of freshwater and the upper part of
the foam, and the fluid loss recorded is the total fluid loss, that is,
the total volume of water and foam (Figure 7b). At a
concentration of 0.05 wt %, the filtration loss is reduced by
13% compared to the base fluid without PrGO, and with further
increasing the concentration, its effects on the fluid loss control
are enhanced so that increasing the concentration to 0.50 wt %
further decreases the filtration loss by 45%.
Also, to study filtration properties, the microstructure of fluid

cakes was observed by optical microscope, as shown in Figure
S2, Supporting Information. In the OM images of graphene-
loaded microbubbles, the surface of the cake was smooth and
dense, and there were some microbubbles. However, significant
microbubbles with small size and narrow size distribution were
observed in the cake of the sample with 0.3 wt % graphene.

Figure 7. Filtration test results of the graphene-loaded AMB water-based drilling fluids for different concentrations of PrGO. (a) Filtration behavior
with time, and (b) total fluid loss volume containing water and foam phases after 30 min. The filtration test was conducted using a multiunit filter press
apparatus (LPLT, Fann) in accordance with the API filter press standard test procedure. The prepared drilling fluids were contained in a stainless steel
vessel with a bottom outlet and subjected to a pressure of 100 psi (0.69 MPa). The amount of fluid loss was measured over a 30 min period, with data
recorded every minute for the first 5 min and then at 5 min intervals thereafter.
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The filtration control mechanism of graphene-loaded micro-
bubbles is a complex process that involves the interaction of
various factors. Microbubbles, with their low front pressure and
flexible properties, can expand and aggregate before they enter
the base phase of the fluid. This allows them to quickly fill the
openings of filter pores and reorganize within the microenviron-
ment, effectively preventing fluid loss. This process of
microbubble plugging optimizes the filtration control of the
aphronic drilling fluid. The decrease in the filtration losses
observed can be attributed to two primary factors. First, the
strong absorption of PrGO nanosheets within the microbubble
shell leads to their stabilization in a smaller size. This results in
enhanced resistance to filtration pressure, reduced liquid
drainage, and, ultimately, less liquid loss during the filtration
process. Second, the higher concentrations of PrGO play a
significant role in reducing filtration losses. When the

concentration exceeds a critical value and is absorbed within
the microbubble shell, the remaining graphene sheets are
dispersed in the continuous phase. The increase in dispersion of
excessive PrGO nanosheets results in the formation of a more
cohesive cake with reduced permeability and increased thickness
up to approximately 2.5 times the blank sample (see Figure S2h,
Supporting Information). Consequently, this leads to a decrease
in the overall filtration rate.
To thoroughly investigate the impact of PrGO concentration

on the bonding and physicochemical properties of filter cakes,
FTIR spectroscopy and contact angle measurements were
conducted on cakes prepared with varying concentrations of
PrGO nanosheets, with the findings presented in Figure 8. The
FTIR spectra (Figure 8a) revealed multiple peaks below 2000
cm−1, indicative of the characteristic features of polysaccharides

Figure 8. Physicochemical characterization of aphronic fluid filtration cakes. (a) FTIR spectra and contact angle of (b) neat PrGO, (c) blank, (d) 0.05
wt %, (e) 0.10 wt %, (f) 0.20 wt %, (g) 0.30 wt %, (h) 0.40 wt %, and (i) 0.50 wt % PrGO.

Table 2. Comparison between Previous Literature Data and the Results of This Study

ref year
fluid

category improvement material concentration

average
microbubble
size (μm)

microbubble
size

distribution AV (cP) FL (mL) τ1/2 (min) LSRV (cP)

25 2023 water-
based

nano SiO2 3% 101 720

68 2023 water-
based

sugar cane molasses 12% 51.9 10−100< 52 19.5 10.6

26 2021 water-
based

modified starch 1% 93.3 88.4% in
10−150 μm

102 13.2 <90 16 396

27 2021 water-
based

alkyl glycine 3% 87.7 91.5% in
10−150 μm

112.5 6.5 98.3 23 4000

18 2021 water-
based

grafted xanthan
copolymer

1.5% 81.7 97.2% in
10−150 μm

150 < 10< 30 394

28 2021 water-
based

grafted starch
copolymer

2% 139.1 40−300 μm 7< 7200< 204 000

36 2020 water-
based

silica and fumed-silica
nanoparticles

0.429% 70 20−100 50−70 7< <200

17 2020 water-
based

attapulgite 3% 84.8 48.48% in
50−100 μm

41 9 102 000

69 2017 kerosene-
based

hydrophobic nano SiO2 1% 80 <350 12 745
hydrophobic nano clay 0.8% 71 <350 14 578

70 2017 water-
based

glycyrrhiza glabra 1.14% 65 10−200 μm 67.5 ∼16

this
study

2024 water-
based

partially reduced
graphene oxide
(PrGO) nanosheets

0.3% 37.8 100% in
5−80 μm

97 6 (3.7 mL of
liquid and
2.3 mL of foam)

1050 224 000
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predominantly found in the cake samples containing starch and
xanthan gum.65

In the absence of PrGO (Blank sample), the FTIR analysis
identified prominent peaks at 1110 and 1158 cm−1, correspond-
ing to the C−O bonds in the anhydrous glucose ring.
Additionally, a significant peak at 1247 cm−1 and a weaker
peak at 2985 cm−1 were attributed to C−H wagging and
stretching, respectively. The peak at 1532 cm−1 was linked to the
symmetric and asymmetric stretching vibrations of C�O
groups in the acetyl group of the gum.66 A broad absorption peak
observed between 3047 and 3742 cm−1 indicated the presence
of hydrogen-bonded −OH groups.67
The graphene-loaded aphron drilling fluid cakes exhibited all

of the major characteristics of the Blank samples, with a notable
difference observed in the decrease in intensity of the band
corresponding to the OH group (at 3358 cm−1) with higher
PrGO incorporation. This variation underscores the increasing
presence of graphene in the filter cake as its concentration rises,
highlighting an elevation in the surface hydrophobicity with the
incorporation of higher quantities of graphene nanosheets into
the cake matrix. These results were confirmed by measuring the
contact angle on the surface of the obtained cakes (Figure 8b−i).
According to the results, with the increase in graphene
concentration, the contact angle increased from 56° for the
raw sample to 94° for the sample with 0.5 wt % of PrGO, which
indicates an increase in the hydrophobicity of the cake surface.
Table 2 presents a comparison of the findings of the current

research with those discussed in the existing literature. The key
highlight of the study is the utilization of a structure tailored
specifically for the application environment. In fact, By
optimizing the absorption and self-assembly of amphiphilic
PrGO nanosheets within the microbubble shell, the research has
achieved a more uniform size distribution with a reduced
average size and increased stability in the aphronic microbubbles
produced. The findings were achieved using a notably reduced
concentration of enhancer materials in comparison to what is
typically reported in the current body of research. The
innovative structure developed in this study has notably
enhanced the rheological properties, filtration efficiency, and
viscosity at lower shear rates of aphronic water-based drilling
fluid, surpassing the results reported in previous studies.
Furthermore, the study also highlights the potential use of

graphene-loaded aphron microbubbles in carbon geological
storage. Carbon geological storage is a technology used to
capture and store carbon dioxide emissions from industrial
processes to mitigate climate change. By leveraging the unique
properties of graphene-loaded aphron microbubbles, the
efficiency and effectiveness of leak-free carbon geological storage
processes can be enhanced. The microbubbles can help in
trapping and transporting carbon dioxide in underground
geological formations, preventing its release into the atmos-
phere. In the future, the findings of this research study could
pave the way for the development and commercialization of
advanced drilling fluid formulations and carbon geological
storage technologies that utilize microbubbles-based fluids.
These innovative solutions have the potential to significantly
impact the oil and gas industry by improving drilling efficiency
and reducing environmental impact through enhanced carbon
capture and storage capabilities. Further research and develop-
ment in this area could lead to practical applications that benefit
both industry and the environment.

4. CONCLUSIONS
In conclusion, we have shown that the incorporation of PrGO
nanosheets into the shell of aphron microbubbles presents a
novel and innovative approach to enhancing the stability, size
distribution, and overall performance of aphronic water-based
drilling fluids. PrGO nanosheets, with their unique amphiphilic
properties, play a crucial role in improving the mechanical
strength of the microbubble shell, preventing coalescence and
Ostwald ripening and increasing the resistance to gas diffusion,
thereby enhancing the stability of aphron microbubbles.
Through this research, it has been observed that PrGO
nanosheets significantly impact the stability, size distribution,
rheological properties, filtration loss, and hydrophobicity of the
drilling fluid cakes, contributing to the improved performance
and efficiency of the water-based drilling fluid.
The high surface area of PrGO nanosheets allows for a better

interaction between surfactant molecules and PrGO, resulting in
a more stable microbubble structure. The incorporation of
PrGO nanosheets in the AMB shell has resulted in a more
homogeneous size distribution and a decrease in microbubble
size of up to 60% at a concentration of 0.3 wt %. Additionally, by
enhancement of resistance to drainage and gas diffusion within
the microbubble structure, the half-life time (stability) has
markedly increased by approximately 120%. The concentration
of PrGO plays a critical role in determining the effectiveness of
the microbubble shell, with an optimal concentration of 0.30 wt
% yielding the best results in terms of stability and size
distribution.
The addition of PrGO nanosheets has also influenced the

rheological properties of aphronic water-based drilling fluids,
affecting shear stress, shear rate, and viscosity. Different
rheological models show varied degrees of accuracy in
describing the behavior of aphron-based fluids, with the
Herschel−Bulkley and Sisko models demonstrating a superior
fit. The increased viscosity of the drilling fluid due to PrGO leads
to enhanced stability, delayed drainage, and improved resistance
to collapse.
Furthermore, the inclusion of PrGO nanosheets has improved

filtration control in aphronic water-based drilling fluids,
reducing filtration loss and enhancing stability. The structural
properties of PrGO nanosheets act as an effective barrier and
bridging agent to prevent the migration of solids and particles
across the filter medium.
The results of this study suggest that the use of graphene-

loaded aphron microbubbles filled by air or N2 gas could lead to
the development of lightweight and ultralightweight water-
based drilling fluids that offer substantial benefits to the oil and
gas industry. Additionally, the graphene-loaded aphron micro-
bubbles filled with CO2 gas show promise in carbon capture and
storage operations, providing an efficient agent for trapping and
transporting CO2 within the microbubble core. This function-
ality is crucial for underground CO2 storage operations,
contributing to the reduction of carbon emissions and
addressing climate change challenges.
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