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ABSTRACT: Severe fluid loss in fractured formations remains a critical challenge in drilling operations, often
leading to wellbore instability and increased non-productive time. Conventional plugging materials typically suffer
from limited size adaptability and insufficient sealing efficiency under high-temperature conditions. To address
these challenges, this study developed a plugging agent based on polystyrene microspheres (PSMs) via dispersion
polymerization, using polyvinylpyrrolidone (PVP) as a dispersant. By tuning the molar ratio of PVP to styrene
monomer, PSMs with controllable particle sizes (0.12—-1.34 um) were successfully synthesized. The results indicate
that PSMs prepared at a PVP/SM molar ratio of 0.01, with an average particle size of ~0.28 pm, exhibited optimal
plugging performance. Through a synergistic bridging-filling mechanism, these microspheres reduced the invasion
depth into sand beds by over 40%. The addition of 2 wt% PSMs decreased the API fluid loss of the drilling fluid from
25.0 mL to 17.0 mL after aging at 120°C for 16 h, while simultaneously forming a denser filter cake. Furthermore, the
incorporation of PSMs significantly enhanced the cuttings suspension capacity of the drilling fluid. This study provides
a promising strategy for designing high-performance plugging agents for formations dominated by micro-fractures.
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1 Introduction

As global oil and gas exploration advances into deep fractured reservoirs, the invasion of drilling fluid
filtrate along micro- and nanoscale pore throats and natural microfractures has emerged as a primary trigger
for wellbore instability, formation damage, and severe lost circulation [1,2]. Particularly in deep (>4500 m)
and ultra-deep environments, the coupled effects of high in situ stress, elevated temperatures (120-200°C),
and strong heterogeneity render conventional drilling fluid systems incapable of constructing a long-term
stable, low-permeability plugging barrier at the wellbore—formation interface [3-6]. Achieving efficient,
size-matched plugging of micro- and nanoscale pores and fractures within water-based drilling fluids
(WBDFs), while simultaneously ensuring thermal resistance, dispersion stability, and cost-effectiveness for
field-scale application, constitutes a critical technical bottleneck restricting safe and efficient deep-well
drilling operations [7].

Current lost circulation material (LCM) systems are mainly classified into two categories: rigid plugging
agents and flexible plugging agents. Rigid plugging agents include conventional rigid particles (e.g.,
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calcium carbonate and graphite) and inorganic nanomaterials (e.g., nano-SiOz, nano-TiO;, and nanoclay).
Conventional rigid particles rely on particle stacking to form a physical barrier, but suffer from difficulties
in controlling particle size distribution and are prone to fragmentation under high-temperature and high-
pressure conditions [8]. Inorganic nanomaterials, by virtue of their nanoscale effects, can reduce fluid
invasion depth by filling micropores in the filter cake and nanopores in shale reservoirs [9,10]. However, their
hydrophilicity readily induces flocculation and agglomeration, resulting in poor dispersion stability in the
drilling fluid environment [11,12]. Furthermore, purely rigid nanomaterials lack deformation adaptability,
which limits their effectiveness in sealing multiscale fractures with a wide aperture distribution [13]. On
the other hand, flexible plugging agents (e.g., emulsified asphalt and polymer gels) rely on the deformation
of molecular chains to seal fractures [13]. For example, Lei et al. [14] designed a latex plugging agent with
self-crosslinking functionality, whose plugging performance was further enhanced after heat treatment.
Although these methods have achieved significant improvements in plugging strength, they are generally
accompanied by complex preparation processes, high raw material and synthesis costs, and increased
uncertainty arising from competitive adsorption or flocculation with other additives in water-based drilling
fluids due to the introduction of surface functional groups [12].

In recent years, shape memory polymers (SMPs) have emerged as promising high-performance lost
circulation materials (LCMs) for reservoir sealing. Unlike conventional rigid or flexible LCMs, SMPs can
be programmed into compact temporary configurations, facilitating their injection into fractures. Upon
exposure to downhole temperatures, they recover their original expanded geometry, thereby effectively
sealing fractures of various widths. This thermomechanical programming enables SMPs to undergo a
substantial reduction in size before deployment, with the programmed dimensions being up to an order of
magnitude smaller than their original shape. Consequently, SMPs can be readily transported through flow
lines and subsequently expand to bridge wide fractures under reservoir conditions [15]. Compared with
conventional LCMs, SMPs can significantly reduce the risk of downhole tool blockage while improving
plugging performance [16,17]. Despite these advantages, several limitations still hinder their widespread
application, including: (i) the requirement for precise matching of the activation temperature to the
downhole environment; (ii) relatively high material and synthesis costs; (iii) pumping challenges arising
from their viscoelastic properties; and (iv) a primary focus on sealing large fractures rather than reducing
matrix permeability over a broader scale.

Against this technological backdrop, polystyrene (PS) particles exhibit considerable application po-
tential owing to their unique physicochemical properties [18]. As a classical polymer material, PS offers
good chemical stability, tunable particle size, and distinct advantages in terms of low cost and scalability
for mass production [19]. As one of the most widely produced general-purpose plastics worldwide, PS
benefits from the broad availability and low cost of its monomer, styrene (approximately 12,000 RMB
per ton). Furthermore, PS particles can be efficiently synthesized via facile radical polymerization under
mild conditions (60-80°C, atmospheric pressure), enabling kilogram-scale production without complex
post-processing [20]. This production cost is significantly lower than that of alternative materials, such
as nanoclays or nano-silica, which often require energy-intensive high-temperature calcination [21-23].
More importantly, the chemical inertness of PS ensures its stability in water-based drilling fluids over a
pH range of 4-10 [24-26]. This property minimizes the risk of adverse side reactions with other drilling
fluid additives and prevents performance degradation caused by chemical bond cleavage, which is common
in certain chemically modified materials [27]. Furthermore, the particle size can be readily tailored by
controlling the reaction parameters, resulting in enhanced size adaptability and improved sealing efficiency.
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This study focuses on the controllable synthesis and performance optimization of monodisperse
polystyrene microspheres (PSMs). PSMs with tunable particle sizes were synthesized by adjusting the
molar ratio of PVP to styrene monomer during polymerization. Their performance as plugging agents
in water-based drilling fluids was systematically evaluated, with emphasis on sand-bed invasion depth,
filtration performance. Furthermore, the effect of PSMs on the rheological performance of drilling fluids
was evaluated. This work establishes a low-cost, scalable strategy for designing size-tunable polymer
microspheres that enable efficient and thermally stable micro-nano plugging in water-based drilling fluids,
thereby advancing reliable wellbore sealing in formations dominated by micro-fractures.

2 Experimental

2.1 Materials

The chemical reagents include styrene (>99%, Shanghai Macklin Biochemical Co., Ltd.), polyvinylpyrroli-
done (PVP, My > 40,000, Shanghai Aladdin Biochemical Technology Co., Ltd.), sodium carbonate (>99%,
Shanghai Aladdin Biochemical Technology Co., Ltd.) and potassium persulfate (KPS, >99%, Shanghai
Macklin Biochemical Co., Ltd.). Bentonite was obtained from Tengfei Co., Ltd. (Huai’an, China). Deionized
water was prepared in-house. All chemicals were used as received without further purification.

2.2 Synthesis of PSMs

The detailed synthesis procedure is schematically illustrated in Fig. 1a. First, 0.06 g (0.11 g or 0.57 g) of
PVP was dissolved in 100 mL of deionized water, followed by the addition of 11.44 g of styrene monomer.
Notably, the dispersion exhibited no appreciable phase separation during the 15 min period after stirring
was stopped. Furthermore, optical microscopy analysis (Fig. 1b) revealed that the styrene (St) monomer
droplets remained uniformly dispersed throughout the aqueous phase. These observations indicate that
even at the lowest PVP/St molar ratio (0.005), the PVP concentration was sufficient to provide transient
colloidal stabilization of the dispersion prior to polymerization. The mixture was then transferred to a three-
necked flask and deaerated with nitrogen for 30 min. Subsequently, the solution was heated to 70°C under
continuous stirring at 500 rpm. A total of 10 g of KPS solution (0.15 g KPS dissolved in 9.85 g water) was then
added dropwise to initiate polymerization. The reaction was maintained at this temperature for 4 h. The
synthesis follows a dispersion polymerization mechanism, in which the water-soluble initiator potassium
persulfate (KPS) generates free radicals in the aqueous phase, leading to homogeneous nucleation. As the
growing polystyrene chains become insoluble, they precipitate to form primary polymer particles, while
polyvinylpyrrolidone (PVP) adsorbs onto their surfaces and acts as a steric stabilizer, preventing particle
aggregation and ensuring colloidal stability throughout the polymerization process. After completion,
the resulting PSM suspension was cooled naturally to room temperature. The samples were collected by
centrifugation and washed three times with ethanol to remove residual monomers. The purified product
was then redispersed in deionized water via ultrasonication and subsequently lyophilized to obtain the
final PSMs. During the synthesis, the molar ratios of PVP to SM were adjusted to 0.005, 0.01, and 0.05. The
corresponding samples were denoted as 0.005PSM, 0.01PSM, and 0.05PSM, respectively. After lyophilization,
the dried PSMs were weighed to determine the polymerization yield. The polymerization yield was
calculated as the ratio of the mass of the recovered PSMs to the initial mass of styrene monomer charged
into the reaction.
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Figure 1: (a) Schematic illustration of the PS microspheres synthesis process; (b) Macroscopic and microscopic

images of the pre-polymerization PVP/St dispersion after 15 min of static incubation.

2.3 Preparation of Based Mud (BM) and PSMs-Modified BM

Bentonite was dispersed in deionized water at a mass fraction of 4 wt% and stirred at 3000 rpm for
1 h. The resulting slurry was then aged at room temperature for 24 h to obtain bentonite-based mud
(BM). Subsequently, PSMs were added to the BM and mixed at 2000 rpm for 1 h to prepare water-based
drilling fluids containing PSMs. The mass ratios of PSMs to BM were set at 0.5:100, 1:100, and 2:100, and
the corresponding samples were denoted as BM-0.5PSMs, BM-1PSMs, and BM-2PSMs, respectively.

2.4 Characterization of PSMs

The morphology of the PSMs was characterized using a scanning electron microscope (SEM; EVO-
15/LS, Zeiss, Germany). The samples were ultrasonically dispersed in deionized water at a concentration
of 0.005 g/mL. A droplet of the suspension was deposited onto conductive adhesive tape, naturally dried
at room temperature, and subsequently mounted on an aluminum stub. To enhance conductivity, a thin
conductive layer (Au, approximately 10 nm thick) was deposited onto the sample surface via sputter coating.
SEM imaging was performed under high-vacuum conditions with an accelerating voltage of 20 kV and a
working distance (WD) of approximately 8 mm.

The particle size distribution of the PSMs was determined using a laser diffraction analyzer (Mas-
tersizer 3000, Malvern, UK). The samples were dispersed in deionized water to obtain suspensions with
a concentration of 0.05 g/mL for measurement. The stirred dispersion was introduced into the sample
chamber until the turbidity (optical obscuration) reached 5%-10%. Measurements were conducted under
stirring with an impeller rotating at approximately 2500 rpm. The refractive index of the microsphere
material was set to n = 1.59 (with the imaginary component representing absorption fixed at 0.01), while
the refractive index of the dispersant was defined as 1.33 (water). Each sample was measured in triplicate.

Fourier transform infrared (FTIR) spectroscopy (IRTracer-100, Shimadzu, Japan) was employed to
identify functional groups and chemical bonds. Prior to analysis, the PSMs were thoroughly mixed with
potassium bromide (KBr), finely ground, and pressed into transparent pellets at 1.5 MPa for 2 min. The

spectra were recorded over a wavenumber range of 400-4000 cm™ .
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The zeta potential, reflecting the surface charge characteristics of the particles, was measured using
a Zetasizer Nano ZS90 (Malvern, UK). Samples were dispersed in deionized water at a concentration of
0.05 g/mL, sonicated for 1 min, and then loaded into a folded capillary cell (DTS1070). Measurements were
performed at 25°C with an equilibration time of 120 s. Each sample was measured in triplicate.

2.5 Plugging Performance of PSM-Modified BM

The plugging performance of the PSM-modified drilling fluids was evaluated using a visual medium-
pressure sand-bed plugging apparatus (Model FA.BX, Qingdao Tongchun Petroleum Instrument Co., Ltd.).
Drilling fluid samples containing different PSM loadings were introduced into the apparatus packed with
140-160 mesh quartz sand. A pressure of 0.7 MPa was applied, and the invasion depth of the drilling fluid
was recorded after a static period of 30 min.

2.6 Rheological and Filtration Performance of PSM-Modified BM

The rheological properties of BM with varying PSM contents were measured using a six-speed rotational
viscometer (ZNN-D6, China). The samples were tested at rotational speeds of 600 and 300 rpm, and the
corresponding dial readings were recorded. The apparent viscosity (AV), plastic viscosity (PV), and yield
point (YP) were calculated according to the following equations [28]:

1
AV = 59600 (1)
PV = 0600 — 0300 )
YP =0.511(6300 — PV) ®3)

where 0g09 and 03 represent the readings taken at rotational speeds of 600 and 300 rpm, respectively.

A roller oven (CW300 PLC, China) was used to perform the thermal aging tests. The drilling fluid
samples were transferred into aging cells and aged at 120°C under continuous rolling (200 rpm) for 16 h.
After aging, the samples were allowed to cool to room temperature before further characterization.

The filtration performance was evaluated using a standard API filter press (Model SD, Qingdao
Tongchun Petroleum Instrument Co., Ltd.). Filtration tests were conducted at room temperature under a
nitrogen differential pressure of 100 psi for 30 min, and the filtrate volume was recorded at the end of each
test. The resulting filter cakes were carefully removed, dried at 60°C to constant weight, and weighed to
determine their solid content. In addition, the surface morphology of the filter cakes was characterized by
scanning electron microscopy (SEM; ZEISS EVO-15/LS) to evaluate the filter-cake densification induced by
the PSMs.

3 Results and Discussion

3.1 Synthesis and Characterization of PSMs

PSMs were synthesized via dispersion polymerization, and their morphology and size were systemati-
cally tuned by varying the molar ratio of PVP to styrene monomer. The resulting samples were characterized
by SEM, as shown in Fig. 2a—c. All samples exhibit well-defined spherical morphology with smooth surfaces
and good structural integrity, indicating the successful formation of PSMs. No obvious aggregation or
deformation is observed, suggesting that PVP effectively stabilized the particles during polymerization. No-
tably, the measured polymerization yields for 0.005PSM, 0.01PSM, and 0.05PSM after 4 h of polymerization
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were 74.3%, 87.7%, and 91.4%, respectively. These values, calculated as the mass ratio of recovered PSMs
to the initial styrene monomer feed after purification (washing, centrifugation, and lyophilization), are
slightly lower than the true monomer conversion due to material losses during the purification steps. The
results indicate that a reaction time of 4 h at 70°C is sufficient to achieve high monomer conversions (>85%)
for 0.01PSM and 0.05PSM. The relatively lower conversion of 0.005PSM is likely attributable to reduced
colloidal stability at the lowest PVP concentration, which promotes the formation of small amounts of
polymer deposits on the reactor walls and stirrer during polymerization. Furthermore, because the PSMs
were subsequently purified by repeated ethanol washing followed by freeze-drying, the residual styrene
monomer content in the final dried product is expected to be negligible.

Figure 2: SEM of PSMs prepared with different molar ratios of PVP to styrene: (a—c) SEM image of 0.005PSM (a),
0.01PSM (b), and 0.05PSM (c).

The particle size distributions of the PSMs were measured using a laser diffraction particle size
analyzer. The median particle diameters (D50, Fig. 3a), 0.005PSM, 0.01PSM, and 0.05PSM were 0.631 pum,
0.215 pm, and 0.132 pum, respectively. The complete particle size distribution (PSD) curves are provided in
Figs. S1-S3 (Supplementary Material). As summarized in Fig. 3a, the particle size decreases progressively
with increasing PVP/SM molar ratio, demonstrating that the particle size of PSMs can be precisely regulated
by adjusting the dispersant content. This tunability is critical for achieving size-matched plugging in
multiscale pore-fracture systems.

The observed size evolution can be attributed to the role of PVP as a steric stabilizer during poly-
merization. PVP molecules adsorb onto the surface of nascent polymer nuclei, forming a protective layer
that suppresses particle coalescence and secondary aggregation [29]. As the PVP concentration increases,
more stabilizing chains are available to cover newly formed nuclei, leading to a higher number of effective
nucleation sites in the early stage of the reaction [30]. Under a fixed monomer dosage, the available styrene
is thus distributed among a larger number of growing particles, resulting in smaller final particle sizes. In
addition, the enhanced steric hindrance provided by PVP further limits particle growth through collision
and fusion, contributing to the formation of uniform and narrowly distributed microspheres. Overall, these
results confirm that the PVP/SM ratio serves as a key parameter governing nucleation and growth processes,
enabling controllable synthesis of PSMs with tailored sizes for targeted plugging applications.

The surface charge of the PSMs was evaluated in terms of their zeta potential. As shown in Fig. 3b, all
PSM samples exhibit negative zeta potential values, which indicates the incorporation of negatively charged
groups during the synthesis process. Specifically, sulfate radicals (SO4%") generated from the thermal
decomposition of the initiator, potassium persulfate (KPS), can attach to the microsphere surface, forming
negatively charged sulfate or sulfonate groups [31]. Furthermore, although PVP is a nonionic polymer, it
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can induce an apparent negative surface charge due to the strong polarity of its pyrrolidone groups. The
carbonyl groups preferentially attract OH™ ions and modify the interfacial double-layer structure, thereby
increasing the effective negative zeta potential [32]. Consequently, even in the absence of ionic surfactants,
PS microspheres typically carry a net negative surface charge.
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Figure 3: Characterizations of PSMs prepared with different molar ratios of PVP to styrene: (a) D50 particle size;
(b) Zeta potential; (c) FTIR spectra; (d) XPS spectra of various PSMs.

Notably, the zeta potential of the PSMs exhibits a distinct non-monotonic dependence on the PVP/styrene
molar ratio. As the ratio increases from 0.005 to 0.01, the zeta potential decreases significantly from —18.6 mV
to —32.5 mV, indicating an increase in surface charge density and enhanced electrostatic repulsion between
particles. This behavior can be associated with the presence of PVP on the particle surface. The highly polar
pyrrolidone groups in PVP can modify the interfacial double-layer structure, while the hydrophilic chains
extending into the aqueous phase facilitate the preferential adsorption of OH" ions, thereby increasing
the effective negative surface charge density [33]. Under these conditions, the system achieves optimal
dispersion stability. However, when the PVP/styrene ratio is further increased to 0.05, the zeta potential
rises markedly to —6.2 mV. At this higher concentration, excess PVP not only fully covers the particle
surfaces but also remains in the continuous phase. The presence of abundant free polymer chains increases
the solution viscosity and compresses the electrical double layer, partially shielding the surface charges and
leading to a significant reduction in the absolute zeta potential value [33]. Consequently, the dominant
stabilization mechanism shifts from electrostatic repulsion to steric hindrance, which explains the relatively
poorer dispersibility observed for the 0.05PSM sample (Fig. 2c).

Fig. 3c presents the FTIR spectra of the three PSMs. All spectra display characteristic absorption bands
of polystyrene, confirming the successful synthesis of PSMs and indicating that the core chemical structure
remains essentially unchanged with varying PVP/styrene ratios. The high degree of overlap among the
spectra further suggests that PVP does not participate in the polymerization reaction but primarily acts as a
physical stabilizer during particle formation. Specifically, the absorption bands at approximately 3039 cm™!
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and 2930 cm ™! are attributed to the stretching vibrations of aromatic C-H bonds on the benzene ring and
aliphatic C-H bonds in methylene groups, respectively. The peaks near 1600 and 1443 cm™! correspond
to the skeletal stretching vibrations of the benzene ring and in-plane C-H bending vibrations. The sharp

1

and intense peak at ~707 cm™" is assigned to the out-of-plane bending vibrations of adjacent hydrogen

atoms on a monosubstituted benzene ring, serving as a definitive fingerprint of the polystyrene structure.

1 can be associated with

In addition, weak or broad features that appear in the region of 1650-1700 cm™
the C=0 stretching vibration of the pyrrolidone group in PVP, indicating the presence of PVP on the
particle surface. However, owing to the low PVP loading and the bulk-sensitive nature of FTIR spectroscopy,
this signal alone is insufficient to conclusively confirm the presence of PVP on the microsphere surface.
Therefore, X-ray photoelectron spectroscopy (XPS) was employed to provide surface-sensitive evidence.
The XPS survey spectrum (Fig. 3d) exhibits three principal peaks corresponding to C 1s (285.2 eV), O 1s
(531.4 eV), and a distinct N 1s peak at 399.7 €V. Quantitative analysis revealed surface atomic concentrations
of 82.71 at% C, 10.43 at% O, 6.60 at% N, and 0.26 at% S. The characteristic N 1s peak at 399.7 eV, originating
from the pyrrolidone nitrogen in PVP, provides direct evidence for the presence of PVP on the PSM surface,
confirming its successful adsorption.

Overall, these results demonstrate that variations in PVP content mainly influence particle size,
surface characteristics, and dispersion stability, rather than altering the intrinsic chemical structure of
the polystyrene matrix. This finding is consistent with the role of PVP as a steric stabilizer that regulates
nucleation and growth processes without modifying the fundamental polymer framework.

3.2 Optimization of PSMs as Plugging Agents

A visual medium-pressure sand-bed plugging apparatus was employed to evaluate the plugging
performance of the three PSMs and to identify the optimal formulation. Quartz sand with a particle size of
140-160 mesh was used to construct the sand bed, providing a representative porous medium for simulating
fluid invasion into formation pores.

The experimental procedure was as follows: the three PSMs were individually added to bentonite-based
mud (BM) at a concentration of 0.5 wt%, yielding the modified drilling fluids denoted as BM-0.005, BM-0.01,
and BM-0.05, respectively. These fluids, along with the base BM, were subjected to thermal aging at 120°C
for 16 h to simulate downhole conditions. Subsequently, a transparent acrylic tube was uniformly packed
with the quartz sand and compacted to ensure consistent porosity and permeability. After packing, 200
mL of each drilling fluid was introduced into the tube, and the invasion behavior was evaluated under a
constant pressure of 0.69 MPa for 30 min. The invasion depth of the drilling fluid into the sand bed was
recorded as a key indicator of plugging performance.

Fig. 4a illustrates the effect of PSM incorporation on the plugging performance of the drilling fluids.
From left to right, the samples correspond to BM, BM-0.005, BM-0.01, and BM-0.05. The experimental
results demonstrate that BM-0.01PSM (Fig. 4a(iii)) exhibits the most effective plugging performance (Fig. 4c),
as evidenced by a significantly reduced invasion depth compared with BM-0.005PSM (Fig. 4a(ii)) and
BM-0.05PSM (Fig. 4a(iv)).

This superior performance can be attributed to the optimal matching between particle size and the pore
throat distribution of the sand bed, as well as the formation of a dense and continuous packing structure.
According to classical particle packing and bridging theories, effective plugging occurs when particle sizes
are comparable to the pore openings, enabling both mechanical bridging at pore throats and subsequent
filling of interstitial voids. In the case of BM-0.005PSM, the relatively large particles are unable to penetrate
into the pore network and instead form isolated bridges across larger channels. However, such mono-sized
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bridging structures contain abundant unfilled macropores, preventing the formation of a low-permeability
barrier. As a result, drilling fluid can still flow through the interparticle voids within the bridging framework,
leading to limited plugging efficiency (Fig. 4c(i)).
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Figure 4: Plugging performance of PSMs: (a,b) invasion depth of drilling fluids into the sand bed after the addition of
different types of PSMs (0.5 wt%); (¢) schematic illustration of the mechanism governing the influence of particle size
on plugging performance.

In contrast, although BM-0.05PSM contains smaller particles that can readily access finer pores, its
plugging performance is compromised in the highly permeable sand bed. The small particles tend to
migrate rapidly with the fluid phase, and their weak resistance to hydrodynamic forces promotes fingering
and preferential channeling. Consequently, continuous leakage pathways are formed through the particle
assembly (Fig. 4c(iii)) [34,35].

By comparison, the medium-sized microspheres in BM-0.01PSM fall within the optimal size range
for simultaneously achieving bridging and filling. Under the applied pressure differential, these particles
effectively accumulate at pore throats to form a stable bridging framework, while smaller interstitial voids
are progressively filled by subsequent particles (Fig. 4c(ii)) [36]. Meanwhile, interparticle van der Waals
interactions and mechanical interlocking further promote the formation of a compact and continuous filter
cake. This hierarchical structure significantly increases flow tortuosity and resistance, thereby suppressing
fluid invasion into the porous medium [37].

Overall, the superior performance of BM-0.01PSM arises from a synergistic mechanism involving size
matching, efficient bridging, and dense packing, enabling the construction of a low-permeability barrier
with minimal invasion depth. These findings highlight the critical importance of particle size optimization
in designing effective plugging agents for multiscale porous formations. Therefore, 0.01PSM was identified
as the optimal plugging agent and selected for subsequent experimental investigations.

3.3 Effect of PSM Loading on Filtration Performance

Upon incorporation into the drilling fluid, PSMs co-deposit with other solid phases on the wellbore wall
to form a filter cake, thereby contributing to the sealing of formation pores and fractures. As illustrated in
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Fig. 5a-d, the surface morphology of the filter cake undergoes a pronounced evolution with increasing PSM
concentration from 0 to 2 wt%. The filter cake formed by the base mud without PSMs exhibits a rough and
loosely packed structure with numerous well-developed pore (Fig. 5a), indicating poor sealing capability.
With the addition of a small amount of PSMs (0.5 wt% and 1 wt%), progressive particle accumulation and
stacking are observed on the filter cake surface (Fig. 5b,c), leading to partial pore filling and a reduction in
surface roughness. At a higher PSM concentration of 2 wt%, a continuous and compact particle layer is
formed (Fig. 5d), effectively covering and sealing the surface pores. This morphological transition suggests
that PSMs undergo interfacial enrichment and preferential deposition under the applied pressure gradient,
promoting the formation of a denser and more uniform filter cake.
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Samples

Plug
fractures

|

API Filtrate volume (ml)

Formation Drilling fluid O PSM ,/7‘/ Fracture :] Mud cake

Figure 5: Filtration performance of drilling fluids containing different contents of PSMs: (a—d) morphology of filter
cakes with different PSM loadings of (a) 0 wt%, (b) 0.5 wt%, (c) 1 wt%, and (d) 2 wt%; (e) effect of PSM concentration
on API fluid loss; (f) schematic illustration of the plugging mechanism of PSMs in drilling fluids.

The API filtration results presented in Fig. 5e further confirm that the incorporation of PSMs sig-
nificantly improves the fluid-loss control performance of the drilling fluid. Both before and after high-
temperature aging, the filtrate volume decreases monotonically with increasing PSM concentration. For
example, prior to aging, the filtrate volume is reduced from 9.8 mL for the base mud to 6.6 mL for the
BM-2PSM formulation. More importantly, after aging at 120°C for 16 h, the filtrate volume of BM-2PSM
(~17.0 mL) remains substantially lower than that of the aged base mud (~25.0 mL), demonstrating the
excellent thermal stability of the PSM-modified system. This improvement can be attributed to the ability
of submicron PSMs to penetrate and block the micro- and nanopores within the filter cake matrix. By filling
interstitial voids between larger solid particles, PSMs reduce the effective permeability and promote the
formation of a thinner, denser, and less permeable filter cake.

Furthermore, to further validate performance under extreme conditions, additional HTHP filtration
tests were conducted (3.5 MPa, 160°C). A marked inverse correlation was observed between PSM loading
(0-2 wt%) and fluid loss (decreasing from 89.5 mL to 43 mL), robustly substantiating that the PSMs retain
plugging integrity at 3.5 MPa and 160°C (Fig. S4).
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As illustrated in Fig. 5f, the PSMs are transported into the microfractures by the fluid flow, where
they progressively bridge the pore throats and subsequently accumulate to form a dense plugging layer.
This bridging-filling synergy effectively disrupts continuous flow pathways and significantly increases the
tortuosity of the fluid migration channels. As a result, the resistance to fluid flow is markedly enhanced,
thereby suppressing filtrate invasion into the formation. Overall, PSMs simultaneously reinforce the
compact structure of the filter cake through interfacial deposition and establish an efficient physical barrier
within pore-fracture networks. This dual mechanism underlies their effectiveness in reducing fluid loss and
maintaining long-term stability in high-temperature drilling environments.

3.4 Effect of PSM Loading on Rheological Properties

Rheological properties are one of the most pivotal parameters for evaluating drilling fluid performance,
as they fundamentally govern wellbore cleaning and cuttings transport efficiency during drilling opera-
tions [38,39]. To systematically investigate the influence of PSMs on these critical properties, the apparent
viscosity (AV), plastic viscosity (PV), and yield point (YP) were measured for both freshly prepared and
high-temperature-aged drilling fluid systems.

Fig. 6a—c shows that increasing PSM concentration induces a synergistic evolution in the rheological
behavior of the drilling fluid, characterized by an increase in AV, a decrease in PV, and a pronounced
increase in YP. Specifically, as the PSM concentration increases from 0 to 2 wt%, the AV of the unaged fluid
rises from 6.5 to 9.0 mPa-s, the PV decreases from 5.75 to 3.0 mPa-s, and the YP increases significantly from
0.75 to 6.0 Pa. A similar trend is observed after high-temperature aging, indicating that the effect of PSMs
is robust under thermal conditions.

This rheological evolution can be attributed to the dual functional role of PSMs in the fluid system.
On one hand, the smooth surfaces of the microspheres reduce interparticle friction and sliding resistance
within the shear field, leading to a decrease in PV and thus lower flow resistance during circulation. On the
other hand, PSMs act as structural reinforcement units that promote the formation of a particle-supported
network through steric interactions and physical contacts, particularly after thermal aging. This network
enhances the yield stress and structural strength of the fluid, as reflected by the substantial increase in YP,
which is essential for improving the suspension and transport of drilled cuttings [40].

According to the rheological relationships, although PV decreases moderately, the increase in YP
is much more significant and therefore dominates the overall increase in AV. This indicates that the
incorporation of PSMs effectively shifts the fluid behavior toward a more structured, yield-stress-dominated
system. Such a rheological profile is advantageous for drilling operations, as it balances low resistance to
flow under high shear conditions with strong suspension capacity under static or low-shear conditions.

Moreover, the persistence of these trends after high-temperature aging suggests that PSMs contribute
to mitigating the thermal degradation of conventional polymer—clay networks. By forming a thermally
stable, physically interconnected particulate skeleton, PSMs help maintain the integrity and functionality of
the drilling fluid under harsh downhole conditions. Overall, these results demonstrate that PSMs not only
enhance filtration control but also optimize rheological performance, providing a synergistic improvement
in drilling fluid functionality.

3.5 Potential Limitations of PSMs in Complex Downhole Environments

All experiments in this study were conducted under idealized aqueous conditions. However, in actual
deep reservoirs, drilling fluids may come into contact with acidic gases (e.g., CO, and H,S) and crude oil,
which may adversely affect the chemical stability and dispersion behavior of PSMs.
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To evaluate the effects of CO; on the dispersibility of PSMs, the following experiments were performed.
PSM particles were dispersed in deionized water at a concentration of 3 wt% and ultrasonicated for 15 min to
ensure homogeneous dispersion, yielding an aqueous PSM suspension with an initial pH of approximately
7 (Fig. 7a). CO; was continuously bubbled through the suspension using a corrosion testing apparatus until
the pH decreased to approximately 5.5 and 3.5, after which microscopic images were recorded (Fig. 7b,c).
The observations showed that significant agglomeration of the PSM particles occurred when the pH reached
3.5. This behavior is likely attributable to the substantial reduction in the zeta potential of the PVP-coated
PS particles under acidic conditions (pH < 5), which weakens electrostatic repulsion and promotes particle
aggregation. In addition, the steric stabilization provided by the PVP layer may also be diminished under
strongly acidic conditions. In deep reservoirs containing acidic gases (CO; and H,S) under high-pressure
(>10 MPa) and high-temperature (80-150°C) conditions, the pH of formation water or wellbore condensate
may decrease to 3-5 under moderate acid gas concentrations and even to as low as 2.7 in highly sour
gas reservoirs [41]. Therefore, the presence of CO, and H,S may reduce the local pH near the wellbore
sufficiently to induce premature agglomeration of PSMs, thereby compromising their plugging performance.
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Figure 6: Rheological properties of drilling fluids containing different contents of PSMs: (a) AV, (b) PV and (c) YP.
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Figure 7: Influence of CO, and white mineral oil on the dispersion stability of PSMs. Digital photographs showing
the dispersibility of PSMs: (a) in aqueous medium at pH = 7; (b) at pH = 5.5; (c) at pH = 3.5; (d) after the introduction
of 3 wt% white mineral oil; and (e) after the introduction of 6 wt% white mineral oil.
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Furthermore, to evaluate the effect of oil contamination on the dispersibility of PSMs, white mineral
oil was added to the aqueous PSM suspension at concentrations of 3 wt% and 6 wt%, respectively. After
stirring for 30 min followed by static settling for 15 min, microscopic images were acquired to examine the
dispersion state (Fig. 7d,e). The results indicate that the dispersibility of the PSMs remained essentially
unchanged with increasing white mineral oil concentration, suggesting that oil contamination at the
investigated concentrations has a negligible effect on their dispersion stability.

Although this study demonstrates the potential of PSMs as plugging agents for water-based drilling
fluids, their application in hydrocarbon-bearing and acidic gas-rich reservoirs still requires comprehensive
validation under representative downhole conditions. Ongoing research in our group is focused on address-
ing these challenges through systematic environmental exposure tests and targeted material modifications
to enhance their long-term stability and field applicability.

4 Conclusion

In this study, monodisperse polystyrene microspheres (PSMs) were successfully synthesized via a facile
dispersion polymerization strategy by tuning the molar ratio of polyvinylpyrrolidone (PVP) to styrene
monomer. The results demonstrated that 0.01PSM (~0.28 um) achieved an optimal balance among par-
ticle size, surface charge, and dispersion stability, exhibiting a zeta potential of —32.5 mV and forming
a homogeneous and stable colloidal system. When incorporated into water-based drilling fluids, PSMs
acted as efficient physical plugging agents. The medium-sized 0.01PSM exhibited favorable matching
with the pore-throat dimensions of the sand bed, enabling a synergistic bridging-filling mechanism that
reduces the invasion depth by more than 40% compared with poorly matched particles. Increasing the
PSM concentration further enhanced filtration control performance: at a dosage of 2 wt%, the API fluid
loss decreased from 25.0 mL to 17.0 mL after aging at 120°C for 16 h, accompanied by the formation of
a thinner and more compact filter cake. The incorporation of PSMs also induced a favorable rheological
profile characterized by reduced plastic viscosity and significantly enhanced yield point, enabling lower
flow resistance during circulation while markedly improving cuttings suspension capacity. Although
the proposed system exhibits several notable advantages, it is not without limitations. These include its
sensitivity to reservoir pore-size heterogeneity and the uncertainty of its performance under high-salinity
and ultra-high-temperature conditions. Future studies should therefore focus on evaluating the plugging
performance of PSMs under high-temperature/high-pressure conditions representative of downhole envi-
ronments, including higher differential pressures and complex brines containing acidic gases. In addition,
targeted material modifications to enhance acid resistance are essential for ensuring the long-term stability
and plugging performance of PSMs in sour gas reservoirs.
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