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a b s t r a c t

A composite plugging agent, glucose-derived carbon spheres grafted with poly (methyl methacrylate- 
co-octadecyl methacrylate-co-styrene) (GCS-g-PMOS), was synthesized by grafting an oil-absorbing 
polymer onto glucose-derived carbon spheres through suspension polymerization for application in 
oil-based drilling fluids.  This material was designed to overcome the limited adaptability of conven
tional rigid plugging agents by integrating the structural support of carbon spheres with the swelling 
and filling capabilities of the polymer phase. Response surface methodology was used to optimize the 
preparation parameters, and the optimum formulation was determined to be 0.75 wt% glucose-derived 
carbon spheres, 1.5 wt% N,N′-methylenebisacrylamide, and 2.0 wt% benzoyl peroxide. Under these 
conditions, the oil absorption capacity reached 9.02 g/g. Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and wettability analyses 
confirmed  successful grafting of the polymer phase and showed that the composite possessed good 
thermal stability and strong oil affinity. After aging at 160 ◦C, the addition of 6 wt% GCS-g-PMOS reduced 
the American Petroleum Institute (API) filtrate loss from 4.4 to 2.4 mL and decreased the filter  cake 
thickness from 2.0 to 0.9 mm. The material also exhibited effective plugging performance in media of 
different scales and reduced the permeability of the filter cake, with a maximum permeability reduction 
rate of 63.53%. These results demonstrate that the integration of rigid carbon spheres and an oil- 
absorbing polymer is beneficial  for forming a dense sealing structure and enhancing fluid-loss  con
trol in oil-based drilling fluids under high temperature conditions.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the continuous development of unconventional oil and 
gas resources, drilling operations are increasingly extending into 
deeper and more complex shale formations (Gao, 2024; Mahmoud 
et al., 2025; Sun et al., 2025). Under such conditions, wellbore 
instability has become one of the major challenges affecting dril
ling safety and operational efficiency (Gautam et al., 2022; Li et al., 
2025a; Sudharsan and Khare, 2024). Shale formations usually 
contain abundant nano-scale pores, micro-scale pores, and natural 

fractures. These seepage channels provide pathways for drilling- 
fluid  invasion and pressure transmission, which are widely 
recognized as key factors inducing shale weakening, borehole 
enlargement, and collapse (Abdullah et al., 2022; Li et al., 2024; Xu 
et al., 2023). Therefore, effective control of filtrate invasion and 
pressure transmission is essential for maintaining wellbore sta
bility in shale drilling.

Oil-based drilling fluids  (OBDFs) are widely used in shale 
formations because of their excellent inhibition performance, 
lubricity, and thermal stability (Pu et al., 2022). Compared with 
water-based drilling fluids  (WBDFs), OBDFs can significantly 
reduce hydration damage and are therefore considered more 
suitable for drilling complex shales. However, in formations 
with multiscale pore-fracture systems, OBDFs still cannot 
completely prevent filtrate invasion. Once the filtrate enters 
formation pores and fractures, pressure can be transmitted into 
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the near-wellbore zone, resulting in deterioration of wellbore 
stability. For this reason, improving the sealing and plugging 
performance of OBDFs remains an important issue in deep and 
complex shale drilling (Sun et al., 2026; Yan et al., 2025b; Zhao 
et al., 2025).

Among various wellbore stabilization technologies, adding 
plugging agents to drilling fluids  to form a low-permeability 
sealing barrier on the borehole wall is regarded as one of the 
most effective methods. The plugging process involves particle 
entry, bridging, filling,  deformation, and compact sealing within 
formation pores and fractures (Huang et al., 2022). Conventional 
plugging agents such as calcium carbonate and asphalt-based 
materials mainly rely on mechanical bridging (Xu et al., 2025; 
Zhao et al., 2024). Although these materials can reduce fluid loss 
to some extent, their relatively large particle size and limited 
adaptability make them less effective for sealing nano-scale pores 
and irregular microfractures. As shale reservoirs become more 
heterogeneous and their pore-fracture structures more complex, 
conventional rigid plugging agents are no longer sufficient to meet 
the sealing requirements.

In recent years, nanomaterials have been better able to match 
multiscale pore and fracture systems (Davoodi et al., 2024; 
Gokapai et al., 2024). Bai et al. (2024b) studied graphene 
nanosheets as sealing agents in OBDFs and showed that the 
nanosheets improved plugging performance in shale micro
fractures and reduced fluid  invasion. Xu et al. (2023) prepared a 
zwitterionic polymer and nano silica composite and found that 
the material could enhance shale stability through both hydra
tion inhibition and physical plugging. Ibrahim et al. (2024)
further showed that the filtrate control of silica nanoparticles 
was closely related to particle size, concentration, and surface 
properties, which means that nano silica can improve filtration 
only when the interfacial characteristics are properly controlled. 
More recently, Lv et al. (2025) synthesized carbon nanospheres 
using glucose as the carbon source and applied them as plugging 
agents in OBDFs. Their results showed that the nanomaterials 
reduced high temperature high pressure fluid  loss and lowered 
filter  cake permeability. However, most of these materials still 
depend mainly on particle accumulation, rigid bridging, or sur
face adsorption after entering the formation (Geng et al., 2021; 
Li et al., 2022; Zhang et al., 2023b). When the pore structure is 
irregular or the fracture width changes under pressure, their 
deformation capacity is limited, which makes it difficult  to form 
a dense and stable sealing layer.

Polymeric microspheres have emerged as promising plugging 
agents because they can deform under pressure and adapt to 
complex pore fracture geometries (Meng et al., 2023; Zhang et al., 
2023a; Zhao et al., 2023). Zhao et al. (2023) prepared polymer 
nanospheres and microspheres for OBDFs and found that the mi
crospheres had good compatibility with the oil phase, a broad 
particle size distribution, and effective plugging performance over 
a range of media. Meng et al. (2025) further developed polystyrene 
acrylic resin microspheres for OBDFs and showed that the particles 
could still retard pressure transmission and improve wellbore 
stability after ultra-high temperature aging. In addition to polymer 
microspheres, oil-absorbing resin materials have also been 
introduced into OBDFs (Bai et al., 2025a, 2025b; Su et al., 2025). Bai 
et al. (2022a) prepared a ternary self-swelling oil-absorbing resin 
and showed that the material had good oil absorption capacity and 
could be used for lost circulation control during drilling. In a 
subsequent study, Bai et al. (2022b) applied an oil-absorbing 
polymer gel synthesized from rigid and flexible monomers to 
control fluid loss of OBDFs and found that the material exhibited 
good plugging performance after oil absorption and swelling. 
More recently, Bai et al. (2024a) reported a ternary composite 

oil-absorbing resin for OBDFs and showed that the resin could be 
dispersed in the oil phase and reduce fluid loss through swelling 
and filling.  These results indicate that polymer-based materials 
can improve sealing through particle migration, deformation, 
swelling, and void filling. However, conventional polymer micro
spheres and oil-absorbing resin materials still face limitations in 
deep formations (Du et al., 2025; Li et al., 2025b). Their thermal 
stability is not always sufficient, their mechanical strength may be 
inadequate under high differential pressure, and their long-term 
sealing stability within seepage channels may decrease after 
deformation and swelling.

Despite these advances, it remains challenging for a single 
polymer-based plugging material to simultaneously provide 
sufficient  mechanical support, thermal stability, and adaptive 
sealing performance under deep-formation conditions. Oil- 
absorbing resins can swell after contacting the oil phase and 
thus improve pore filling,  but excessive softening after swelling 
may weaken the supporting effect of the plugging structure. In 
contrast, rigid particles can provide structural support during 
bridging, but their sealing performance is often limited when 
used alone because they cannot effectively fill  irregular pore- 
fracture structures. Therefore, constructing a rigid deformable 
composite plugging agent is a feasible strategy to combine 
bridging support with swelling induced filling.  Zhong et al. 
(2025) prepared hydrothermal carbon nanospheres from 
glucose and introduced them into drilling fluids,  and their re
sults showed that the carbon nanospheres could improve rheo
logical and filtration  properties, indicating that glucose derived 
carbon spheres (GCS) are structurally stable and compatible with 
drilling fluid  systems. Guo et al. (2012) modified  the surface of 
carbon spheres and improved their dispersion in a polymer 
matrix, which demonstrated that carbon spheres can be func
tionalized and used as reactive substrates for further interfacial 
construction. Fei et al. (2022) further constructed carbon spheres 
wrapped with a two dimensional covalent organic polymer, 
confirming  that carbon spheres can serve as rigid cores for 
subsequent polymer related surface assembly. These studies 
suggest that GCS are suitable rigid supports for composite 
plugging agents and that grafting polymer chains onto their 
surface is a feasible route. Compared with conventional core- 
shell microspheres and physically blended inorganic/polymer 
composites, chemical grafting provides a more stable interfacial 
connection between the GCS core and the oil-absorbing polymer 
phase. In physically blended systems, the rigid particles and 
polymer phase may migrate or deform independently under 
differential pressure, which can weaken the long-term stability 
of the sealing layer. By contrast, the grafted structure enables the 
rigid carbon spheres and deformable polymer network to act 
cooperatively during oil absorption, swelling, and pore filling.  In 
the monomer formulation, methyl methacrylate and styrene 
contribute to the polymer skeleton and thermal resistance, 
octadecyl methacrylate introduces long alkyl chains for oil af
finity  and swelling, and MBA regulates the crosslinked network 
density.

In this study, glucose-derived carbon spheres grafted with an 
oil-absorbing polymer (GCS-g-PMOS) were designed and pre
pared as a composite plugging agent for OBDFs. The design 
aimed to integrate structural support, oil affinity, and adaptive 
filling  into a single material. Preparation conditions were opti
mized using response surface methodology (RSM), and the 
resulting material was characterized in terms of structure, 
morphology, thermal stability, and wettability. Its effects on 
rheology, emulsion stability, filtrate control, and multiscale 
plugging were then evaluated, and the corresponding plugging 
mechanism was discussed.
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2. Materials and methods

2.1. Chemicals

All chemicals used in this study were of analytical grade, and 
deionized water was used throughout. Glucose, poly (vinyl 
alcohol) (PVA, type 1788), methyl methacrylate (MMA), octadecyl 
methacrylate (ODMA), styrene (St), N,N′-methylenebisacrylamide 
(MBA), benzoyl peroxide (BPO), and absolute ethanol were pur
chased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. All 
reagents were used as received without further purification.

Commercial plugging agents, including calcium carbonate 
(CaCO3), elastic graphite (FGR), silicate fiber  (SF), and modified 
resin (HLKY), were used for comparison. All commercial plugging 
agents were used as received without further purification.

2.2. Synthesis

2.2.1. Preparation of GCS
GCS were prepared by a hydrothermal method. A 10 wt% 

glucose aqueous solution was transferred into a Teflon-lined 
autoclave with a filling ratio of 80%. The autoclave was heated at 
180 ◦C for 16 h and then cooled to room temperature. The solid 
products were collected by centrifugation at 5000 rpm for 30 min, 
washed three times with ethanol and deionized water, and dried at 

80 ◦C for 24 h to obtain brown-black GCS powders. The yield of 
GCS was 46%.

2.2.2. Preparation of GCS-g-PMOS
GCS-g-PMOS was prepared by suspension polymerization. 

First, 1.5 wt% PVA was dissolved in 200 mL of deionized water to 
form the aqueous phase, which was transferred into a three- 
necked flask under mechanical stirring.

The oil phase consisted of MMA, ODMA, and St with a fixed 
total monomer mass of 20.0 g. The mass fractions of MMA, ODMA, 
and St were 40, 30, and 30 wt%, respectively. MBA was dissolved in 
a small amount of ethanol and then added to the oil phase under 
stirring. GCS was subsequently introduced, and the mixture was 
ultrasonicated to ensure uniform dispersion.

After nitrogen purging for 30 min, the oil phase was added to 
the aqueous phase, BPO was then introduced under continuous 
stirring in a nitrogen atmosphere, and the polymerization was 
carried out at 85 ◦C for 8.5 h. The resulting products were washed 
with deionized water and ethanol and dried at 60 ◦C for 24 h (as 
shown in Scheme 1).

2.3. Oil absorption test

The oil absorption capacity of GCS-g-PMOS is essential for 
evaluating its applicability in OBDFs and predicting its plugging 

Scheme 1. Schematic illustration of the preparation process of the GCS-g-PMOS.
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performance. A gravimetric method was adopted to determine the 
oil absorption capacity (W) of the product. Approximately 1 g of 
pre-weighed sample was placed on a sieve (15 cm × 5 cm), fully 
submerged in a glass dish (18 cm × 8 cm) filled with white oil, and 
then sealed with plastic wrap. The sample was allowed to absorb 
oil for 24 h to ensure saturation. The oil-absorbing resin was 
subsequently removed and reweighed. The oil absorption capacity 
was calculated using the following equation: 

W =
m2 − m1

m1
(1) 

where m1 and m2 are the masses of GCS-g-PMOS before and after 
oil absorption, g, respectively; and W is the oil absorption capacity, 
g/g.

2.4. Characterization

The morphology of GCS and GCS-g-PMOS was characterized by 
scanning electron microscopy (SEM; SU8220, Hitachi, Tokyo, 
Japan). Functional groups were analyzed by Fourier transform 
infrared spectroscopy (FTIR; Nicolet iS20, Thermo Fisher Scientific, 
Waltham, MA, USA) in transmission mode over 400–4000 cm− 1 

using KBr pellets prepared from 2 mg of sample and 200 mg of 
anhydrous KBr. Thermal stability was investigated by thermogra
vimetric analysis (TGA; Mettler Toledo, Greifensee, Switzerland). 
Approximately 8–10 mg of sample was loaded into alumina cru
cibles and heated from 30 to 800 ◦C under nitrogen (50 mL/min) at 
10 ◦C/min. Surface wettability was evaluated by static contact- 
angle measurements using an OCA 25 instrument (DataPhysics 
Instruments, Filderstadt, Germany).

2.5. Preparation and evaluation of oil-based drilling fluid

The base oil-based drilling fluid (OBDF) was formulated with an 
oil–water ratio of 80:20 and a target density of 1.8 g/cm3. The 
composition of the fluid was as follows: 5 wt% emulsifiers in total, 
consisting of Span 80 and Tween 80, 2.5 wt% organoclay, 3 wt% 
CaO, and 25 wt% CaCl2 brine (internal phase). To achieve the 
required density, barite was incorporated as a weighting agent 
until the density reached 1.8 g/cm3. The GCS-g-PMOS concentra
tion was expressed as a mass percentage relative to the total mass 
of the drilling fluid.

Rheological measurements: the rheological properties of the 
OBDF and plugging fluid formulations were evaluated using a six- 
speed rotational viscometer in accordance with API RP 13B-2 is
sued by the American Petroleum Institute (API). Apparent viscosity 
(AV), plastic viscosity (PV), and yield point (YP) were calculated as 
follows: 

ηa =
θ600

2
(2) 

μp = θ600 − θ300 (3) 

τ0 = θ300 − ηa (4) 

where θ600 and θ300 are viscometer readings at 600 and 300 rpm, 
respectively; ηa is the apparent viscosity, mPa⋅s; μp is the plastic 
viscosity, mPa⋅s; and τ0 is the yield point, Pa.

API filtration measurement: The API fluid loss of the base OBDF 
and the drilling fluids  containing different concentrations of 
GCS-g-PMOS was measured using a standard API filter press in 
accordance with API RP 13B-2. The prepared drilling fluid  was 
first  sheared thoroughly and then tested either before aging or 
after hot rolling at 160 ◦C for 16 h, depending on the 

experimental conditions. For each test, the fluid was poured into 
the filter  cell equipped with standard API filter  paper, and the 
filtration  test was carried out under a pressure of 0.69 MPa for 
30 min at room temperature. The collected filtrate volume was 
recorded as the API fluid  loss, denoted as FLAPI. After filtration, 
the thickness of the filter cake was measured at several positions 
and the average value was reported. All measurements were 
performed at least in triplicate, and the average value was used 
for analysis.

Electrical stability measurement: The electrical stability of the 
OBDF was measured to evaluate emulsion stability. The fluid was 
prepared according to the specified  formulation and sheared at 
10,000 rpm for 20 min to ensure uniform dispersion. Electrical 
stability was measured both before aging and after aging at 160 ◦C 
for 16 h. The aged samples were cooled to room temperature prior 
to testing. Electrical stability was measured using an OFITE elec
trical stability tester (Model 131-50) by applying an increasing AC 
voltage until a sharp rise in current occurred, indicating emulsion 
breakdown. The corresponding voltage was recorded as the elec
trical stability value in volts V. All measurements were performed 
in triplicate, and the average value was reported.

Plugging performance measurement: The plugging performance 
of GCS-g-PMOS was evaluated by two complementary tests, 
namely multiscale high-temperature high-pressure (HTHP) filtra
tion tests and an artificial filter cake permeability reduction test. 
Unless otherwise specified, the drilling fluids were aged at 160 ◦C 
for 16 h and then cooled to room temperature before testing.

For the multiscale HTHP filtration test, the base OBDF and the 
OBDF formulations containing different concentrations of GCS-g- 
PMOS were tested using a HTHP filter  press at a differential 
pressure of 3.5 MPa for 30 min. Four filtration media were used to 
simulate seepage channels of different scales, including a 0.45 μm 
microporous membrane, a 3 μm sand ceramics, standard API filter 
paper with a maximum pore size smaller than 20 μm, and a 2 mm 
filter  crevice. The cumulative filtrate volume was recorded to 
evaluate the plugging performance of the OBDF. For the 0.45 μm 
microporous membrane, the cumulative filtrate volume was 
recorded as a function of time. For the sand ceramics, API filter 
paper, and filter crevice, the final filtrate volume after 30 min was 
used for comparison because filtrate breakthrough occurred 
rapidly in the larger channels.

To evaluate the effect of temperature on plugging perfor
mance, the same HTHP filtration  procedure was repeated after 
aging the drilling fluids at different temperatures, while keeping 
the differential pressure, filtration time, and filtration  media 
unchanged.

Permeability reduction measurement: The permeability reduc
tion ability of GCS-g-PMOS was evaluated using an artificial filter 
cake. For each test, a fresh artificial filter cake was first prepared 
from the base OBDF without GCS-g-PMOS using an HTHP filter 
press at 3.5 MPa for 30 min after hot rolling at 160 ◦C for 16 h. 
After cooling to room temperature, the loosely attached surface 
layer was carefully removed, and the filter-cake thickness was 
measured at several positions and averaged. White oil was then 
used as the permeating fluid  to determine the initial perme
ability of the artificial filter cake. The white-oil permeability test 
was conducted under the same differential pressure for 30 min, 
and the cumulative filtrate volume was recorded every 5 min. 
The cumulative filtrate volume obtained in this step was denoted 
as FLbefore (mL). The same artificial  filter  cake was subsequently 
treated with a plugging fluid containing 0, 1, 2, 4, or 6 wt% GCS- 
g-PMOS under 3.5 MPa for 30 min, followed by a second white- 
oil permeability test under the same conditions. The cumulative 
filtrate volume obtained after treatment was denoted as FLafter 
(mL).
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The permeability of the artificial filter cake was calculated ac
cording to Darcy's law: 

K =
QμL
AΔP

(5) 

where K is the permeability of the artificial filter cake, 10− 4 mD; Q 
is the filtration rate obtained from the slope of the cumulative 
filtrate volume versus time curve, cm3/s; μ is the viscosity of white 
oil, mPa⋅s; L is the thickness of the filter cake, mm; A is the effective 
filtration area, cm2; and ΔP is the differential pressure, MPa.

The permeability reduction rate was calculated as follows: 

kr =
K0 − K1

K0
(6) 

where K0 and K1 are the permeability values of the artificial filter 
cake before and after treatment with the plugging fluid,  respec
tively, 10− 4 mD; and kr is the permeability reduction rate.

To further evaluate the relative plugging performance of GCS-g- 
PMOS, several commercial plugging agents, including CaCO3, 
elastic graphite (FGR), silicate fiber  (SF), and modified  resin 
(HLKY), were selected for comparison. The additive concentration 
was fixed at 4 wt%, and all drilling fluids were hot rolled at 160 ◦C 
for 16 h before testing. API fluid  loss, filter-cake thickness, and 
multiscale HTHP fluid loss through the filter crevice and sand ce
ramics were measured under the same conditions.

2.6. Experimental design and response surface methodology

To optimize the preparation conditions of GCS-g-PMOS, 
response surface methodology (RSM) based on a Box–Behnken 
design was employed. According to the preliminary experiments, 
GCS content, MBA content, and BPO content were selected as the 
independent variables, and oil absorption capacity was used as the 

response. The GCS, MBA, and BPO contents were expressed as 
mass percentages relative to the total monomer mass. Table 1 lists 
the factors and their levels used in the experimental design. 
Table 2 presents the Box–Behnken experimental matrix together 
with the corresponding oil absorption values obtained in each run.

Each factor was investigated at three levels coded as − 1, 0, 
and +1. A total of 17 experimental runs, including five replicated 
center points, were generated using Design-Expert 13 software. 
The relationship between the response and the independent var
iables was described by a second order polynomial model, as 
expressed below: 

Y = β0 +
∑

βiXi +
∑

βiiX
2
i +

∑
βijXiXj + ε (7) 

where Y represents the predicted response; β0 is the intercept 
term; βi, βii, and βij are the linear, quadratic, and interaction co
efficients, respectively; Xi and Xj are the coded independent vari
ables; and ε is the random error.

The adequacy and significance of the model were evaluated by 
analysis of variance (ANOVA), including F-value, p-value, coeffi
cient of determination (R2), adjusted R2, predicted R2, and lack of fit 
tests. These statistical parameters were used to validate the reli
ability and predictive capability of the model.

3. Results and discussion

3.1. Response surface analysis of oil absorption

3.1.1. Experimental design and regression model
Table 2 shows the experimental design matrix and the corre

sponding oil absorption. The oil absorption ranged from 6.85 to 
9.02 g/g, indicating that the selected factor levels covered an 
appropriate experimental range for model construction. The 
experimental data were fitted to a quadratic polynomial equation. 
The regression model in terms of the actual factors is given below: 

Oil absorption=2:76244 + 3:66204A + 2:82325B + 2:13808C

+ 0:283333AB + 0:205556AC + 0:050000BC − 2:88395A2

− 0:951599B2 − 0:536500C2 

where A, B, and C represent the contents of GCS, MBA, and BPO, 
respectively.

Table 1 
Independent variables and levels used in the Box–Behnken design.

Factor Symbol Levels

− 1 0 +1

GCS content, wt% A 0.30 0.75 1.20
MBA content, wt% B 0.50 1.50 2.50
BPO content, wt% C 1.00 2.00 3.00

Table 2 
Box–Behnken experimental matrix and response values for oil absorption.

Run Factor Oil absorption, g/g Residual

A B C Experimental value Predicted value

1 0 (0.75) 0 (1.50) 0 (2.00) 8.82 8.89 − 0.0680
2 +1 (1.20) 0 (1.50) +1 (3.00) 8.12 8.16 − 0.0387
3 +1 (1.20) − 1 (0.50) 0 (2.00) 7.20 7.02 0.1788
4 − 1 (0.30) 0 (1.50) − 1 (1.00) 7.60 7.56 0.0388
5 0 (0.75) 0 (1.50) 0 (2.00) 8.95 8.89 0.0620
6 − 1 (0.30) 0 (1.50) +1 (3.00) 7.90 7.82 0.0813
7 0 (0.75) 0 (1.50) 0 (2.00) 9.02 8.89 0.1320
8 +1 (1.20) 0 (1.50) − 1 (1.00) 7.45 7.53 − 0.0812
9 0 (0.75) − 1 (0.50) − 1 (1.00) 6.85 6.95 − 0.0975
10 − 1 (0.30) − 1 (0.50) 0 (2.00) 7.18 7.12 0.0588
11 +1 (1.20) +1 (2.50) 0 (2.00) 7.78 7.84 − 0.0587
12 0 (0.75) 0 (1.50) 0 (2.00) 8.75 8.89 − 0.1380
13 0 (0.75) +1 (2.50) +1 (3.00) 8.05 7.95 0.0975
14 0 (0.75) − 1 (0.50) +1 (3.00) 7.15 7.29 − 0.1400
15 0 (0.75) +1 (2.50) − 1 (1.00) 7.55 7.41 0.1400
16 − 1 (0.30) +1 (2.50) 0 (2.00) 7.25 7.43 − 0.1787
17 0 (0.75) 0 (1.50) 0 (2.00) 8.90 8.89 0.0120
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Although the fitted equation suggested a local positive ten
dency for GCS content, its linear term was not significant according 
to ANOVA (p = 0.2254), whereas its quadratic term was significant 
(p = 0.0002). This indicates that GCS content did not have a simple 
monotonic effect on oil absorption, and an intermediate GCS 
content was more favorable because excessive GCS could restrict 
polymer chain expansion and reduce the effective swelling 
volume.

3.1.2. Analysis of variance and model diagnostics
Table 3 shows the analysis of variance for the quadratic model. 

The model F-value reached 34.04, and the corresponding p-value 
was lower than 0.0001, indicating that the model was highly sig
nificant. Among the model terms, MBA content, BPO content, and 
the three quadratic terms showed significant  effects on the 
response. By contrast, the linear term of GCS content and the 
interaction terms AB, AC, and BC were not significant within the
studied range.

Table 3 presents the ANOVA results for the quadratic response 
model. The lack of fit p-value was 0.0965, indicating that the lack 
of fit was not significant relative to the pure error. Therefore, the 
quadratic model was considered adequate to describe the rela
tionship between the preparation variables and the oil absorption 
capacity within the selected design space.

Table 4 lists the fit  statistics of the model. The coefficient  of 
determination reached 0.9777, and the adjusted coefficient  of 
determination was 0.9489, indicating good agreement between 
the experimental values and the fitted values. The predicted R2 

value of 0.7190 was lower than the adjusted R2 value of 0.9489, 
indicating limited extrapolative predictive capability of the model. 
Thus, the model was mainly used for interpolation within the 
investigated factor ranges. Since the optimized formulation was 
located near the center of the BBD space and the predicted oil 
absorption value of 8.89 g/g agreed well with the experimental 
value of 9.02 g/g, the optimized point was considered reliable 
within the studied range.

3.1.3. Response surface analysis
Fig. 1 shows the response surface plots and contour plots 

describing the effects of GCS content, MBA content, and BPO 
content on oil absorption. As shown in Fig. 1, the oil absorption 
capacity generally increased first  and then decreased with 

increasing factor level, which is consistent with the significant 
quadratic terms obtained from the ANOVA.

In Fig. 1(a), the oil absorption initially increases and then de
creases with increasing MBA content, whereas the effect of GCS 
remains relatively moderate. At low MBA content, insufficient 
crosslinking leads to a loosely structured network with limited oil 
retention. Increasing MBA promotes the formation of a stable 
three-dimensional crosslinked network, which optimizes the 
crosslink density and facilitates oil absorption. However, excessive 
MBA results in an overly dense structure that restricts chain 
mobility and reduces free volume, thereby hindering oil diffusion 
and lowering oil absorption. In contrast, GCS mainly acts as a rigid 
filler, contributing to pore formation and increased surface area, 
with a less pronounced effect than MBA.

Fig. 1(b) shows the interaction between GCS (A) and BPO (C). 
The oil absorption initially increases and then decreases with 
increasing BPO content. At low BPO content, the limited genera
tion of free radicals leads to incomplete polymerization, resulting 
in an insufficiently developed polymer network. With increasing 
BPO content, the polymerization process becomes more efficient, 
promoting the formation of a more uniform crosslinked network, 
which enhances oil absorption.

However, excessive BPO accelerates the initiation process, 
leading to the formation of shorter polymer chains and an increase 
in crosslinking density, which results in a more compact network 
structure and restricts oil absorption. In comparison, GCS func
tions as a structural component within the polymer matrix, 
contributing to the formation of a more uniform network structure 
and thereby enhancing oil absorption at moderate BPO content.

Fig. 1(c) presents the interaction between MBA (B) and BPO (C). 
A maximum oil absorption is observed at intermediate levels of 
both factors, indicating a synergistic effect. MBA primarily de
termines the crosslinking density, whereas BPO governs the 
initiation efficiency  of polymerization. Their combined effect 
regulates the formation of the polymer network structure.

At appropriate concentrations, a crosslinked network with a 
balanced crosslinking density is formed, which is favorable for oil 
absorption. However, excessive MBA combined with insufficient 
BPO leads to incomplete polymerization and an inadequately 
formed network structure. In contrast, excessive BPO accelerates 
the initiation process, resulting in shorter polymer chains and 
increased crosslinking density, which produces a more compact 
network structure and reduces oil absorption.

3.1.4. Optimization and validation of optimal conditions
Based on the response surface analysis, the optimal preparation 

conditions were determined by numerical optimization. As shown 
in Fig. 1(d), the oil absorption reaches a maximum at intermediate 
levels of the variables.

The optimal formulation obtained from numerical optimization 
was 0.75 wt% GCS, 1.5 wt% MBA, and 2.0 wt% BPO. According to the 
fitted model, the predicted oil absorption under these conditions 
was 8.89 g/g. In the corresponding experiment, the oil absorption 
reached 9.02 g/g, indicating good agreement between the model 
prediction and the experimental result. The contour plot shows 
that the region with higher oil absorption is concentrated near the 
center, and the contour lines are nearly elliptical, indicating that 
the response is mainly governed by quadratic effects with rela
tively weak interactions between variables, which is consistent 
with the ANOVA results.

At the optimal composition, the MBA content of 1.5 wt% pro
vides a suitable crosslinked structure for oil absorption. This 
structure allows oil molecules to enter the grafted polymer 
network while avoiding excessive network compaction. Such a 

Table 3 
ANOVA for the quadratic response model.

Source Sum of squares Mean square F-value p-value

Model 8.33 0.9254 34.04 <0.0001
A 0.0480 0.0480 1.77 0.2254
B 0.6328 0.6328 23.28 0.0019
C 0.3916 0.3916 14.40 0.0068
AB 0.0650 0.0650 2.39 0.1659
AC 0.0342 0.0342 1.26 0.2989
BC 0.0100 0.0100 0.3678 0.5633
A2 1.44 1.44 52.82 0.0002
B2 3.81 3.81 140.22 <0.0001
C2 1.21 1.21 44.58 0.0003
Lack of fit 0.1452 0.0484 4.30 0.0965

Table 4 
Fit statistics for the quadratic response model.

Parameter Value Parameter Value

R2 0.9777 Adjusted R2 0.9489
Predicted R2 0.7190 Adeq precision 15.345
Std. Dev. 0.1649 C.V., % 2.084
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balanced structure is also beneficial  for the subsequent swelling 
and filling behavior during plugging.

3.2. Microstructure and structure characterization

In the FTIR spectrum of GCS (Fig. 2(a)), the broad band at 
3428 cm− 1 is assigned to O–H stretching vibrations associated 
with surface hydroxyl groups and adsorbed water. The weak 
bands at 2978 and 2918 cm− 1 are attributed to aliphatic C–H 
stretching vibrations. The band at 1706 cm− 1 corresponds to 
the C=O stretching vibration of carbonyl-containing groups, 
whereas the bands at 1630 and 1512 cm− 1 are mainly associated 
with skeletal vibrations of conjugated and aromatic carbon 
structures formed during the hydrothermal carbonization of 
glucose. The band at 1630 cm− 1 may also contain a contribution 
from the bending vibration of adsorbed water (Lv et al., 2025). 
Compared with GCS, GCS-g-PMOS (Fig. 2(b)) exhibits pro
nounced absorption bands at 2921 and 2852 cm− 1, which are 
assigned to the asymmetric and symmetric stretching vibrations 
of methylene groups, respectively. The distinct band at 

1726 cm− 1 corresponds to the C=O stretching vibration of ester 
groups, while the band at 1157 cm− 1 is assigned to the C–O–C 
stretching vibration of ester structures. The bands at 1446 and 
1383 cm− 1 are attributed to C-H deformation vibrations in the 
polymer phase. These spectral changes confirm  the presence of 
methacrylate-derived ester groups and long-chain alkyl seg
ments in the composite and support the formation of a PMOS- 
containing polymer phase in GCS-g-PMOS (Zhou et al., 2023).

The thermogravimetric behavior of GCS and GCS-g-PMOS is 
shown in Fig. 3. Both samples exhibit multistep weight-loss pro
cesses, indicating sequential decomposition of surface function
alities and carbonaceous or polymeric structures (Chen et al., 
2021; Minakov et al., 2023).

As shown in Fig. 3(a), GCS undergoes an initial weight loss of 
4.34 wt% below 150 ◦C, with a derivative thermogravimetric (DTG) 
peak at 71.26 ◦C, which is attributed to desorption of physically 
adsorbed water and residual low-molecular-weight species. A 
continuous mass loss is then observed between 150 and 400 ◦C 
owing to decomposition of oxygen-containing functional groups 
and partial breakdown of the amorphous carbon framework. The 

Fig. 1. Response surface and contour plots for oil absorption (Y): (a) GCS content (A) and MBA content (B); (b) GCS content (A) and BPO content (C); (c) MBA content (B) and BPO 
content (C); (d) contour plot showing the interaction between GCS content (A) and MBA content (B).
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major DTG peak appears at 408.64 ◦C, and the mass loss in this 
stage reaches approximately 44.65 wt%. Above 400 ◦C, the mass 
decreases gradually, indicating continued carbonization and 
structural rearrangement.

As shown in Fig. 3(b), GCS-g-PMOS exhibits an initial weight 
loss of approximately 2.36% below 150 ◦C, with a DTG peak at 
97.43 ◦C. In the range of 150–300 ◦C, a weight loss of about 17.72% 
is observed, accompanied by a DTG peak at 252.57 ◦C. This stage is 
attributed mainly to cleavage of ester-containing side groups and 
partial degradation of long alkyl chains derived from ODMA (Jian 
et al., 2023). Between 300 and 500 ◦C, GCS-g-PMOS shows a ma
jor weight loss of 62.97%, with DTG peaks at 366.22 and 440.34 ◦C, 
corresponding to overlapping degradation of the grafted polymer 
network and further decomposition of the carbonaceous frame
work. The higher residual mass at elevated temperature indicates 
that the GCS core contributes to the thermal resistance and 
structural stability of the composite (Yan et al., 2025a).

The morphology of GCS and GCS-g-PMOS was characterized by 
SEM, as shown in Fig. 4. In Fig. 4(a), GCS exhibits a spherical 
morphology with a relatively smooth surface and a uniform size 
distribution. The particles are well separated, indicating that the 
carbon spheres maintain an intact morphology after hydrothermal 
treatment.

In contrast, as shown in Fig. 4(b), the surface of GCS-g-PMOS 
becomes rougher and the particles appear partially inter
connected, suggesting the formation of a polymer layer on the 
surface of GCS after graft polymerization.

The wettability of GCS-g-PMOS was evaluated by contact angle 
measurements, as shown in Fig. 5. The contact angle for the oil 
droplet is 18.6◦, indicating strong affinity  between the material 
surface and oil. In contrast, the water droplet exhibits a contact 
angle of 31.3◦, suggesting that the surface also maintains a certain 
degree of hydrophilicity.

The relatively low contact angles for both oil and water indicate 
that GCS-g-PMOS exhibits amphiphilic characteristics. This 
behavior can be attributed to the coexistence of hydrophilic groups 
on GCS and hydrophobic segments introduced by graft polymeri
zation, which together regulate the surface wettability of the 
material.

3.3. Plugging performance

3.3.1. Effects of GCS-g-PMOS on rheology and filtration behavior of 
the OBDF

The effects of GCS-g-PMOS on the rheological and filtration 
properties of the base drilling fluid  are summarized in Table 5. 

Fig. 2. FTIR spectra of GCS (a) and GCS-g-PMOS (b).

Fig. 3. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of GCS (a) and GCS-g-PMOS (b).
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With increasing GCS-g-PMOS concentration from 0 to 6 wt%, the 
AV, PV, and YP all increased before aging. Specifically, the AV 
increased from 50.5 to 62.0 mPa⋅s, the PV increased from 41.5 to 
49.0 mPa⋅s, and the YP increased from 9.0 to 13.0 Pa. After hot 
rolling at 160 ◦C, a similar trend was observed, indicating that GCS- 
g-PMOS retained its rheological modification effect under elevated 
temperature conditions (Ofei et al., 2021).

The increase in viscosity and yield point can be attributed to 
interactions between GCS-g-PMOS particles and the continuous oil 
phase, which strengthen the internal structure of the drilling fluid 
and increase resistance to flow (Di et al., 2022; Geng et al., 2019). 
Importantly, the YP/PV ratio remained in the range of 0.20–0.26, 
indicating that the fluid maintained a reasonable balance between 
viscosity and carrying capacity. The gel strength also increased 
gradually with increasing dosage, suggesting improved suspension 

capacity without excessive gelation (Fayad et al., 2021; Ghavami 
et al., 2018). In addition to modifying rheology, GCS-g-PMOS 
improved the fluid-loss control performance of the drilling fluid. 
The FLAPI decreased from 4.8 to 2.0 mL before aging and from 4.4 to 
2.4 mL after aging as its concentration increased from 0 to 6 wt%. 
Meanwhile, the filter cake thickness decreased from 2.0 to 0.8 mm 
before aging and from 2.0 to 0.9 mm after aging. These results 
indicate that GCS-g-PMOS promoted the formation of a denser and 
thinner sealing layer and thus enhanced fluid-loss  control (Liu 
et al., 2025; Vasconcelos et al., 2022).

3.3.2. Effect of GCS-g-PMOS concentration on the electrical 
stability of OBDF

The effect of GCS-g-PMOS concentration on the electrical sta
bility (ES) of the OBDF is shown in Fig. 6. The ES increased 

Fig. 4. SEM images of GCS (a) and GCS-g-PMOS (b).

Fig. 5. Contact angle measurements of GCS-g-PMOS with oil (a) and water (b) droplets.

Table 5 
Rheological properties and filtration performance of drilling fluids containing different concentrations of GCS-g-PMOS before and after aging at 160 ◦C.

GCS-g-PMOS 
concentration, wt%

Test state AV, mPa⋅s PV, mPa⋅s YP, Pa YP/PV G10s/G10min FLAPI, mL Filter-cake 
thickness. mm

0 Before aging 50.5 41.5 9.0 0.22 1.5/6.0 4.8 2.0
After aging 53.0 44.0 9.0 0.20 2.0/6.0 4.4 2.0

1 Before aging 52.0 42.5 9.5 0.22 2.0/4.5 4.6 1.7
After aging 52.5 42.5 10.0 0.24 2.5/6.0 4.4 1.8

2 Before aging 57.0 46.0 11.0 0.24 3.0/7.0 4.0 1.6
After aging 59.5 47.5 12.0 0.25 3.5/7.0 4.2 1.7

4 Before aging 59.0 48.0 11.0 0.23 3.0/8.0 3.0 1.2
After aging 61.5 50.0 11.5 0.23 3.5/9.0 3.2 1.4

6 Before aging 62.0 49.0 13.0 0.26 4.0/9.0 2.0 0.8
After aging 65.5 53.5 12.0 0.22 3.5/8.0 2.4 0.9

J.-N. He, Y. Bai, T.-M. Zhang et al. Petroleum Science 23 (2026) 6610–6623

6618



progressively as the concentration of GCS-g-PMOS increased, 
indicating that the emulsion stability of the OBDF was not 
impaired by the addition of the plugging agent. The increase in ES 
suggests that GCS-g-PMOS did not destabilize the invert emulsion.

The improvement in ES is reasonably attributed to the good oil- 
phase affinity  of GCS-g-PMOS, as indicated by the contact angle 
results. This behavior is consistent with the low oil contact angle, 
which indicates a strong affinity  of the particle surface for the 
continuous oil phase. Within the investigated concentration range, 
no deterioration of ES was observed, demonstrating that GCS-g- 
PMOS is compatible with the OBDF system and does not disrupt 
the original emulsification state. The low oil contact angle of 18.6◦

and water contact angle of 31.3◦ indicate that GCS-g-PMOS has 
strong oil affinity and partial amphiphilicity. Such wettability fa
vors its dispersion in OBDF and its distribution at oil–water in
terfaces and pore spaces, thereby improving emulsion stability and 
plugging performance.

3.3.3. Filtration and plugging performance in media of different 
scales

Fig. 7 illustrates the plugging performance of GCS-g-PMOS in 
multiscale filtration  media. Fig. 7(a) shows the time-dependent 

filtration  behavior through a 0.45 μm microporous membrane, 
while Fig. 7(b) compares the final fluid loss in larger-scale media, 
including a 3 μm sand ceramic, API filter paper, and a 2 mm filter 
crevice.

As shown in Fig. 7(a), the filtrate volume through the 0.45 μm 
microporous membrane decreases markedly after the addition of 
GCS-g-PMOS, and the filtration  curves gradually approach a 
plateau with time. This behavior indicates that GCS-g-PMOS can 
rapidly form an effective sealing layer in micro-scale pores, 
thereby restricting further filtrate invasion. The rapid decline in 
filtration rate at the initial stage further suggests that the plugging 
agent can quickly respond to fine seepage channels and establish 
an early barrier.

As shown in Fig. 7(b), the fluid loss in all three media decreases 
progressively with increasing GCS-g-PMOS concentration, indi
cating that the plugging agent is also effective in wider seepage 
channels. Although the absolute fluid  loss remains different 
among the three media because of their different channel sizes 
and structures, the overall downward trend demonstrates that 
GCS-g-PMOS exhibits good multiscale plugging performance. This 
result suggests that the material can not only respond to micro- 
scale pores but also reduce fluid  invasion in larger pores and 
fracture.

As shown in Table 6, the artificial  filter  cake results further 
confirm the plugging capability, demonstrated by the significant 
reduction in permeability after treatment with GCS-g-PMOS. The 
permeability reduction rate reaches a high level, indicating effec
tive modification of the internal pore structure of the filter cake. 
This performance can be attributed to the combined effects of GCS 
and the oil-absorbing resin. The rigid carbon spheres provide 
structural support and bridging within the pore spaces, while the 
oil-absorbing resin swells and deforms in the oil phase, enhancing 
pore filling and sealing. This combined mechanism promotes the 
formation of a dense and stable plugging layer, which is consistent 
with the improved filtration behavior observed in Fig. 7.

3.3.4. Effect of temperature on the oil absorption and plugging 
performance of GCS-g-PMOS

The effect of temperature on the oil absorption of GCS-g-PMOS 
is presented in Fig. 8. As shown in Fig. 8(a), the oil absorption in
creases progressively with increasing temperature over 24 h. At 
higher temperatures such as 160 and 180 ◦C, the oil absorption is 

Fig. 6. Effect of GCS-g-PMOS concentration on the electrical stability (ES) of OBDF.

Fig. 7. Plugging performance of GCS-g-PMOS in multiscale media. (a) Filtration behavior through a 0.45 μm microporous membrane; (b) filtrate loss through a 3 μm sand ce
ramics, API filter paper (<20 μm), and a 2 mm filter crevice.
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significantly higher than that at 25 ◦C, and the growth rate is more 
pronounced in the early stage before gradually reaching equilib
rium. This indicates that elevated temperature promotes the oil 
absorption process and accelerates the swelling behavior of the 
material (Li et al., 2025b; Wang et al., 2025).

The effect of aging temperature on the fluid  loss of OBDF is 
shown in Fig. 8(b). It can be observed that the fluid loss increases 
with increasing aging temperature under all testing conditions, 
including filter  paper, filter  crevice, and sand ceramics. For 
example, the fluid  loss under sand ceramics conditions shows a 
gradual increase from lower temperature to 180 ◦C. However, the 
overall variation remains moderate, and no sharp increase is 
observed, indicating that the drilling fluid  maintains acceptable 
fluid-loss control even at elevated temperatures.

The temperature-dependent behavior can be attributed to the 
combined effects of thermal conditions on both the oil phase 
and the polymer structure. With increasing temperature, the 
viscosity of the oil phase decreases and molecular mobility is 
enhanced, which facilitates the diffusion of oil molecules into 
the polymer network. At the same time, increased chain 
mobility within the polymer matrix allows for more efficient 
swelling, resulting in higher oil absorption. In contrast, the slight 
increase in fluid  loss at elevated temperatures may be related to 
the weakening of the structural integrity of the plugging layer 
under thermal conditions, although the overall sealing ability 
remains effective.

This behavior indicates that GCS-g-PMOS retains its plugging 
effectiveness under high-temperature conditions. The oil absorp
tion and swelling characteristics of the resin enable it to fill pore 
spaces and microfractures effectively, thereby forming a sealing 
structure that can function under elevated temperatures. This 

reflects  the advantage of oil-absorbing resins in OBDFs, as their 
strong oleophilicity ensures good compatibility with the contin
uous oil phase and supports stable plugging performance.

Combined with the characterization results, the temperature- 
dependent plugging performance is closely related to the struc
ture of GCS-g-PMOS. FTIR confirms  the introduction of ester- 
containing PMOS chains, which provide oil-affinitive segments 
for oil absorption and swelling. TGA shows that the main degra
dation of the grafted polymer network occurs above 300 ◦C, sup
porting its structural integrity and fluid-loss control after aging at 
160 ◦C. Moreover, the rough polymer-coated surface and strong oil 
affinity  facilitate oil absorption and swelling-induced filling, 
thereby promoting the formation of an effective sealing structure.

3.3.5. Comparative plugging performance with commercial agents
To further demonstrate the relative advantage of GCS-g-PMOS, 

its plugging performance was compared with that of several 
commercial plugging agents under the same conditions. As shown 
in Table 7, GCS-g-PMOS exhibited the lowest FLAPI, the thinnest 
filter cake, and the lowest fluid loss through both the filter crevice 
and the sand ceramics after aging at 160 ◦C for 16 h, indicating its 
better adaptability to multiscale seepage channels. CaCO3 mainly 
relies on rigid bridging, FGR and SF mainly provide mechanical 
filling or fibrous blocking, and HLKY primarily depends on resin 
deformation. In contrast, GCS-g-PMOS combines rigid GCS support 
with oil absorption and swelling-induced filling  of the grafted 
PMOS phase. The interfacial coupling between GCS and PMOS 
enables cooperative bridging, deformation, and void filling, 
thereby forming a denser and more stable sealing layer. This 
structural advantage explains the superior filtrate control and 
multiscale plugging performance of GCS-g-PMOS.

Table 6 
Filtrate volume, permeability, and permeability reduction of the artificial filter cake before and after treatment with GCS-g-PMOS.

GCS-g-PMOS 
concentration, wt%

FLbefore, mL FLafter, mL K0, 10− 4 mD K1, 10− 4 mD kr, %

0 1.58 1.60 9.34 9.00 3.64
1 1.62 1.00 9.40 7.34 21.91
2 1.56 0.82 9.53 6.18 35.15
4 1.54 0.50 9.65 4.11 57.41
6 1.60 0.50 9.68 3.53 63.53

Fig. 8. Effect of temperature on oil absorption of GCS-g-PMOS (a) and fluid-loss control of OBDF (b) at different aging temperatures.
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3.4. Plugging mechanism

Based on the results above, the plugging behavior of GCS-g- 
PMOS in OBDFs can be described as a combined bridg
ing–filling–sealing process, as illustrated in Fig. 9. Under differ
ential pressure, GCS-g-PMOS particles are transported into pores 
and microfractures along with the OBDF. The rigid GCS cores 
initially accumulate at pore throats or narrow fracture sections, 
forming a bridging framework through particle packing. This 
initial bridging effect reduces the flow  channels and provides a 
structural framework for subsequent filling.

The grafted PMOS phase further improves the sealing effect 
through oil absorption and swelling. The RSM results indicate 
that the MBA content significantly  influences  the oil absorption 
behavior of GCS-g-PMOS. When the MBA content is too low, the 
crosslinked network is insufficient,  which hinders oil retention 
and stable filling  after swelling. When the MBA content is too 
high, the network becomes overly compact, restricting oil 
diffusion and swelling. Therefore, an optimized MBA content of 
1.5 wt% provides an appropriate crosslinked structure that al
lows the polymer phase to absorb oil and swell while main
taining the stability of the plugging structure under differential 
pressure. During filtration, the swollen polymer phase fills  the 
residual voids between rigid particles and further blocks seepage 
channels in the filter  cake. Thus, the rigid GCS cores mainly 
provide bridging and support, while the oil-swollen PMOS phase 
contributes to void filling  and sealing. This synergistic effect is 

consistent with the multiscale plugging results and the artificial 
filter  cake test. The permeability reduction rate increased from 
3.64% in the control to 63.53% at 6 wt% GCS-g-PMOS, indicating 
that GCS-g-PMOS effectively reduced filter-cake permeability 
through the combined effects of rigid bridging and swelling- 
induced filling  (Bai et al., 2025a).

4. Conclusions

A composite plugging agent, GCS-g-PMOS, was successfully 
synthesized by grafting an oil-absorbing polymer onto glucose- 
derived carbon spheres. This material combines the structural 
support of rigid carbon spheres with the swelling and filling 
properties of the polymer phase, providing an effective strategy for 
enhancing the plugging performance of oil-based drilling fluids 
(OBDFs) in multiscale pore and fracture systems. Response surface 
methodology identified  the optimal preparation conditions as 
0.75 wt% GCS, 1.5 wt% MBA, and 2.0 wt% BPO, under which the oil 
absorption capacity reached 9.02 g/g. Evaluation results demon
strated that GCS-g-PMOS had good compatibility with the OBDFs 
and improved rheological properties, emulsion stability, and 
filtrate control performance. After aging at 160 ◦C, the API fluid loss 
(FLAPI) decreased from 4.4 to 2.4 mL at a concentration of 6 wt%, and 
the filter cake thickness was reduced from 2.0 to 0.9 mm. In addi
tion, the material showed effective plugging ability in media of 
different scales, achieving a maximum permeability reduction rate 
of 63.53% in the artificial filter cake test. Compared with CaCO3, FGR, 

Table 7 
Comparative plugging performance of GCS-g-PMOS and commercial plugging agents after aging at 160 ◦C for 16 h.

Additive Concentration, wt% FLAPI, mL Filter-cake 
thickness, mm

FLfilter  crevice, mL FLsand ceramics, mL

GCS-g-PMOS 4 3.2 1.40 12.0 6.80
CaCO3 4 4.6 1.90 17.8 12.0
FGR 4 4.4 1.53 13.0 9.6
SF 4 4.8 1.87 14.4 8.8
HLKY 4 3.4 1.45 14.0 7.0

Fig. 9. Schematic illustration of the proposed plugging mechanism of GCS-g-PMOS in OBDFs.
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SF, and HLKY at the same concentration of 4 wt%, GCS-g-PMOS 
showed lower API fluid  loss and lower filtrate loss through the 
2 mm filter crevice and 3 μm sand ceramics after aging at 160 ◦C for 
16 h. Overall, these results demonstrate that the combined effects of 
rigid support and swelling-induced filling  contribute to the for
mation of a dense sealing layer, indicating that GCS-g-PMOS has 
strong application potential in high-temperature OBDFs.

CRediT authorship contribution statement

Jia-Ning He: Writing – review & editing, Writing – original 
draft. Yang Bai: Investigation, Funding acquisition, Conceptuali
zation. Tuo-Ming Zhang: Investigation, Data curation. Deng Gu: 
Visualization, Methodology. Rui-Fang Wang: Writing – review & 
editing, Project administration.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing 
financial  interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Acknowledgements

This paper was supported by the National Natural Science 
Foundation of China (Nos. 52274008 and 52525402), the National 
Key Research and Development Program of China (No. 
2019YFA0708303), the Science and Technology Cooperation Proj
ect of the CNPC SWPU Innovation Alliance (Nos. 2020CX040102 
and 2020CX040201), the Open Fund of the National Key Labora
tory of Oil and Gas Reservoir Geology and Exploitation, Southwest 
Petroleum University (No. PLN2023-25), and the Joint Funds of the 
National Natural Science Foundation of China (No. U23A2026).

References

Abdullah, A.H., Ridha, S., Mohshim, D.F., et al., 2022. A comprehensive review 
ofnanoparticles: Effect on water-based drilling fluids  and wellbore stability. 
Chemosphere 308, 136274. https://doi.org/10.1016/j.chemosphere.2022. 
136274.

Bai, Y., Dai, L., Sun, J., et al., 2022a. Experimental study on an oil-absorbing resin 
used for lost circulation control during drilling. J. Pet. Sci. Eng. 214, 110557. 
https://doi.org/10.1016/j.petrol.2022.110557.

Bai, Y., Dai, L., Sun, J., et al., 2022b. Plugging performance and mechanism of an oil- 
absorbing gel for lost circulation control while drilling in fractured formations. 
Pet. Sci. 19, 2941–2958. https://doi.org/10.1016/j.petsci.2022.08.004.

Bai, Y., He, J., Sun, J., et al., 2024a. Plugging performance and mechanism of an 
OBDF oil-absorbing resin (MMA-SMA-St) plugging agent. RSC Adv. 14, 
21107–21117. https://doi.org/10.1039/D4RA02420F.

Bai, Y., Li, D., Su, N., et al., 2024b. Study on the preparation and mechanism of two- 
dimensional nanomaterials as plugging agents for oil-based drilling fluids. 
Colloids Surf. A Physicochem. Eng. Asp. 702, 134676. https://doi.org/10.1016/ 
j.colsurfa.2024.134676.

Bai, Y., He, J., Gu, D., et al., 2025a. A silane-grafted silica-oil-absorbing resin (SiO2- 
MSS) composite for enhanced lost circulation control in oil-based drilling 
fluids. J. Mol. Liq. 439, 128867. https://doi.org/10.1016/j.molliq.2025.128867.

Bai, Y., Lang, Y., Sun, J., et al., 2025b. Interfacial interactions of resin-based plugging 
agents for formation plugging in oil and gas fields:  A review. Adv. Colloid 
Interface Sci. 348, 103741. https://doi.org/10.1016/j.cis.2025.103741.

Chen, Y., Wu, R., Zhou, J., et al., 2021. A novel hyper-cross-linked polymer for high- 
efficient  fluid-loss  control in oil-based drilling fluids.  Colloids Surf. A Phys
icochem. Eng. Asp. 626, 127004. https://doi.org/10.1016/j.colsurfa.2021.127004.

Davoodi, S., Al-Shargabi, M., Wood, D.A., et al., 2024. Synthetic polymers: A review 
of applications in drilling fluids. Pet. Sci. 21, 475–518. https://doi.org/10.1016/ 
j.petsci.2023.08.015.

Di, W., Zhao, C., Geng, T., et al., 2022. Probing the state of water in oil-based drilling 
fluids.  Colloids Surf. A Physicochem. Eng. Asp. 651, 129770. https://doi.org/ 
10.1016/j.colsurfa.2022.129770.

Du, H.Y., Lv, K.H., Sun, J.S., et al., 2025. Mesoporous SiO2 nanoparticles with low surface 
energy and multi-level roughness as shale wellbore stabilizers in oil-based drilling 
fluid. Pet. Sci. 22, 384–397. https://doi.org/10.1016/j.petsci.2024.12.006.

Fayad, M.M., Mohamed, D.E., Soliman, E., et al., 2021. Optimization of invert 
emulsion oil-based drilling fluids  performance through heterocyclic 
imidazoline-based emulsifiers.  Colloids Surf. A Physicochem. Eng. Asp. 613, 
126092. https://doi.org/10.1016/j.colsurfa.2020.126092.

Fei, J., Zhao, B., Li, C., et al., 2022. Carbon spheres wrapped with 2D covalent 
organic polymer as lubricant additives for enhancing tribological properties. 
Colloids Surf. A Physicochem. Eng. Asp. 633, 127862. https://doi.org/10.1016/ 
j.colsurfa.2021.127862.

Gao, C.H., 2024. Drilling fluids  for shale fields:  Case studies and lessons learnt. 
Unconventional Resources 4, 100070. https://doi.org/10.1016/j.uncres.2023. 
100070.

Gautam, S., Guria, C., Rajak, V.K., 2022. A state of the art review on the performance 
of high-pressure and high-temperature drilling fluids: Towards understanding 
the structure-property relationship of drilling fluid  additives. J. Pet. Sci. Eng. 
213, 110318. https://doi.org/10.1016/j.petrol.2022.110318.

Geng, T., Qiu, Z., Zhao, C., et al., 2019. Rheological study on the invert emulsion 
fluids  with organoclay at high aged temperatures. Colloids Surf. A Phys
icochem. Eng. Asp. 573, 211–221. https://doi.org/10.1016/j.colsurfa.2019.04.056.

Geng, Y., Sun, J., Wang, J., et al., 2021. Modified nanopolystyrene as a plugging agent 
for oil-based drilling fluids  applied in shale formation. Energy Fuels 35, 
16543–16552. https://doi.org/10.1021/acs.energyfuels.1c02546.

Ghavami, M., Hasanzadeh, B., Zhao, Q., et al., 2018. Experimental study on 
microstructure and rheological behavior of organobentonite/oil-based drilling 
fluid. J. Mol. Liq. 263, 147–157. https://doi.org/10.1016/j.molliq.2018.04.056.

Gokapai, V., Pothana, P., Ling, K., 2024. Nanoparticles in drilling fluids: A review of 
types, mechanisms, applications, and future prospects. Eng 5, 2462–2495. 
https://doi.org/10.3390/eng5040129.

Guo, X., Yang, Y., Zhao, X., et al., 2012. Carbon spheres surface modification  and 
dispersion in polymer matrix. Appl. Surf. Sci. 261, 159–165. https://doi.org/ 
10.1016/j.apsusc.2012.07.133.

Huang, X., Meng, X., Wu, L., et al., 2022. Improvement of emulsion stability and 
plugging performance of nanopores using modified polystyrene nanoparticles 
in invert emulsion drilling fluids.  Front. Chem. 10, 890478. https://doi.org/ 
10.3389/fchem.2022.890478.

Ibrahim, M.A., Jaafar, M.Z., Yusof, M.A.M., et al., 2024. The influence of nanoparticle 
size, concentration, and functionalization on drilling fluid filtration properties. 
Colloids Surf. A Physicochem. Eng. Asp. 693, 134020. https://doi.org/10.1016/ 
j.colsurfa.2024.134020.

Jian, G., Santra, A., Mbuncha, C., et al., 2023. A novel star polymer for regulating 
fluid loss in oil-based mud under high temperature conditions. J. Mol. Liq. 389, 
122815. https://doi.org/10.1016/j.molliq.2023.122815.

Li, D., Wang, X., Chen, Y., et al., 2022. Synthesis of the oil-based nanoblocker 
poly(MMA-BMA-BA-St) and the study of the blocking mechanism. ACS Omega 
7, 40799–40806. https://doi.org/10.1021/acsomega.2c03164.

Li, M., Xu, J., Pei, D., et al., 2024. Evaluation of aminated nano-silica as a novel shale 
stabilizer to improve wellbore stability. Materials 17, 1776. https://doi.org/ 
10.3390/ma17081776.

Li, Q., Zhu, D.Y., Zhuang, G.Z., et al., 2025a. Advanced development of chemical 
inhibitors in water-based drilling fluids  to improve shale stability: A review. 
Pet. Sci. 22, 1977–1996. https://doi.org/10.1016/j.petsci.2025.03.012.

Li, Z., Huang, X., Lu, H., et al., 2025b. Synthesis and plugging performance evalu
ation of micro-nano polymeric high-temperature resistant plugging agent for 
water-based drilling fluids.  Geoenergy Sci. Eng. 246, 213604. https://doi.org/ 
10.1016/j.geoen.2024.213604.

Liu, T., Ding, C., Gao, K., et al., 2025. P(AM-co-AA)/PSt nano-microspheres with 
releasing polymer chains function for oilfield  exploitation. Colloids Surf. A 
Physicochem. Eng. Asp. 719, 137010. https://doi.org/10.1016/j.colsurfa.2025. 
137010.

Lv, K., Shen, H., Geng, Y., et al., 2025. Microwave-assisted synthesis of carbon 
nanospheres and their application as plugging agents for oil-based drilling 
fluids. Molecules 30, 463. https://doi.org/10.3390/molecules30030463.

Mahmoud, A., Gajbhiye, R., Elkatatny, S., 2025. Advances in drilling fluid technol
ogy: Recent innovations, performance enhancements, and future trends in 
high-performance and eco-friendly formulations. J. Mol. Liq. 434, 128004. 
https://doi.org/10.1016/j.molliq.2025.128004.

Meng, X., Huang, X., Lv, K., et al., 2023. Core-shell structured polystyrene micro
spheres for improving plugging performance of oil-based drilling fluids.  Col
loids Surf. A Physicochem. Eng. Asp. 674, 131841. https://doi.org/10.1016/ 
j.colsurfa.2023.131841.

Meng, X., Huang, X., Sun, J., et al., 2025. Ultra-high temperature resistant poly
styrene/acrylic resin microspheres for enhanced wellbore stability of oil-based 
drilling fluids.  Colloids Surf. A Physicochem. Eng. Asp. 725, 137637. https:// 
doi.org/10.1016/j.colsurfa.2025.137637.

Minakov, A., Lysakova, E., Skorobogatova, A., et al., 2023. Experimental study of the 
effect of crystalline aluminum oxide nanofibers on the properties of oil-based 
drilling fluids.  J. Mol. Liq. 388, 122676. https://doi.org/10.1016/j.molliq.2023. 
122676.

Ofei, T.N., Lund, B., Saasen, A., 2021. Effect of particle number density on rheo
logical properties and barite sag in oil-based drilling fluids. J. Pet. Sci. Eng. 206, 
108908. https://doi.org/10.1016/j.petrol.2021.108908.

Pu, L., Xu, P., Xu, M., et al., 2022. Enhanced stability of low oil-to-water ratio water- 
in-oil emulsions (oil-based drilling fluids): Synergistic effect of nano-SiO2 and 

J.-N. He, Y. Bai, T.-M. Zhang et al. Petroleum Science 23 (2026) 6610–6623

6622

https://doi.org/10.1016/j.chemosphere.2022.136274
https://doi.org/10.1016/j.chemosphere.2022.136274
https://doi.org/10.1016/j.petrol.2022.110557
https://doi.org/10.1016/j.petsci.2022.08.004
https://doi.org/10.1039/D4RA02420F
https://doi.org/10.1016/j.colsurfa.2024.134676
https://doi.org/10.1016/j.colsurfa.2024.134676
https://doi.org/10.1016/j.molliq.2025.128867
https://doi.org/10.1016/j.cis.2025.103741
https://doi.org/10.1016/j.colsurfa.2021.127004
https://doi.org/10.1016/j.petsci.2023.08.015
https://doi.org/10.1016/j.petsci.2023.08.015
https://doi.org/10.1016/j.colsurfa.2022.129770
https://doi.org/10.1016/j.colsurfa.2022.129770
https://doi.org/10.1016/j.petsci.2024.12.006
https://doi.org/10.1016/j.colsurfa.2020.126092
https://doi.org/10.1016/j.colsurfa.2021.127862
https://doi.org/10.1016/j.colsurfa.2021.127862
https://doi.org/10.1016/j.uncres.2023.100070
https://doi.org/10.1016/j.uncres.2023.100070
https://doi.org/10.1016/j.petrol.2022.110318
https://doi.org/10.1016/j.colsurfa.2019.04.056
https://doi.org/10.1021/acs.energyfuels.1c02546
https://doi.org/10.1016/j.molliq.2018.04.056
https://doi.org/10.3390/eng5040129
https://doi.org/10.1016/j.apsusc.2012.07.133
https://doi.org/10.1016/j.apsusc.2012.07.133
https://doi.org/10.3389/fchem.2022.890478
https://doi.org/10.3389/fchem.2022.890478
https://doi.org/10.1016/j.colsurfa.2024.134020
https://doi.org/10.1016/j.colsurfa.2024.134020
https://doi.org/10.1016/j.molliq.2023.122815
https://doi.org/10.1021/acsomega.2c03164
https://doi.org/10.3390/ma17081776
https://doi.org/10.3390/ma17081776
https://doi.org/10.1016/j.petsci.2025.03.012
https://doi.org/10.1016/j.geoen.2024.213604
https://doi.org/10.1016/j.geoen.2024.213604
https://doi.org/10.1016/j.colsurfa.2025.137010
https://doi.org/10.1016/j.colsurfa.2025.137010
https://doi.org/10.3390/molecules30030463
https://doi.org/10.1016/j.molliq.2025.128004
https://doi.org/10.1016/j.colsurfa.2023.131841
https://doi.org/10.1016/j.colsurfa.2023.131841
https://doi.org/10.1016/j.colsurfa.2025.137637
https://doi.org/10.1016/j.colsurfa.2025.137637
https://doi.org/10.1016/j.molliq.2023.122676
https://doi.org/10.1016/j.molliq.2023.122676
https://doi.org/10.1016/j.petrol.2021.108908


emulsifiers.  J. Pet. Sci. Eng. 219, 111053. https://doi.org/10.1016/ 
j.petrol.2022.111053.

Su, J., Su, R., Yin, Y., 2025. Preparation and mechanism study of water-in-oil 
emulsion polymer microspheres plugging agent. J. Mol. Liq. 437, 128520. 
https://doi.org/10.1016/j.molliq.2025.128520.

Sudharsan, J., Khare, S.K., 2024. Pore pressure transmission test as measure of shale 
inhibition performance of nanoparticle additives in water-based drilling fluids: 
A comprehensive review. Mater. Today Proc. 99, 8–14. https://doi.org/10.1016/ 
j.matpr.2023.04.148.

Sun, J., Xu, G., Ding, Y., et al., 2025. Advances and future prospects of shale oil and 
gas drilling fluid technology. Petrol. Explor. Dev. 52, 1609–1623. https://doi.org/ 
10.1016/S1876-3804(26)60665-9.

Sun, J.S., Liao, T., Ji, Y.X., et al., 2026. Biomimetic inspired superhydrophobic 
nanofluids:  Enhancing wellbore stability and reservoir protection in shale 
drilling. Pet. Sci. 23, 236–244. https://doi.org/10.1016/j.petsci.2025.10.006.

Vasconcelos, A.N., Paixao, M.V.G., Marques, N.N., et al., 2022. Dimer fatty acid and 
fatty amide effects on the properties of synthetic-based drilling fluids. J. Mol. 
Liq. 359, 119270. https://doi.org/10.1016/j.molliq.2022.119270.

Wang, Z., Sun, J., Lv, K., et al., 2025. Thermosensitive core-shell polymer micro
spheres for enhanced wellbore stability in deep-water water-based drilling 
fluids. J. Mol. Liq. 418, 126690. https://doi.org/10.1016/j.molliq.2024.126690.

Xu, J.G., Su, K., Li, M., et al., 2023. Hydration inhibition and physical plugging to 
enhance shale stability using zwitterionic polymer/nano-silica composite. 
J. Mol. Liq. 387, 122642. https://doi.org/10.1016/j.molliq.2023.122642.

Xu, Z., Sun, J., Liu, J., et al., 2025. Mechanism of micrometer-sized rigid micro
spheres as plugging agents. Energy Fuels 39, 14121–14129. https://doi.org/ 
10.1021/acs.energyfuels.5c01817.

Yan, L., Li, Q., Guo, X., et al., 2025a. Environmentally friendly bio-based additives in 
oil-based drilling fluids:  Efficient  synthesis, well-ordered self-assembly, 
exceptional ultra-high-temperature resistance, and excellent anti-settling 

properties. Colloids Surf. A Physicochem. Eng. Asp. 719, 137014. https://doi.org/ 
10.1016/j.colsurfa.2025.137014.

Yan, X., Li, M., Deng, S., et al., 2025b. Fracture plugging failure under oil-based 
drilling fluids  condition in deep geoenergy formations: A mesoscopic me
chanical structure evolution perspective. Powder Technol. 469, 121730. https:// 
doi.org/10.1016/j.powtec.2025.121730.

Zhang, X., Liu, J., Sun, J., et al., 2023a. Novel modified styrene-based microspheres 
for enhancing the performance of drilling fluids at high temperatures. Gels 9, 
763. https://doi.org/10.3390/gels9090763.

Zhang, Z., Dai, B., Xu, P., 2023b2023. A submicron-scale plugging agent for oil- 
based drilling fluid  synthesized using the inverse emulsion polymerization 
method. Polymers 15, 2815. https://doi.org/10.3390/polym15132815.

Zhao, X., Yu, Q., Zhang, X., et al., 2025. Optimization of particle packing design 
in drilling fluid  sealing agents for gas influx  prevention in fractured for
mations. Geoenergy Sci. Eng. 257, 214274. https://doi.org/10.1016/j.geoen. 
2025.214274.

Zhao, Z., Sun, J., Liu, F., et al., 2023. Micro-nano polymer microspheres as a plugging 
agent in oil-based drilling fluid.  Colloids Surf. A Physicochem. Eng. Asp. 673, 
131808. https://doi.org/10.1016/j.colsurfa.2023.131808.

Zhao, Z., Sun, J., Wang, R., et al., 2024. Shape memory resin with high temper
ature resistance for plugging fracture formations drilled with oil-based 
drilling fluid.  Geoenergy Sci. Eng. 243, 213355. https://doi.org/10.1016/ 
j.geoen.2024.213355.

Zhong, H.Y., Li, S.S., Li, D.Q., et al., 2025. Hydrothermal carbon nanospheres as 
environmentally friendly, sustainable and versatile additives for water-based 
drilling fluids.  Pet. Sci. 22, 1997–2019. https://doi.org/10.1016/j.petsci.2025. 
03.021.

Zhou, Y., Zhang, M., Liu, Y., et al., 2023. An oil-absorbing resin with a simple 
polymerization system with benzyl methacrylate as a functional monomer. 
R. Soc. Open Sci. 10, 230343. https://doi.org/10.1098/rsos.230343.

J.-N. He, Y. Bai, T.-M. Zhang et al. Petroleum Science 23 (2026) 6610–6623

6623

https://doi.org/10.1016/j.petrol.2022.111053
https://doi.org/10.1016/j.petrol.2022.111053
https://doi.org/10.1016/j.molliq.2025.128520
https://doi.org/10.1016/j.matpr.2023.04.148
https://doi.org/10.1016/j.matpr.2023.04.148
https://doi.org/10.1016/S1876%2D3804%2826%2960665%2D9
https://doi.org/10.1016/S1876%2D3804%2826%2960665%2D9
https://doi.org/10.1016/j.petsci.2025.10.006
https://doi.org/10.1016/j.molliq.2022.119270
https://doi.org/10.1016/j.molliq.2024.126690
https://doi.org/10.1016/j.molliq.2023.122642
https://doi.org/10.1021/acs.energyfuels.5c01817
https://doi.org/10.1021/acs.energyfuels.5c01817
https://doi.org/10.1016/j.colsurfa.2025.137014
https://doi.org/10.1016/j.colsurfa.2025.137014
https://doi.org/10.1016/j.powtec.2025.121730
https://doi.org/10.1016/j.powtec.2025.121730
https://doi.org/10.3390/gels9090763
https://doi.org/10.3390/polym15132815
https://doi.org/10.1016/j.geoen.2025.214274
https://doi.org/10.1016/j.geoen.2025.214274
https://doi.org/10.1016/j.colsurfa.2023.131808
https://doi.org/10.1016/j.geoen.2024.213355
https://doi.org/10.1016/j.geoen.2024.213355
https://doi.org/10.1016/j.petsci.2025.03.021
https://doi.org/10.1016/j.petsci.2025.03.021
https://doi.org/10.1098/rsos.230343

	Glucose derived carbon spheres grafted with an oil-absorbing polymer as a composite plugging agent for oil-based drilling f ...
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Synthesis
	2.2.1. Preparation of GCS
	2.2.2. Preparation of GCS-g-PMOS

	2.3. Oil absorption test
	2.4. Characterization
	2.5. Preparation and evaluation of oil-based drilling fluid
	2.6. Experimental design and response surface methodology

	3. Results and discussion
	3.1. Response surface analysis of oil absorption
	3.1.1. Experimental design and regression model
	3.1.2. Analysis of variance and model diagnostics
	3.1.3. Response surface analysis
	3.1.4. Optimization and validation of optimal conditions

	3.2. Microstructure and structure characterization
	3.3. Plugging performance
	3.3.1. Effects of GCS-g-PMOS on rheology and filtration behavior of the OBDF
	3.3.2. Effect of GCS-g-PMOS concentration on the electrical stability of OBDF
	3.3.3. Filtration and plugging performance in media of different scales
	3.3.4. Effect of temperature on the oil absorption and plugging performance of GCS-g-PMOS
	3.3.5. Comparative plugging performance with commercial agents

	3.4. Plugging mechanism

	4. Conclusions
	CRediT authorship contribution statement
	Data availability
	Declaration of competing interest
	Acknowledgements
	References


