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ABSTRACT

Temporary plugging agents (TPAs) are widely used in oilfield development due to their self-removal
after operations and their minimal effect on reservoirs. However, the current methods used to
remove TPAs may damage the reservoir. To address this, a self-degradable TPA for 120 °C conditions was
prepared and tested in this study. Using acrylamide (AM) as the base monomer, along with polyethylene
glycol diacrylate (PEGDA) and N,N-methylenebisacrylamide (MBA) as crosslinkers, a crosslinked shell
was synthesized. The degradation time of this shell can be adjusted by changing the ratio of two
crosslinking agents. The shell served as a shielding layer to encapsulate polylactic acid (PLA), thereby
delaying the latter's degradation. Experimental results confirmed that the TPA had a core-shell structure
and exhibited good compatibility with base slurry. At a concentration of 0.5%, it effectively reduced
filtration volume of base slurry. Furthermore, the TPA showed favorable plugging performance and
pressure-bearing capacity. As the ratio of the two crosslinking agents varied, the water absorption ca-
pacity of the TPA exhibited an increasing trend, and its degradation duration at 120 °C ranged from 60 to
72 h. FT-IR and SEM analyses revealed structural changes of the TPA in the degradation process. All test
results demonstrated that degradation primarily occured through the cleavage of amide and ester
bonds, leading to the rupture of crosslinking points.
© 2026 The Authors. 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

accumulate in formation pores to form a plugging zone that
effectively retards the invasion of drilling fluid. They can be

Well leakage is a common challenge in drilling operations,
which seriously inhibits the drilling cycle and increases drilling
costs. If handled improperly, it will not only increase drilling
equipment wear, but also may trigger a series of complex down-
hole incidents such as wellbore collapse, blowouts, and stuck pipes
(Sun et al., 2021; Bai et al., 2022a, 2022b; Liu et al., 2025). When
drilling fluid invades the reservoir through leakage channels such
as reservoir pores, it not only causes reservoir contamination and
permeability damage but also affects productivity (Li et al., 2023).
One of the effective methods to deal with well leakage is the use of
plugging agents. Temporary plugging agents (TPAs) can bridge and
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removed under specific conditions to restore the reservoir seepage
channel and do not cause long-term plugging and damage, which
may be introduced by using traditional plugging agents.

The primary principle of the shielding temporary plugging
technology is to artificially add solid particles to the drilling fluids
(Guo et al., 2022; Chen et al., 2024). Driven by a positive pressure
difference during drilling, various-sized solid particles in the
drilling fluid are forced to enter the reservoir pore throats or
narrow fractures in an instant. This forms a dense shielding
plugging layer on the wellbore wall, preventing drilling fluid from
invading farther into the zone and thereby avoiding further dam-
age to oil and gas reservoirs (Chen et al., 2023; Dindoruk and
Zhang, 2024). The key lies in the selection of temporary plugging
materials, which should exhibit excellent plugging ability and also
self-removal performance when exposed to the reservoir after a
certain time (Zhao et al., 2020; Zhu et al., 2021a; Zhou et al., 2025).
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TPAs commonly used in oil and gas field development can be
mainly classified into water-soluble TPAs, oil-soluble TPAs, acid-
soluble TPAs, and degradable TPAs (Zhu et al., 2021b; Liu et al.,
2023). Among them, water-soluble TPAs feature low solution vis-
cosity and good fluidity after degradation, but are subject to
shortcomings such as a slow plugging removal rate (Liu et al.,
2020; Wu et al., 2023); oil-soluble TPAs have a narrow applica-
tion range, making them unsuitable for high water-cut wells, and
they also entail high production costs (Kang et al., 2023; Zhao
et al., 2023); acid-soluble TPAs are widely used in the field, but
the acid treatment method used in the process of plugging
removal will cause a certain degree of damage to the reservoir (Cui
et al., 2021; Tang et al., 2023). In recent years, with increasing
attention to reservoir protection, degradable TPAs have become a
research hotspot because of their minimal reservoir damage dur-
ing the plugging removal process. The common types of degrad-
able TPAs include solid particles, gels, fibers, and others. Among
them, gel-based TPAs possess a three-dimensional network
structure, which can be flexibly deformed under pressure after
water absorption and swelling, filling leakage channels of different
sizes and exhibiting superior adaptability to reservoir pore throats.
In addition, the gel demonstrates excellent compatibility with
drilling fluid and can be easily injected into the formation, effec-
tively addressing the drawbacks of solid particles, which show
poor sealing tightness due to their rigidity, low fiber dispersibility,
and low strength (Zhai et al., 2020; Yu et al., 2022; Wang et al,,
2024).

Polylactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA), and
starch are commonly used as self-degradable TPAs due to their
favorable biodegradability and environmental friendliness. How-
ever, PLA exhibits high brittleness and poor stability under high
temperatures (Elsawy et al., 2017; Zaaba and Jaafar, 2020; Tang
et al., 2023; Zhao et al., 2024). PLGA entails high production
costs (Xu et al., 2023), while starch demonstrates poor tempera-
ture resistance, necessitating composite modification (Gong et al.,
2021). Moreover, all of the above self-degradable TPAs are in par-
ticulate forms with poor adaptability to pore throats, unable to
conform to changes in pore throats through deformation as gels
can. Zou et al. (2023) synthesized a liquid TPA, SDG, using acryl-
amide, acrylic acid, and N,N'-methylenebisacrylamide as raw ma-
terials, and its degradation time could be adjusted by changing the
concentration of acrylic acid and degradation temperature. When
the acrylic acid concentration exceeded 37.5%, the degradation
time of SDG at 90-130 °C ranged from 10 to 105 h. In addition to
the introduction of unstable monomers, many scholars have
introduced unstable crosslinking agents to promote the degrada-
tion of TPA. Wang et al. (2022) synthesized a high-adhesion self-
degradable gel using neopentyl glycol diacrylate (SEG) as a
crosslinking agent. The gel was obtained by changing the mono-
mer ratio, and its self-degradation, driven by the hydrolysis of
ester groups, exhibited varying degradation times at 60-100 °C.
Yang et al. (2023) used polyethylene glycol diacrylate as a cross-
linking agent and introduced hydrophobic monomers and nano-
particles to adjust water swelling and degradation time. The
plugging agent prepared exhibited a degradation time of 20 d at
80 °C, while the unmodified one had a degradation time of 5 d.
Yang et al. (2024) availed of amides with lower hydrolysis reac-
tivity than ester groups to prepare a crosslinking agent with
resistance to heat and hydrolysis. By changing the concentration of
the crosslinking agent, the degradation time of the gel at 90-130 °C
was controlled within the range of 5-25 d. Driven by the hydrolysis
of the amide structure at high temperature, the TPA was trans-
formed from a viscoelastic solid to a low-viscosity liquid. Zhang
et al. (2022) prepared a degradable preformed particle gel
(DPPG) synthesized from polyethylene glycol diacrylate
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(PEGDA)with different molecular weights. The results indicated
that at 34 °C, as the molecular weight of PEGDA from 1000 to
200 Da, the degradation time of DPPG increased from 40 to
210 min. Zhu et al. (2023) adopted alkenoic ester-type and alcohol
ester-type crosslinking agents to prepare TPAs. The results showed
that TPAs prepared by alcohol ester had superior swelling perfor-
mance and longer degradation times. At 34 °C, the corresponding
degradation times for different swelling ratios ranged from 80 to
360 min. In summary, gel-based degradable TPAs prepared with
different crosslinking agents exhibit different properties. However,
most studies have focused on the effect of a single crosslinker on
degradation time, with limited investigation into the relationship
between the ratio of crosslinkers and degradation time. By
changing the ratio of crosslinkers, the degradation time can be
adjusted while ensuring the stability of the gel.

Acrylamide (AM) acts as a polymerizable monomer with mild
reaction conditions and excellent crosslinking reactivity. N,N'-
methylenebisacrylamide (MBA) forms a stable three-dimensional
network structure, enhancing the gel's stability and mechanical
strength. Polyethylene glycol diacrylate (PEGDA), an unstable
crosslinking agent, contains an ester group structure that un-
dergoes hydrolysis under reservoir conditions, conferring biode-
gradable properties to the gel. Therefore, this study adopts a binary
crosslinking system composed of both PEGDA and MBA, in which
the ratio between the two crosslinking agents is varied, to achieve
the control of degradation time. This crosslinking shell encapsu-
lates PLA particles to prolong degradation. Infrared spectroscopy
was employed to characterize the chemical structure of TPA.
Thermogravimetric analysis was carried out to evaluate the sam-
ple's thermal stability, and a scanning electron microscope and an
optical microscope were used to observe the microstructure. The
compatibility of TPA with the base slurry, as well as its plugging
and pressure-bearing performance were also investigated. The
changes in swelling ratio and degradation time of the TPA were
studied. Furthermore, the degradation mechanism was revealed
through the morphological and structural changes observed in TPA
in the degradation process.

2. Experimental
2.1. Materials

Acrylamide (AM), N,N-methylenebisacrylamide (MBA), poly-
ethylene glycol diacrylate (PEGDA, stabilized with 100 ppm MEHQ
and 300 ppm BHT), 2,2-azobisisobutylamidine dihydrochloride
(Vs0), xanthan gum (XC), ethanol, anhydrous sodium carbonate
(NayC0O3), and potassium chloride (KCl) were purchased from
Shanghai Adamas Reagent Co., Ltd. Polylactic acid (PLA) was pro-
vided by Jiecheng Plasticizing Co., Ltd. Low viscosity and high
purity polyanionic cellulose (LV-PAC) was purchased from
Shanghai Maclin Biochemical Co., Ltd. Deionized water was pre-
pared in the laboratory. Bentonite was purchased from Drilling and
Exploration Engineering Co.

2.2. Preparation of temporary plugging agent (TPA)

In this study, TPA was synthesized via free radical polymeri-
zation in an aqueous solution. A certain amount of AM was added
into a beaker and dissolved in an appropriate volume of deionized
water under stirring. Then, the crosslinking agents MBA and
PEGDA were added sequentially to the homogenous solution. After
complete dissolution of the monomers and the crosslinking
agents, a specific amount of PLA was introduced slowly into the
mixture, followed by the addition of the initiator Vs9. When the
feeding of materials was completed, the solution was transferred
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to a water bath and maintained at 55 °C under a nitrogen atmo-
sphere for 4 h. After that, the final solution was freeze-dried to
yield the final TPA. Based on the varying ratios of the two cross-
linking agents, the products were designated as AP-1, AP-2, AP-3,
AP-4, and AP-5. The specific composition is summarized in Table 1.

2.3. Characterization

The prepared TPA was dried and ground into powders, and then
mixed with KBr. The mixture was then pressed into pellets for FTIR
analysis using a Nicolet iS5 Fourier transform infrared spectrom-
eter over a scanning range of 4000-400 cm ™.

The thermal stability of TPA was determined using a Mettler
TGA2 synchronous thermal analyzer. The samples were evenly
spread on the sample pan and tested under nitrogen atmosphere.
The heating rate was 10 °C/min and the temperature range was
30-800 °C. The mass changes of the samples were recorded at
different temperatures.

The core-shell structure of TPA was observed using a NOVEL
N300M optical microscope. Dry AP-1 particles were weighed and
fully swollen in deionized water. An appropriate amount of
swollen TPA particles was transferred via a dropper onto a glass
slide for observation at a suitable magnification (Liu et al., 2024).

The morphology and structure of TPA were characterized using
a Phenom Pro X scanning electron microscope (SEM). The fully
swollen TPA was sectioned into thin slices, frozen, and then freeze-
dried in an FD-1A-50 freeze dryer. Subsequently, the dried samples
were mounted on conductive adhesive and subjected to gold
sputtering before being transferred to the SEM for observation.

2.4. Rheological and filtration test

Different concentrations of TPA particles were added to
bentonite-based slurry prepared in advance (4% bentonite + 0.2%
Na,COs). After TPA particles were fully dispersed in the base slurry,
the rheological properties of the slurry were measured using a
ZNN-D6B electric rotary viscometer at 3, 6, 100, 200, 300, and
600 rpm, recorded as 63, 96, 6100, 6200, 9300, and Ggp0, respectively.
Then the apparent viscosity (AV), plastic viscosity (PV), and yield
point (YP) were calculated. The filtration was then determined
with a ZNS-5A medium pressure filter at 25 °C and 0.69 MPa.

2.5. Swelling test

TPA sample, with a mass of mj, was weighed and added to
deionized water, and then placed in a 30 °C water bath. At regular
intervals, the surface water was wiped from the particles using
filter paper, and the mass my was recorded. This process was
repeated until the swelling of TPA reached equilibrium. The
swelling ratio was calculated using Eq. (1).

S=(my—my)/my (1)
Table 1
Specific composition of each group of products.
Product No. AM, wt% PLA, g MBA, wt% PEGDA, wt% Vso, Wt%
AP-1 20 8.6 0.45 0.05 0.50
AP-2 20 8.6 0.40 0.10 0.50
AP-3 20 8.6 0.35 0.15 0.50
AP-4 20 8.6 0.30 0.20 0.50
AP-5 20 8.6 0.25 0.25 0.50
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where S is the swelling ratio; my is the mass of the TPA before
water absorption, g; my is the mass of the TPA after water ab-
sorption, g.

2.6. Degradation test

TPA was placed in deionized water and reacted in an oven at
different temperatures. Observations were made at intervals of
10 h until the TPA changed from a solid gel to a low-viscosity
flowable liquid. The total time required for this change was
recorded as the degradation time (Li et al., 2025).

2.7. Sand bed plugging test

The plugging performance of the TPA was tested using the FA-
BX portable visual sand bed filtration loss meter, and its plugging
ability for sand beds with different mesh sizes was determined at
the meantime. TPA particles with different mass concentrations
were added to the pre-prepared bentonite-based slurry; after the
TPA particles were fully dispersed in the base slurry, the blended
slurry was injected into the sand-packed column. The test was
carried out under a pressure of 0.69 MPa for 30 min, and the in-
vasion depth of the sand bed was recorded subsequently.

2.8. Pressure-bearing test

A portable high-temperature and high-pressure leak detection
device was used to evaluate the pressure-bearing capacity of TPA,
and the experimental procedure is specified as follows:

(1) A wedge-shaped fracture with an inlet of 3.0 mm and an
outlet of 1.0 mm was selected and placed in the core holder.
The confining pressure was set at 20 MPa, and the down-
stream valve of the core holder was closed. Following the
connection of pipelines and sensors, the prepared plugging
slurry was injected into the kettle body upstream of the core
holder.

(2) The water pump connected to the kettle body was turned on
to increase the pressure inside the kettle to 1 MPa. After
stabilizing the pressure for 5 min, the downstream valve of
the core holder was opened to observe the initial leakage.

(3) The pressure in the kettle was increased continuously at a
rate of 1 MPa/5 min, with real-time monitoring of the
leakage. A negligible leakage or complete cessation of
leakage indicated a favorable plugging effect at the current
pressure.

(4) The pressure was further increased continuously until a
sudden pressure drop occurred or the leakage volume rose
sharply. The maximum pressure achieved before this
occurrence was defined as the ultimate pressure-bearing
capacity.

2.9. Reservoir protection test

The core displacement apparatus was used to evaluate the
reservoir protection performance of TPA. The physical parameters
of the cores used are listed in Table 2. The experimental procedure
is specified as follows:

(1) The core was placed in the core holder and subjected to
confining pressure, and the initial permeability K; of the
core was measured.
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Table 2
Physical parameters of fractured cores.

Core No. Length, cm Diameter, cm Fracture width
1 5.0 25 1.0 mm
2 5.0 25 Wedge-shaped fracture

with an inlet of 3.0 mm and
an outlet of 1.0 mm

(2) The plugging slurry was injected under a constant injection
pressure. Once the plugging layer was formed, the perme-
ability K, was measured.

(3) Subsequently, the core was aged in a 120 °C oven. The
permeability K3 was measured every 12 h until TPA
degraded completely.

The plugging rate (Rp) and permeability recovery rate (K;) were
calculated according to Egs. (2) and (3), respectively.

Rp :M % 100% (2)
K4
KrzK—Bx 100% (3)
Kq

where Kj is the initial permeability of the core, mD; K is the
permeability after plugging, mD; K3 is the permeability after
plugging removal, mD.

3. Results and discussion
3.1. Characterizations

3.1.1. FT-IR analysis

The structure of TPA was characterized by FT-IR analysis. FT-IR
spectrum of AP-1 is shown in Fig. 1. For comparison, the spectrum
of PAM (without PLA) under identical conditions is also shown.

In the spectrum of PLA, the absorption peak at 1723 cm~! is
attributed to the stretching vibration of C=0 in ester group, while
the peak at 1280 cm~! corresponds to the stretching vibration of
C-0 in ester group.

In the spectrum of PAM, the absorption peak at 3439 cm™!
corresponds to -NH; group in amide bond, while C=0 stretching
vibration appears at 1635 cm~!. Since the synthetic precursor
PEGDA contains ester group, the characteristic absorption peaks

I
13433 |

| I
AP-1 } :
I I
| ! 1298
1723 | | 1660
|
I

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm-!

Fig. 1. FT-IR spectra of AP-1, PAM, and PLA.
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for C=0 and C-O stretching vibrations of ester group are observed
at 1709 and 1315 cm~), respectively, confirming the successful
incorporation of PEGDA.

In the spectrum of AP-1, the following characteristic absorption
peaks are listed as below: -NH; stretching vibration of amide
group at 3433 cm~!, C=0 stretching vibration of amide group at
1660 cm™!, C=0 stretching vibration of ester group at 1723 cm™',
and C-O stretching vibration of ester group at 1298 cm™l. A
comparison of the spectra of PAM and AP-1 reveals that no ab-
sorption peaks are attributed to C=C bonds, indicating that the
reaction between AM and the crosslinking agent occurred via
cleavage of C=C bonds. The characteristic absorption peaks cor-
responding to both PLA and AM in the spectrum of AP-1 confirm
that TPA was successfully synthesized.

3.1.2. TGA analysis

As shown in Fig. 2, the thermogravimetric loss of AP-1 is mainly
divided into three stages. In the first stage (30-250 °C), the mass
change was 9.81% with a slower heating rate, representing the
minimum mass loss. This stage is mainly attributed to the loss of
free water adsorbed from air and bound water, as well as other
volatile substances. In the second stage (250-327 °C), the mass loss
was 35.66%. This stage is mainly attributed to the thermal degra-
dation of the amide and ester groups, accompanied by the occur-
rence of imidization to generate nitriles and long-chain alkanes. In
the third stage (327-480 °C), the mass loss was 35.40%. Under high
temperatures, the C-C bonds of AP-1 may break and small mole-
cules may be generated.

3.1.3. Optical microscope analysis

As seen in Fig. 3, the structure of PLA and AP-1 was character-
ized via an optical microscope. In Fig. 3(a), the circular PLA parti-
cles are uniformly dispersed in water with a smooth and uncoated
surface. Fig. 3(b) reveals that AP-1 particles consist of dark PLA
cores and a transparent outer coating layer, presenting the
core-shell morphological characteristics. This structure in-
corporates PLA as the core material, encased in a three-
dimensional network structure of PAM; the crosslinked shell
layer is used to retard the degradation of the PLA core, thereby
enhancing the heat endurance of TPA.

3.1.4. SEM analysis
The microstructure of AP-1 was observed using a field emission
scanning electron microscope. As shown in Fig. 4(a), AP-1 features

100 -
9.81%

80 A

35.66%

60 -

Weight, %

40
35.40%

20 1

T T T T T T T
100 200 300 400 500 600 700 800

Temperature, °C

Fig. 2. Thermogravimetric analysis curve of AP-1.
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PAM shell

50 pm

Fig. 3. Microscopic structures: (a) PLA, (b) AP-1.

8

[(b)

100 pm
—

Fig. 4. Microstructure of AP-1.

a relatively complete network structure, with PLA particles
embedded in the pores. Fig. 4(b) shows a magnified view of a local
region of AP-1. It can be seen that the PLA core is encapsulated by
the polyacrylamide shell layer. Structure analysis of AP-1 reveals
that during the reaction, free radicals continuously attack acryl-
amide monomers, initiating chain growth and the formation of
linear polyacrylamide segments. The original independent linear
polyacrylamide chains are continuously connected by the cross-
linking agent. When the crosslinking density reaches a certain
level, the originally dispersed and movable linear polymer chains
are woven into a continuous network structure via covalent bonds,
which endows TPA with a rapid water absorption capacity and
certain compressibility.

3.2. Rheological properties and filtration

The effects of AP-1 concentration on the rheological and filtration
properties of base slurry were investigated at different aging times
and 120 °C. The results are shown in Fig. 5. As the concentration of
AP-1 increased, the AV and PV of the system gradually increased, and
the filtration gradually decreased. This is because the increase in AP-
1 concentration directly raises the solid particle concentration in the
system, leading to increased friction and collision probabilities be-
tween solid particles and thus raising the flow resistance of the
system. In addition, AP-1 exerts a certain binding effect on water,

2021

which reduces the free water content in the system. These two
factors ultimately result in the increase in both AV and PV. Moreover,
the increased solid content improves the compactness of the filter
cake, making its structure denser and preventing the liquid phase
from passing through, which is reflected in the decrease in filtration.

At room temperature, 0.5% AP-1 reduced the filtration of base
slurry from 30 to 19 mL. After aging, the base slurry with AP-1 also
exhibited better filtration control. Within the first 2 h of aging, AV,
PV, YP, and FLap; did not change significantly, indicating that AP-1
does not affect the rheological properties during the pumping
process. However, after 16 h, AV, PV, and YP increased significantly.
AP-1 continuously absorbed water, resulting in a decrease in free
water and an increase in viscosity. At this stage, the mismatch
between the particle size of AP-1 and the pore size of filter paper
has a less effect on filtration reduction compared to the decrease in
free water in the slurry, resulting in reduced filtration. This also
demonstrates that AP-1 can maintain structural integrity at 120 °C
and still exist in base slurry (Bai et al., 2023).

3.3. Swelling analysis

The water absorption properties of products composed of
different crosslinking agents are presented in Fig. 6. All products
exhibited rapid water absorption within the first 10 min, with the
swelling ratio rising sharply. The water absorption reached
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Fig. 5. Effect of AP-1 concentration on rheological properties and filtration of the drilling fluid before and after aging at 120 °C: (a) AV, (b) PV, (c) YP, (d) FLap;.
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Fig. 6. Effect of different crosslinking agent compositions on swelling ratio.

equilibrium at 60 min, and no significant changes were observed
thereafter. As the proportion of PEGDA in the crosslinking agent
increased, the maximum swelling ratio increased from 11.46 to
13.74.

The increase in swelling ratio can be attributed to the
polyethylene glycol segments in PEGDA. The hydrophilicity of

2022

polyethylene glycol enhances the hydration effect, which increases
the number of hydrophilic sites in the molecular chain and en-
hances the water absorption capacity. Furthermore, MBA is a
bifunctional small molecule crosslinking agent with a short double
bond spacing, which leads to densely distributed crosslinking
points and a relatively compact crosslinking network. In contrast,
PEGDA has a higher molecular weight and wider double bond
spacing. Its long chain structure reduces the crosslinking density
and forms a looser crosslinking network. Hence, as the PEGDA
proportion increases, the entire crosslinked network structure
becomes sparse, allowing it to absorb more water and increase the
swelling ratio.

3.4. Plugging evaluation

Quartz sand with different mesh sizes was employed to simu-
late geological fractures, and AP-1 was selected to investigate the
plugging performance on quartz sand beds at different concen-
trations, with the results are presented in Fig. 7.

In the 40-70 mesh sand bed, the base slurry permeated at a
relatively fast speed under 0.69 MPa, fully invading the sand bed
within 30 s, and reached an invasion depth of 13 cm. At the AP-1
concentration of 0.5%, the sand bed invasion depth can be greatly
reduced. This phenomenon indicates that AP-1 can form an
effective plugging layer on the sand bed surface, which can block
the invasion of external fluids and thus exert a good plugging ef-
fect. In the 70-120 mesh sand bed, a denser crack structure was
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Fig. 7. Effect of AP-1 concentration on sand bed invasion depth: (a) 40-70 mesh sand bed, (b) 70-120 mesh sand bed.

formed as the grain size of the sand decreases. The invasion depth
of the base slurry was 5.5 cm, which correspondingly decreased
with increasing AP-1 concentration. As the plugging slurry is
injected into the sand bed, AP-1 can further penetrate into the
sand bed pores, and AP-1 particles squeeze against each other to
form a plugging layer. The particles in the subsequent plugging
slurry gradually accumulated on the sand bed surface, preventing
the liquid from penetrating deep into the fractures and making the
plugging more thorough. When the amount of AP-1 increased, the
increase in particles involved in plugging made the formed plug-
ging zone denser. Thus, the invasion depth of sand bed continued
to decrease.

To evaluate the plugging performance of AP-1 under high-
temperature conditions, the base slurry containing AP-1 was aged
at 120 °C for 2 h, following the methodology of Zhai et al. (2020).
The plugging test revealed that the invasion depth increased with
temperature. This can be attributed to the reduced strength of AP-1
after water absorption and its volumetric expansion, which is
insufficient to match the pore throat size. AP-1 can only bridge and
accumulate on sand bed surface without penetrating the pores.
Nonetheless, the results indicate that AP-1 still remains effective
plugging performance even at high temperatures.

A comparison of the plugging performance of AP-1 for different
mesh sand beds revealed that its effectiveness decreased as the
sand size increased. Consequently, the difficulty of plugging rose

(C)

10 4

At 30 °C

Pressure
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with the increase in fracture width. AP-1 had a good ability to plug
the sand beds of varied mesh sizes.

3.5. Pressure-bearing evaluation

When plugging larger leakage channels, the sole use of rigid
particles can achieve a certain degree of bridging, yet it is difficult
to form a high strength and dense plugging layer. In order to form a
strong and dense plugging layer, deformable AP-1 particles were
used in combination with rigid calcium carbonate particles. Under
high pressure, the deformable AP-1 particles fill the voids between
rigid particles (Zhong et al., 2022). The wedge-shaped fracture
with an inlet of 3.0 mm and an outlet of 1.0 mm was selected for
the test. The breakthrough pressure was determined using a
stepwise pressure increase method. The experimental results are
illustrated in Fig. 8.

In the initial stage, the water pump was turned on to raise the
pressure inside the kettle. Once the pressure rose to a certain
value, the pressure was stabilized for a certain time. Subsequently,
the downstream valve was opened, enabling the plugging slurry to
be pressed into the fracture, forming a plugging layer under
pressure. Before the valve was opened, the device was in a closed
and high-pressure state. After the valve was opened, the device
was instantly connected to the atmosphere, resulting in a pressure
release similar to balloon deflation and thus a subsequent pressure

® 1 at120°c

Pressure
| Total loss volume: 32.0 mL

Pressure, MPa

Time, min

Fig. 8. Pressure curve: (a) 30 °C, (b) 120 °C.
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drop. The pressure then increased incrementally to test the
pressure-bearing limit of the plugging layer. The stable pressure-
bearing capacity of the plugging layer reached 6.75 MPa at 30 °C
and 6.49 MPa at 120 °C, and the total leakage volume was 25.0 and
32.0 mlL, respectively. The pressure-bearing capacity only slightly
decreased under higher temperature, which demonstrates that
AP-1 has excellent plugging and pressure-bearing capacity at
120 °C, and the composite plugging material can effectively plug
the wedge-shaped fracture with an inlet of 3.0 mm and an outlet of
1.0 mm.

3.6. Reservoir protection performance evaluation

Experiments were conducted using two fractures and different
plugging materials (Jia et al., 2020), with the results presented in
Fig. 9 and Table 3. It can be seen from the permeability change
curve that AP-1 particles swelled in the early stage, and the
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permeability change was not obvious. After that, its degradation
accelerated and the permeability increased rapidly. In the experi-
ment with AP-1, the permeability recovery rate reached 95.31%.
When bridging materials (CaCO3) were also used, the permeability
recovery rate exceeded 85%. On the one hand, AP-1 can achieve
effective degradation, and on the other hand, the small bridging
particles can flow back, while large particles exert a supporting
effect in the fracture to prevent fracture closure and maintain
conductivity (Guo et al., 2025). The results demonstrate that AP-1
can effectively degrade, exerting less harm to the core, and ex-
hibits excellent reservoir protection performance.

3.7. Degradation behavior and performance evaluation
3.7.1. Effect of temperature on degradation time

To investigate the effect of temperature on degradation time,
AP-1 was selected to determine its degradation time at different
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Fig. 9. Permeability curve: (a) AP-1, (b) AP-1 + CaCOs.

Table 3
Permeability recovery tests.

Core No. Plugging material Permeability, mD Plugging rate, % Permeability recovery rate, %
Ky Ky K3
1 AP-1 835.335 77.205 796.178 90.76 95.31
2 AP-1 + CaCOs3 1009.018 14.220 878.542 98.59 87.07
(a) (b) 75 548
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Fig. 10. (a) Effect of temperature on degradation time, (b) degradation time of TPAs at 120 °C.
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temperatures and compared with the degradation of polylactic
acid. The results are presented in Fig. 10(a).

The degradation time of AP-1 at 100 °C was 248 h, which was
200 h longer than that of PLA. Heating effectively activates the
movement of PLA molecular chain segments. At this state, PLA
particles enter a viscous flow state, where water molecules easily
penetrate, and accelerate the degradation. However, AP-1 has a
three-dimensional network, which shows a slower degradation
process. When the temperature rose to 150 °C, the degradation time

—OH —NH; —CH— C=0-C00"~

\N

4000

_—

3500 3000 2500 2000 1500 1000 500
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Fig. 11. Structural changes of AP-1 during degradation.

Petroleum Science 23 (2026) 2017-2029

of both AP-1 and PLA decreased significantly, with 20 h for AP-1 and
8 h for PLA. The thermal motion of water molecules becomes more
intense, accelerating the hydrolysis reaction rate of ester and amide
groups in the molecular structures of PLA and AP-1 (Xu et al., 2024).
It causes the cleavage of molecular chains in PLA and AP-1 struc-
tures (Xiong et al., 2018), contributing to increased degradation rate.

In summary, the degradation rate exhibits a positive correlation
with temperature. As the temperature increases, the thermal
motion of water molecules intensifies, and thus effectively accel-
erates the hydrolysis of weak chemical bonds, resulting in an in-
crease in the degradation rate.

3.7.2. Effect of crosslinking agent ratio on degradation time

The degradation time of products with crosslinker was
measured at 120 °C, and the gel strength was determined using a
Brookfield CT3 texture analyzer. The results are presented in
Fig. 10(b). The degradation time of AP-1 exhibited a linear corre-
lation with PEGDA proportion. As the PEGDA proportion increased,
the degradation time of AP-1 was reduced accordingly. When the
PEGDA proportion increased from 10% to 50%, the degradation
time was reduced from 72 to 60 h, indicating that the degradation
time can be adjusted by changing PEGDA percentage in cross-
linking agents to meet engineering requirements.

The change in degradation time is closely related to the change
in the internal crosslinking network. When the proportion of
PEGDA increases, the ester group content in AP-1 rises, and the
crosslinking structure transforms from dense to loose. This
structural evolution does harm to the stability of the network and
makes the latter easier to degrade.

Fig. 12. Morphological changes of AP-1 during degradation.
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3.7.3. Structural changes in the degradation process

Fig. 11 shows the infrared spectra of degraded AP-1 at different
degradation stages. The absorption peaks appear to be roughly
unchanged. The peak at 2930 cm™! corresponds to the asymmetric
stretching vibration of methylene ~CH,-, the peak at 1730 cm™!
corresponds to the C=0 stretching vibration in ester group, and
the peak at 1640 cm™! corresponds to C=0 absorption peak in
amide group. As degradation proceeded, the absorption peak
corresponding to ester group gradually decreased, due to the
cleavage of the functional group. This phenomenon signifies the
disappearance of crosslinking points formed by PEGDA, leading to
the disintegration of gel network and the continuous degradation
of internal PLA. The degradation of amide groups causes a slight
weakening of the —-CH,— absorption peak, while the absorption
peak corresponding to ~-COO~ (1540 cm™!) gradually increased.
This indicates that amide groups undergo hydrolysis to form car-
boxylic acid groups in aqueous solution (Luo et al., 2023). A broad
absorption peak appeared at approximately 3400 cm™!, which is
attributed to carboxylic acid groups, alcohols, and carboxylic acids
generated by amide hydrolysis (Ma et al., 2015; Zhang et al., 2023).
The analysis above demonstrates that AP-1 degradation is mainly
caused by the cleavage of amide and ester groups.

3.7.4. Morphological changes in the degradation process

In order to study the macroscopic and microscopic morpho-
logical changes of AP-1 during the degradation process, a combi-
nation of macroscopic and microscopic characterization methods
was adopted to observe the morphology under 120 °C. The hy-
drophilic groups and three-dimensional network structure endow

Petroleum Science 23 (2026) 2017-2029

AP-1 with water absorption and swelling capabilities. In the initial
stage, AP-1 gradually absorbed water and swelled, leading to an
increase in volume and mass. Once water absorption reached
saturation, AP-1 began to degrade under the sustained influence of
temperature.

As shown in Figs. 12 and 13, the degradation process of AP-1
presents stage-wise characteristics. After 10 h of degradation,
AP-1 retained a complete structure with well-defined edges and
corners. At this stage, the high-temperature environment pro-
moted the movement of small molecules, with a large percentage
of water molecules penetrating into AP-1 and causing swelling and
expansion. After 20 h of degradation, AP-1 exhibited no obvious
change but showed a slight decrease in strength. Partial cross-
linking sites fractured, resulting in an irregular network structure.
After 30 h of degradation, the edges of AP-1 began to disappear and
its strength declined further, but it still maintained a relatively
intact macroscopic morphology. Its microscopic morphology
showed a complex porous network structure. Due to the disap-
pearance of the crosslinking sites, some holes collapsed, and the
exposed PLA particles initiated degradation. After 40 h of degra-
dation, obvious cracks appeared on AP-1, the degradation solution
became turbid, and some degradation products formed a white
film at the bottom of the container. The microstructure showed
flake-like structures with varying sizes, overlapping and wrinkling
features, and PLA particles were visible on the surface. After 50 h of
degradation, AP-1 disintegrated into smaller fragments with the
shell layer basically degraded. The released PLA particles aggre-
gated at the bottom of the container, and the microstructure was
porous and irregularly flaky, which was caused by molecular chain

100 pm
—

Fig. 13. Microstructural changes of AP-1 during degradation.
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Fig. 14. Synthesis, swelling, and degradation of AP-1.

cleavage and structure disintegration during the degradation
process. In the final stage, the remaining substances were
degraded into water-soluble small-molecule monomers, and
no visible network structure remained at the microscopic level.
Ultimately, AP-1 degraded into a light yellow, low-viscosity
solution.

3.8. Mechanism of synthesis and self-degradation of AP-1

The synthesis and self-degradation mechanisms of AP-1 are
illustrated in Fig. 14. During the synthesis, under the synergistic
effect of crosslinking agent MBA and PEGDA, acrylamide mono-
mers form a three-dimensional network structure through free
radical polymerization reaction, with the PLA particles encapsu-
lated as the core. The hydrophilic groups in AP-1, together with the
three-dimensional network structure, endow it with the ability to
absorb water and swell. During the degradation, sustained heating
renders AP-1 shell porous and exposes part of the PLA. Water
molecules penetrate into the interior and continuously interact
with PLA, causing the cleavage of amide and ester groups. This
leads to the gradual disappearance of crosslinking points, the
progressive disintegration of the three-dimensional network
structure, and the formation of a folded flake structure. Subse-
quently, the structure gradually degrades into irregular linear
chains, which are no longer capable of encapsulating PLA as the
core. The exposed PLA undergoes further degradation and
completely breaks down.

4. Conclusions

In this study, a self-degradable temporary plugging agent (TPA)
was prepared via free radical polymerization in aqueous solution.
Its chemical structure and thermal stability were characterized by
infrared and thermogravimetric analysis, and its core-shell
structure was confirmed by optical microscopy and scanning
electron microscopy. The rheological properties, filtration,
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plugging and pressure-bearing performance, and degradation of
TPA (AP-1) were tested. The findings are as follows:

(1) AP-1 has little impact on the rheological properties of base
slurry, exhibiting excellent compatibility with base
slurry and enabling effective reduction of filtration.
When 0.5% AP-1 was used, mud filtration can be reduced by
11 mL.

(2) Sand bed plugging experiments showed that AP-1 forms an
effective plugging layer on the sand bed surface. For 40-70
mesh sand bed, it reduced the invasion depth from 13 to
1.3 cm, while it reduced the invasion depth from 5.5 to
0.9 cm for 70-120 mesh sand bed.

(3) The pressure-bearing experiment indicated that the syner-
gistic effect of using AP-1 as filler particles in collaboration
with rigid bridging particles (CaCOs). This collaboration
enabled the plugging system to achieve a pressure-bearing
capacity of 6.75 MPa.

(4) By adjusting the proportion of crosslinking agent, the
swelling ratio of TPA can be increased from 11.46 to 13.74,
and its degradation time can be regulated within the range
of 60-72 h. The degradation mechanism was
speculated, mainly due to the cleavage of amide and ester
groups.

In summary, the introduction of unstable crosslinking points
into TPA structure enables self-degradation under high tempera-
tures, resulting in minimal reservoir damage. Additionally, the
degradation duration of TPA can be adjusted through the design of
the synthetic formulation.
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