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a b s t r a c t

CO2 flooding is a vital development method for enhanced oil recovery in low-permeability reservoirs.
However, micro-fractures are developed in low-permeability reservoirs, which are essential oil flow
channels but can also cause severe CO2 gas channeling problems. Therefore, anti-gas channeling is a
necessary measure to improve the effect of CO2 flooding. The kind of anti-gas channeling refers to the
plugging of fractures in the deep formation to prevent CO2 gas channeling, which is different from the
wellbore leakage. Polymer microspheres have the characteristics of controllable deep plugging, which
can achieve the profile control of low-permeability fractured reservoirs. In acidic environments with
supercritical CO2, traditional polymer microspheres have poor expandability and plugging properties.
Based on previous work, a systematic evaluation of the expansion performance, dispersion rheological
properties, stability, deep migration, anti-CO2 channeling and enhanced oil recovery ability of a novel
acid-resistant polymer microsphere (DCNPM-A) was carried out under CQ oilfield conditions (salinity of
85,000 mg/L, 80 �C, pH ¼ 3). The results show that the DCNPM-A microsphere had a better expansion
performance than the traditional microsphere, with a swelling rate of 13.5. The microsphere dispersion
with a concentration of 0.1%e0.5% had the advantages of low viscosity, high dispersion and good
injectability in the low permeability fractured core. In the acidic environment of supercritical CO2,
DCNPM-A microspheres showed excellent stability and could maintain strength for over 60 d with less
loss. In core experiments, DCNPM-A microspheres exhibited delayed swelling characteristics and could
effectively plug deep formations. With a plugging rate of 95%, the subsequent enhanced oil recovery of
CO2 flooding could reach 21.03%. The experimental results can provide a theoretical basis for anti-CO2

channeling and enhanced oil recovery in low-permeability fractured reservoirs.
© 2024 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

Recently, there has been an increasing focus on carbon capture
and sequestration. Some oilfields or oilfield service companies are
gradually moving towards to carbon capture, utilization and
sequestration (CCUS) (Liu et al., 2022; Ren et al., 2022; Suicmez,
eep Oil and Gas, China Uni-
handong, PR China
ng).

y Elsevier B.V. on behalf of KeAi Co
2019). Some oilfields in China (Changqing, Yanchang, Shengli, Jilin,
etc.) use CO2 to enhance oil recovery (EOR) to achieve “carbon uti-
lization”, and these oilfields all have low-permeability characteristics
(Li et al., 2014, 2018; Lv et al., 2021a; Ren et al., 2016). CO2 has the
advantages of low mobility, similar polarity with crude oil, expand-
able crude oil and easy mixing, which have been considered in the
development of low-permeability oilfields (Kang et al., 2021).
Furthermore, due to the poor physical properties of the low-
permeability reservoir, CO2 flooding has more significant advan-
tages than water flooding. Artificial fracturing is often used to
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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increase the oil drainage area in low-permeability reservoirs, which
leads to the problem of gas channeling when CO2 flooding is used,
resulting in serious effects on oil field development. Therefore, the
problem of anti-gas channeling in low-permeability fractured res-
ervoirs flooded with CO2 has existed for a long time (He et al., 2015).

The reservoir formation is acidic due to the long-term CO2 oil
displacement. To prevent CO2 gas channeling, many scholars have
proposed several methods, including water-alternating-gas injec-
tion (WAG), CO2 thickening, CO2 foam, polymer gel, polymer gel
particles (microspheres), etc. (Guzm�an-Lucero et al., 2022; Pal et al.,
2022; Rahmani, 2018; Ren and Duncan, 2021; Paul and Bai, 2015;
Yang et al., 2023b). Some studies of anti-CO2 gas channeling in low-
permeability reservoirs in the last three years are listed in Table 1.
Among them, the cost of the auxiliary agent (siloxane-type poly-
mer, fluorine surfactant) used for CO2 thickening is high and its
application is limited. The cost problem also exists for the CO2-
responsive wormlike micelles. WAG, CO2 foam, polymer gel and
polymer gel particles aremainly used, which has excellent plugging
performance and enhanced oil recovery effect in laboratory
research. However, some serious problems have arisen in the
practical application of these plugging agents. For example, the
long-term stability of CO2 foam is poor (the fracture cannot provide
the porous medium to generate bubble). The short-term WAG
shows some effect but the long-term EOR is poor. And the near-well
plugging strength of polymer gel is too high to plug the fracture of
the far-well. In recent years, polymer gel particles have shown great
promise for immiscible CO2 plugging in the far well zone of frac-
tured reservoirs due to their advantages of controllable particle
size, deep migration, accumulation and plugging (Zou et al., 2018).

In low-permeability oilfields where CO2 flooding is used, the
pressure and temperature near the injectionwell are usually higher
than the CO2miscible flooding conditions (Ji et al., 2023). Therefore,
the problem of CO2 gas channeling often occurs in the far-well zone,
Table 1
Anti CO2 gas channeling research over the last three years.

Experimental conditions Type of
plugging
agent

Characteristics

Temperature,
�C

Salinity,
mg/L

40 e Thickened
CO2

The viscosity of supercritical CO2 can be inc
80 e Polydimethylsiloxane-thickened CO2 can inc

permeability is below 10 � 10�3 mm2 and th
47 e When the mass concentration of thickener w
85 e WAG The graft copolymer-enhanced WAG proces

conventional and HAPM-enhanced WAG pro
70 29,520 Under miscible conditions of 18 MPa, WAG

flooding. The oil in the low permeability lay
65 Deionized

water
CO2 foam CO2 foam enhanced oil recovery by 11.4% in

40 9974.6 CO2 foam enhanced oil recovery by 18.2%e3
51.0.

50 Deionized
water

The surface-modified silica (SiO2) reinforced

85 80,113.18 Polymer gel When the core permeability is 1.275 mm2, th

e Deionized
water

For the fractured core with permeability of 81
13.3% and 94.62%, respectively.

45 NaCl with
10,000

The plugging efficiency of polymer gel can r

e 240,476.6 Polymer gel
particle

The plugging rate of particle was 99.83% wh

55 e Compared with single-layer sandpack, CO2-
two-layer sandpack.

68 20,512.59 The plugging efficiency of CO2-responsive pr
by 23.1%.

50 15,063 Wormlike
micelles

Wormlike micelles enhanced oil recovery by
90 20,102.4 Combined CO2-responsive gel particle with

e16%.
25 NaCl with

5000
The plugging rate of CO2-switchable wormli
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which requires the plugging agent to have the characteristics of
“easy injection, far migration, strong plugging and stable resis-
tance”. Polymer gel particles (microspheres) can meet the re-
quirements of anti-CO2 channeling in low-permeability fractured
reservoirs (Amir et al., 2022; Elsharafi and Bai, 2016, 2017; Yang
et al., 2023a). In terms of the characteristics of the low-
permeability micro/nano-pore throat, the nano-polymer micro-
spheres (particles) stand out in the anti-CO2 gas channeling due to
its characteristics of controllable particle size, excellent swelling
performance (Liu et al., 2020; Zou et al., 2020). During field
implementation, the traditional nano-polymer microsphere is
limited due to its poor swelling, low plugging strength and poor
stability in the acidic reservoir environment of CO2 flooding.
Therefore, the research and development of nano polymer micro-
sphere with acid-resistance is a frontier work for anti-CO2 chan-
neling, which has the characteristics of “easy injection, far
migration, strong plugging and stable acid-resistance” to meet the
CO2 flooding plugging application in acidic reservoir environment.

In the previous research, we developed a novel nano-polymer
microsphere (DCNPM-A) with delayed swelling performance,
which can meet the characteristics of “easy injection and far
migration” (Zhou et al., 2022a). In themolecular structural design, a
cationic monomer named diallyl dimethylammonium chloride
(DMDAAC) was introduced into the microsphere structure to give
the microsphere the advantage of acid-resistance. In this study, we
mainly evaluated the performance of nano-polymer microspheres
in acidic environments, including swelling performance, inject-
ability, stability and laws of deep migration. Combined with CO2
flooding and anti-gas channeling experiment, we systematically
explored the anti-CO2 gas channeling performance of the micro-
sphere to meet the characteristics of “easy injection, far migration,
strong plugging and stable acid-resistance”. It provides theoretical
research and technical support for anti-CO2 gas channeling of nano-
Reference

reased to 14.87 mPa s with the vinyl polysiloxane thickener. Zhao et al. (2022)
rease the oil recovery factor by 6%e15% when the core
e pressure is 21 MPa.

Gandomkar et al.
(2021)

as 5%, the viscosity of CO2 was increased by 297 times. Dai et al. (2022)
ses can increase 21%e22% total oil recovery than the
cesses.

Luo et al. (2021)

can improve the oil recovery by 16.9% compared with CO2

er is effectively used.
Wang et al. (2020)

the core with permeability of 2.4 mm2. Lv et al. (2021b)

9.4% when the core permeability contrast ranged from 3.6 to Ding et al. (2022)

CO2 foam can improve oil recovery by 15%. Risal et al. (2019)

e plugging rate of polymer gel was 98.33%. Zhou et al. (2022b)
� 10�3 mm2, the enhanced oil recovery and plugging rate are Canbolat and

Parlaktuna (2019)
each over 99.99% in the fractured core. Song et al. (2022)

en the concentration is 0.5%. Zhang et al. (2022)

induced hydrogel can effectively improve the oil recovery of Nguele et al. (2021)

eformed gel particles is 99%, and the oil recovery is increased Pu et al. (2021)

21.7% in the core with 0.25 mm fracture. Shen et al. (2021)
wormlike micelles, the system enhanced oil recovery by 4% Du et al. (2022)

ke micelles was 99.3%. Yang Z. et al. (2019)
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polymer microspheres in low-permeability fractured reservoirs.

2. Materials and methods

2.1. Materials and instruments

DCNPM-A microsphere was prepared in the laboratory, and its
specific synthesismethodwasmentioned in a previous study (Zhou
et al., 2022a). DCNPM microspheres were prepared by removing
the acid-resistant monomer DMDAAC from the synthesis formula
of DCNPM-A microspheres. SCNPM-A microspheres were single
crosslinking microspheres with acid-resistant monomer DMDAAC.
SCNPM microspheres were traditional microspheres without
DMDAAC and unstable crosslinking agent. Themolecular structures
of these four microspheres are shown in Fig. S1. NaCl, CaCl2, BaCl2,
NaHCO3 and HCl (analytical grade) were purchased from the
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). CO2 (>
99%) was purchased from Qingdao Deyi Gas Co., Ltd. Crude oil was
provided by CQ Oilfield with a viscosity of 5 mPa s at 80 �C. The
ionic composition of the simulated formation water from the CQ
oilfield is shown in Table 2. Deionized water was produced by
double distillation in the laboratory (resistivity ¼ 18.4 MU cm).

2.2. Methods

2.2.1. Swelling rate
The swelling property of the microspheres is characterized by

the swelling rate using the volume method (Tang et al., 2020). The
0.5 mL dry microsphere powder and 20 mL simulated formation
water were added to a 25-mL test tube; the test tube was sealed
and placed in an oven. The volume of the microspheres after
swelling at different temperatures, salinities, pH values and hy-
dration times was recorded. The swelling rate of the microspheres
was calculated by Eq. (1).

Rs ¼ Vt

V0
(1)

where Rs is the swelling rate; Vt is the swelling volume of the
microsphere, mL; V0 is the initial volume of the microsphere, mL.

2.2.2. Rheological measurement
The apparent viscosity and shear viscosity of the microsphere

dispersionwere measured using an Anton Paar rheometer (Austria,
MCR301) with the coaxial cylinder system (CC27). The rheometer
was equipped with Peltier temperature control software, which
could control the temperature error within ±0.1 �C. Microsphere
dispersions with mass concentrations of 0.1%, 0.3% and 0.5% were
preheated at 80 �C for 10 min. The apparent viscosity of the
microsphere dispersions was measured at a shear rate of 7.34 s�1.
The shear viscosity of themicrosphere dispersionswasmeasured at
shear rates ranging from 0.1 to 4000 s�1.

Due to the circular shape of the polymermicrospheres, there is a
slip phenomenon when using a rheometer flat plate system to test
viscoelasticity. To avoid the problem of slip phenomenon, the plate
visualization system of the rheometer (PP43) was used to test the
viscoelasticity through the microsphere body gel (Yang et al., 2018).
By using the dynamic oscillation method, the gap was set as half of
Table 2
Composition of simulated formation water in CQ oilfield.

Ion Ca2þ Ba2þ Naþ

Concentration, mg/L 1506 5076.57 287
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the body gel thickness, the frequency was fixed at 1.0 Hz and the
strain was changed to test the linear platform of viscoelasticity.
Particular strain was fixed in the linear platform and the visco-
elasticity test was performed on the body gel in the frequency range
of 0.1e10 Hz.

2.2.3. Stability

(1) Thermogravimetry (TGA)

Thermal stability of microspheres was tested using a thermog-
ravimetric analyzer (China, HS-TGA-101). Among them, the nitro-
gen protective atmosphere was set, the test temperature range was
set to 40e800 �C and the heating gradient was set to 15 �C/min.

(2) Dispersibility

The microsphere dispersions with mass concentrations of 0.1%,
0.3%, and 0.5% were prepared by ultrasound to ensure thorough
dispersion. Microscopic dispersions were tested using a Formula-
tion Stability Analyzer (France, TURBISCAN Lab). Before testing, the
dispersion was thoroughly shaken and placed in the instrument.
The instrument temperature was set at 80 �C and the height of the
sample was 50 mm. The sample was scanned every 2 min for 1 h.
The Turbiscan stability index (TSI) value of the dispersion solution
can determine the dispersion stability of microspheres. The TSI was
calculated by Eq. (2).

I¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i�1ðxi � xbsÞ2
n� 1

s
(2)

where I is the Turbiscan stability index, the higher the TSI value, the
less stable the dispersed system; n is the scan times; xi is the
backscattered light intensity at the scan time of i; and xbs is the
average backscattered light intensity.

(3) Long term stability

Under high temperatures, high salinity and highly acidic envi-
ronment (80 �C, 85,000 mg/L and pH ¼ 3), DCNPM-A microsphere
and SCNPM microsphere were placed in ampoule bottles and
sealed in the oven for a long time. The microspheres were visually
inspected periodically for fragmentation or deterioration to
observe their long-term stability.

In order to quantitatively characterize the long-term stability
strength of the microspheres, the viscoelasticity of the micro-
spheres in the supercritical CO2 state (80 �C, 8 MPa) was deter-
mined. Firstly, the viscoelasticity of the body gel was tested after
water absorption. Secondly, the body gel was placed in a container
resistant to high temperature, high pressure and CO2; 1/2 volume of
simulated formationwater was added to the container and CO2 was
injected to 7MPa. The container was placed in an oven at 80 �C, and
under the effect of thermal expansion, the pressure exceeded
8 MPa, causing the CO2 to be in a supercritical state. After 60 d, the
viscoelasticity of the body gel was tested.

The body gel was prepared as follows (Yang et al., 2018). An
initiator was added to the aqueous formulation of microspheres
and poured into a homemade etching reaction container with
HCO�
3 Cl� Salinity

45.17 129.48 49596.26 85053.48
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dimensions of 150 mm� 100mm� 3 mm (Fig. 1(a)). The container
was sealed and allowed to react at 40 �C for 2 h to obtain the
schistose body gel. The body gel was formed into a uniform cylin-
drical sheet with dimensions of 15 mm � 3 mm (Fig. 1(b)) to obtain
the sample for the viscoelasticity test.
2.2.4. Core flooding

(1) Injectability of microsphere dispersion

The experimental flowchart of the microsphere injection is
shown in Fig. 2(a). An artificial core (F2.5 cm � 10 cm) containing
unsaturated crude oil with different crack widths (0.03, 0.05, and
0.1 mm) was used for the experiment, as shown in Fig. 3. Micro-
sphere dispersion with a concentration of 0.5% was continuously
injected at a temperature of 80 �C and an injection rate of 0.5 mL/
min. The differential pressure between the injection end and the
production end was recorded in real time.

(2) Migration experiment

As shown in Fig. 2(b), a long fractured core model
(F2.5 cm� 30 cm) with three pressure taps was used to investigate
the migration of DCNPM-A microsphere dispersion. The pressure
observation points were divided into injection point A, pressure
points B and C on the core holder. The specific experimental pro-
cedures are as follows. A microsphere dispersion solution with a
concentration of 0.5% was prepared for use. 2 PV formation water
was injected and then the microsphere dispersion was transferred.
The migration of microspheres was analyzed by the differential
pressure change at three pressure measurement points.

(3) Relationship between plugging rate and enhanced oil
recovery

The experimental process is shown in Fig. 2(a), where a frac-
tured heterogeneous core model (F2.5 cm � 10 cm) was used to
study CO2 oil displacement and anti-gas channeling. The core was
saturated with CQ oilfield crude oil at an experimental temperature
of 80 �C. The confining pressure was set at 15 MPa and the back-
pressure at the end of the core holder was set at 8 MPa (to ensure
supercritical CO2 flooding). The CO2 gas injection rate was fixed at
0.1 mL/min. The enhanced oil recovery effect was calculated at
different plugging rates by varying the injection parameters (in-
jection rate, injection quantity, etc.) of the DCNPM-A microsphere
dispersion.
Fig. 1. Preparation molds and samples for body gel. (a) Reaction container; (b) Body
gel.
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3. Results and discussion

3.1. Swelling performance with different influence factors

The water swelling property of microspheres is a significant
index to evaluate its plugging performance. This section investi-
gated the swelling performances of DCNPM-A microspheres with
various influencing factors compared with traditional micro-
spheres. Based on previous studies and the exploration of current
performance, the acid-resistance mechanism of the DCNPM-A
microsphere was described. Fig. 4 shows the influence of temper-
ature, hydration time, pH value and salinity on the swelling rate of
the DCNPM-A microsphere.

3.1.1. Temperature
In Fig. 4(a), with the increase in temperature, the swelling rate of

both microspheres was increased, and the DCNPM-A microsphere
was always higher than that of the SCNPM-A microsphere. When
the temperature was higher than 60 �C, the swelling change rate of
the DCNPM-A microsphere was higher than that of the SCNPM-A
microsphere, showing the characteristics of secondary swelling.
Due to macromolecular crosslinking agent UCA, the DCNPM-A
microsphere has strong crosslinking flexibility under the same
crosslinking density. Therefore, the DCNPM-A microsphere has
high water absorption below 60 �C. Above 60 �C, the ester bond in
UCA is gradually broken, the crosslinking density of the DCNPM-A
microsphere is decreased, and the internal network structure be-
comes loose, so its swelling rate will suddenly increase, resulting in
secondary swelling.

3.1.2. Hydration time
In Fig. 4(b), the DCNPM-Amicrosphere showed delayed swelling

in the water absorption time of 0.17e0.50 d. The previous research
(Zhou et al., 2022a) thoroughly analyzed that the double-
crosslinking structure made the microsphere possess the charac-
teristics of delayed swelling, which was caused by the breakage of
the unstable crosslinking agent inside the microsphere.

3.1.3. pH value
In Fig. 4(c), as the formation water acidity increased, the

swelling rate of traditional DCNPM microspheres decreased, while
DCNPM-A microspheres were less affected by pH value. It showed
that DCNPM-A microspheres had excellent acid-resistance and
were suitable for use in CO2 flooding reservoirs. For DCNPM
microsphere, as the pH value decreased, i.e., the concentration of
Hþ increased, Hþ was combined with the hydration groups eCOO�

on the molecular chain, resulting in weakened hydration and mo-
lecular curling due to the decrease in repulsive force, which led to
the weakening of the swelling performance and acid-resistance.
However, the acid-resistant cationic monomer DMDAAC was
introduced into the DCNPM-A microsphere. The cationic group
existed on the molecular chain of the microsphere, and there was
electrostatic repulsion between eNþ and Hþ, making it is difficult
for Hþ to combine with the anionic group. To some extent, the acid-
resistance of the microsphere was achieved. On the other hand, the
unstable crosslinking agent UCA could release eCOO� after the
ester bond was broken and decomposed, which could combine
with Hþ as a “sacrificial agent” to some extent to improve the acid-
resistance of the microsphere.

3.1.4. Salinity
In Fig. 4(d), with the increase in salinity, the swelling charac-

teristics of the microspheres become worse, but the DCNPM-A
microsphere still had a high swelling rate of 13.5 at the salinity of
85,000mg/L. The electrical layer is compressed and thins as salinity



Fig. 2. Flow chart of the core displacement experiment.

Fig. 3. Artificial fractured core. (a) Top view; (b) Side view.
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increases, causing the hydrodynamic radius of the microsphere to
decrease and its swelling performance to worsen (< 25,000 mg/L)
(Wang et al., 2022). With the further increase in salinity, the hy-
dration layer and the double electric layer are further compressed.
However, the more salt ions also penetrate the space structure of
the microsphere, the higher the osmotic pressure inside and
outside the structure, the more the free water enters the structure
to increase the swelling. Under the influence of the compression of
the hydration layer and the double electrical layer and the osmotic
pressure, the overall swelling performance of the microsphere
slows down compared to that at low salinity. However, the overall
decrease still shows that the effect of osmotic pressure is less than
that of the compressed double electric layer, so the swelling
property of microspheres decreases slowly (25,000e80,000 mg/L).

In short, under the harsh conditions of 80 �C, 85,000 mg/L and
pH ¼ 3, the DCNPM-A microsphere has the characteristics of sec-
ondary expansion and delayed swelling. Under acidic conditions,
DCNPM-A microsphere has better expansion performance than the
traditional microsphere, which makes DCNPM-A microsphere has
the characteristics of “low expansion factor migration near thewell,
high expansion factor plugging far well”. It can penetrate the for-
mation to achieve plugging under the control of temperature and
time. It is beneficial to prevent CO2 gas channeling in the far-well
zone.

3.2. Acid-resistant mechanism

To establish the relationship between microstructure and per-
formance, the micromorphology of the DCNPM-A microspheres at
low and high temperatures was studied by atomic forcemicroscopy
(AFM). In the low temperature image (Fig. 5(a)), the highest peak
2424
was 31.0 nm. The highest peak in the high temperature image
(Fig. 5(b)) was 393.8 nm. The main reason for the above phenom-
enon was that in the AFM image, the deformation signal in the
vertical direction reflected the change in sample shape. In the low
temperature image, because the eater bond in the UCA was not
broken, the crosslinking density of gel microspheres was dense, the
three-dimensional network crosslinking structure was also dense
and the peak height on the AFM image was low. In the high tem-
perature image, the crosslinking structure of the three-dimensional
network was weak due to the broken of the eater bond in UCA.
Therefore, the AFM images at high temperatures showed higher
peaks.

Based on the influencing factors of microsphere swelling prop-
erty and its crosslinking images of AFM, the acid-resistant mecha-
nism of DCNPM-A microsphere was proposed as follows.

On the one hand, the cationic charge causes the microsphere to
absorbwater and expand. Since there are carboxylate groups on the
molecular chain of the traditional microsphere and the CO2 flood-
ing formation is acidic, the carboxylate radicals on the molecular
chain combine with the free hydrogen ions in the formation water
to form carboxylic acid, which causes the molecular chain of the
microsphere to have no charge. The hydration ability and expan-
sion performance become poor. DCNPM-A microspheres can ach-
ieve excellent expansion in acidic formation, and its acid-resistant
mechanism is shown in Fig. 6. The cationic monomer DMDAAC is
introduced into the DCNPM-A microsphere, and the molecular
chain of the microsphere contains sulfonate and ammonium group,
which can be formed into “internal salt bond”. While the micro-
sphere is in acidic formation, hydrogen ions are distributed in the
outer layer of the sulfonate to form a double electrical layer to
shield its anionic charge, and the “internal salt bond” is opened. The



Fig. 4. Swelling performance of the DCNPM-A microsphere varies with different factors.

Fig. 5. AFM images of microsphere at low (a) and high (b) temperatures.
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ammonium group is exposed on the molecular chain and osmotic
pressure is created due to the charge imbalance inside and outside
the microsphere, allowing the microsphere to absorb water and
expand under acidic formation.

On the other hand, unstable crosslinking leads to secondary
expansion of the microspheres. There are ester bonds in the
2425
unstable crosslinking agent UCA. When the formation temperature
reaches the ester bond breaking temperature, the internal cross-
linking density of the microsphere decreases due to the breaking of
ester bond. Therefore, the microsphere can absorb water and
expand further in the acidic environment. The two aspects
mentioned above improve the expandability of the microspheres



Fig. 6. Acid-resistant mechanism of the DCNPM-A microsphere.
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during acidic formation and their acid-resistance.

3.3. Viscosity and injectability of microsphere dispersion

The low shear-viscosity and high injectivity are crucial for the
field applications of microsphere dispersions during their pumping
process. Thus, they need to be intrinsically investigated in the
laboratory tests.

3.3.1. Dispersion viscosity
Viscosity affects the injectivity and migration of the profile con-

trol system. It is an essential index of microsphere dispersion.
Moreover, the change in viscosity can reflect the microscopic force in
the microsphere dispersion. Fig. 7 shows the viscosityetemperature
curve of DCNPM-A microsphere dispersion at different concentra-
tions. In the range of 25e90 �C, the dispersion viscosity is all lower
than 1.4 mPa s. The dispersion viscosity shows a slow, rapid and
stable trend with increasing temperature. Furthermore, the disper-
sion viscosity increases with the increase in concentration. At low
temperatures, the microspheres have low expansion and high
Fig. 7. Viscosityetemperature relationship of the DCNPM-A microsphere dispersion.
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hardness, resulting in an enormous impact on the measuring rotor,
and the molecular thermal movement is not violent. Hence, the
microspheres are mostly aggregated and the dispersion viscosity is
high. In the range of 25e40 �C, as the temperature increases, the
hardness of the microspheres becomes lower due to the increased
hydration ability, and the dispersion viscosity shows a slight
decreasing trend. In the range of 40e70 �C, the temperature is
higher, the molecular thermal movement is intensified and the
dispersion of microspheres is better, so the viscosity change rate is
fast. In the range of 70e90 �C, the microsphere exhibits secondary
and complete expansion. The temperature has little effect on the
dispersion viscosity, so the viscosity tends to be stable. Li et al. (2015)
proposed a mechanism of “entanglement thickening” for the outer
layer of microspheres. The polymer chain layer outside the micro-
sphere is relatively loose, and weak mutual penetration can occur
between two microspheres, resulting in entanglement. Therefore,
the dispersion viscosity will increase with the “entanglement
thickening”. There is a critical concentration of “entanglement
thickening”. Above this concentration, the entanglement of the mi-
crospheres and the osmotic compression of the anti-ions will reduce
the specific volume and viscosity of the microspheres. It can be seen
from Fig. 4 that this phenomenon is more evident at 40e60 �C. At
this point, the entanglement mechanism plays a leading role. As the
concentration of microsphere dispersion increases from 0.1% to 0.3%,
the entanglement mechanism is conducive to the increase in vis-
cosity. When the concentration increased from 0.3% to 0.5%, the
critical concentration was exceeded, resulting in a decrease in the
specific volume and viscosity of the microspheres due to the
entanglement mechanism. When the temperature is higher than
60 �C, the molecular thermal motion dominates and the micro-
spheres are not easily entangled, so the viscosity increases with the
increase in concentration.

3.3.2. Shear thickening
During injection and migration, microspheres are subjected to

the shear action of the wellbore and formation. The viscosity of the
microsphere dispersion is influenced by the shear rate magnitude,
which subsequently affects injection and migration. The effect of
the shear rate on the viscosity of the microsphere dispersion is
mainly investigated in this section. Fig. 8 shows the viscosity of
DCNPM-A microsphere dispersion at various temperatures and
concentrations as a function of shear rate. The viscosity of the
microsphere dispersion decreased initially and then increased as



Fig. 8. Shear viscosity of the DCNPM-A microsphere dispersion. Fig. 9. Differential pressure of DCNPM-A microsphere in fractured cores with different
slit widths.
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the shear rate increased. The shear viscosity of the microsphere
dispersion exhibits shear thinning followed by shear thickening,
with a critical shear rate (gc) (Yang H. et al., 2015, 2019). The vis-
cosity increases with concentration and decreases with
temperature.

The microsphere dispersion exhibits thinning and shear thick-
ening, which can be attributed to the internal interaction force
under steady shear. Fig. 8 shows that the microsphere dispersion
exhibits a layered ordered body when the shear rate is lower than
gc, in accordance with the theory of Hoffman dispersion system
layered structure. There is no interaction between the layers at low
shear rates. When the shear rate is increased further, the micro-
sphere particlesmove irregularly and finitely in the layer, indicating
a shear-thinning pseudoplastic fluid.While the shear rate surpasses
gc, the microsphere particles make contact, leading to the forma-
tion of a concentrated “particle cluster” as they overcome the
interaction force. The “particle cluster” increases in size as the shear
increase, causing disruption in the interlayer flow and resulting in
shear thickening. As the concentration of microspheres increases,
the internal friction between them also increases, resulting in
higher flow resistance and increased viscosity of the fluid.

Generally, in the concentration range of 0.1%e0.5%, the disper-
sion viscosity is lower at the shear rate below 100 s�1. To ensure the
low viscosity of the dispersion used in the oilfield, the concentra-
tion of the dispersion can be increased to 0.5% at a shear rate below
100 s�1.

3.3.3. Fractured core injectability
The core parameters used to investigate the injectability of

DCNPM-A microspheres in fractured cores with varying crack
widths are listed in Table 3. The permeability of the matrix core is
all 10 � 10�3 mm2. When the crack width is 0.10, 0.05 and 0.03 mm,
the permeability of the fractured core is 849.26 � 10�3,
70.77 � 10�3, 28.31 � 10�3 mm2, respectively. Fig. 9 shows the
Table 3
Fractured core parameters of injectivity experiments.

Core No. Crack width, mm Porosity, %

10-001 0.10 20.38
10-002 0.05 19.36
10-003 0.03 18.24
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injection pressure of DCNPM-Amicrosphere dispersion in fractured
cores. The injection pressure increased during both water flooding
and microsphere flooding as the crack width decreased. The pres-
sure change observed during microsphere flooding with a crack
width of 0.1 mm is comparable to that of water flooding. This
suggests that the DCNPM-A microspheres were not effective in
retaining and blocking the crack, resulting in an extremely poor
core plugging effect. While the crack widths were 0.05 and
0.03 mm, the temporary plugging rates of DCNPM-A microspheres
were 68.57% and 78.45%, respectively, indicating that the micro-
spheres had better temporary plugging ability for fractured cores
with a crack width of 0.03mm. Althoughmicrospheres become less
injectable as the crackwidth decreases, they can still be transported
through adsorption, retention, aggregation and bridging in the
0.03 mm fractured core for plugging purposes. In summary, the
DCNPM-A microspheres exhibit positive injectability in the frac-
tured core, even with a crack width as small as 0.03 mm.

3.4. Stability performance of the microsphere dispersion

Profile control is a long-term engineering challenge. Plugging
agents can only ensure their long-term effectiveness underground
if there is extremely high stability. This section focuses on the
stability performance of microspheres under different conditions.

3.4.1. Thermal stability
Fig. 10 shows the thermogravimetric (TGA) curves of DCNPM-A

and SCNPM microspheres. According to Table 4, the thermal sta-
bility of the DCNPM-A microsphere was higher than that of the
SCNPM microsphere. The thermal degradation of the DCNPM-A
microsphere occurs in three stages. During the first stage, which
ranged from 40 to 250 �C, the mass loss was primarily due to the
evaporation of bound water inside the microsphere, ester bond
Permeability, 10�3 mm2 Plugging rate, %

849.26 e

70.77 68.57
28.31 78.45



Fig. 10. TGA curves of two types of microspheres.

Table 4
Thermal performance data of two types of microspheres.

Type of microsphere Remaining mass at different temperatures, %

250 �C 450 �C 600 �C

DCNPM-A 91.37 24.04 18.53
SCNPM 78.73 13.06 5.6

Fig. 11. Dispersion stability of DCNPM-A microsphere dispersion.
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breakage of the UCA crosslinking agent, and thermal degradation of
oligomers. The second stage occurred between 250 and 450 �C,
during which themass loss was primarily due to the decomposition
of the side groups (eNH2, eCOO�, eSO3

� and benzene ring) on the
backbone of the microsphere molecule. The third stage was be-
tween 450 and 600 �C, the backbone of the microsphere molecule
broke down, the MBA crosslinking bonds broke, and the three-
dimensional network skeleton structure collapsed, resulting in
significant mass loss. The mass of remaining DCNPM-A micro-
spheres was ultimately 18.53%, significantly higher than the 5.6% of
SCNPM microspheres. The functional groups in the microsphere
molecular structure contribute to the higher thermal stability of
DCNPM-A microspheres compared to traditional microsphere. The
DCNPM-A microsphere contains two temperature-resistant func-
tional groups: the sulfonic acid group and the rigid benzene ring.
These groups have lower temperature sensitivity, which increases
the temperature resistance of the DCNPM-A microsphere to some
extent.
3.4.2. Dispersion stability
Yang et al. (2017) proposed using a stability analyzer to test the

TSI value of microsphere dispersion to evaluate its particle stability.
It is pointed out that as the temperature increases, the viscosity of
the microsphere dispersion system decreases and the microsphere
particles tend to sink, resulting in instability of the whole system
and an increase in the TSI value. This study uses the TSI value as an
evaluation indicator and a stability analyzer to test the dispersion
stability of DCNPM-A microsphere with different concentrations at
various temperatures. As shown in Fig. 11, the TSI value of the
microsphere dispersion increased with time, concentration and
temperature. This indicated that the microsphere dispersion un-
derwent partial sedimentation and aggregation with the increases
in time and concentration, resulting in poor stability. As the tem-
perature increased, the thermal motion of the nanoparticles
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intensified, leading to an increase in collision and aggregation op-
portunities, and a subsequent deterioration in stability. However,
the TSI values of the dispersions at all three concentrations were
below 8, indicating that DCNPM-A microspheres exhibited good
dispersion stability at concentrations below 0.5%. The microsphere
dispersion has good dispersibility within a short period at a con-
centration of 0.5% or less. This characteristic enables the micro-
sphere to maintain a good suspension dispersion near the wellbore
and to penetrate deep into the formation for plugging under
seepage action, facilitating its deep migration.
3.4.3. Long-term stability
A long-term static stability evaluation of DCNPM-A and SCNPM

microsphereswas conducted under high temperature, high salinity,
and highly acidic environments. A 1% microsphere dispersion was
prepared using CQ oilfield simulated formation water (pH ¼ 3) and
placed in an 80 �C oven. The experimental results are shown in
Fig. 12. At 0 d, both microspheres were well dispersed in the for-
mationwater, resulting in an overall opaque white dispersion. After
30 d, the SCNPM microsphere showed a semi-suspended state,
with some solid particles settling and the solution appearing opa-
que. The DCNPM-A microspheres settled to the bottom, and the
solution appeared transparent. From the 80th to the 180th day, the
SCNPM microsphere dispersion tended to be uniform, suggesting
that they gradually degraded and became more unstable in high
temperature, high salinity, and highly acidic environments. The
stability of DCNPM-A microspheres is consistently good due to the
addition of acid-resistant monomer DMDAAC, the presence of
temperature- and salt-resistant sulfonic acid functional group, and
the rigid benzene ring. Additionally, the microspheres settled well
on the bottomwithout degradation. After shaking the ampoule, the
microsphere particles were in a uniform suspension state and
remained suspended for a certain period without sinking. This in-
dicates that the sedimentation of microsphere particles under long-
term static conditions is a dynamic instability and represents an
aggregated state. Under actual geological flow conditions, the mi-
crospheres are dispersed and relatively dynamically stable. There-
fore, in practical geological applications, the microspheres do not
excessively deposit during the seepage process, causing only minor
blockage damage to the matrix formation of low-permeability
reservoirs. In summary, DCNPM-A microspheres exhibit excellent



Fig. 12. Long-term stability in high temperature, high salinity and acidic environment. (a) SCNPM microsphere; (b) DCNPM-A microsphere.

Table 5
Fractured core parameters for exploring the deep migration.

Core No. Porosity, % Crack width, mm Permeability, 10�3 mm2

30-003 16.98 0.03 67.05
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stability in high temperature, high salinity, and highly acidic envi-
ronments, without any degradation. They also demonstrate good
long-term stability.

As shown in Fig. 13, the viscoelasticity of DCNPM-Amicrosphere
bulk gel was tested after water absorption and after being placed in
a supercritical CO2 state for 60 d. The viscoelasticity of bulk gel
reflects its ability to deform after strain. The storage modulus (G0)
represents elasticity and reflects the difficulty of elastic deforma-
tion of the microspheres. In contrast, the loss modulus (G

00
) repre-

sents viscosity and reflects the ability to dissipate during
deformation.

It can be seen that when the bulk gel absorbed water and
expanded, it had a greater viscoelasticity and G0 >G

00
, indicating that

the microsphere was an elastic particle. When the bulk gel was
placed in a supercritical CO2 state for 60 d, its G0 decreased
compared to before, while G

00
increased. This situation arises

because, in the supercritical CO2 state, the pressure and tempera-
ture reach 8 MPa and 80 �C, respectively. The high pressure causes
the supercritical CO2 to dissolve in water and reach a dissolution
equilibriumwithin 60 d. The effect of acid corrosion causes damage
and degradation to the microsphere structure, resulting in a
decrease in G0 and a slight increase in G

00
. However, the decrease in

the amplitude of G0 and the increase in the amplitude of G
00
are

small. This is mainly due to the fact that under high pressure, the
probability of mutual coverage and overlap between polymer
molecules increases, resulting in a denser network structure. This,
to some extent, weakens the damage caused by acid corrosion to
Fig. 13. Effect of supercritical CO2 on the dynamic modulus of DCNPM-A.
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the network structure, resulting in a small decrease in amplitude.
Overall, the DCNPM-A microspheres have excellent resistance to
the supercritical CO2 state and can maintain stability in this state
for at least 60 d.
3.5. Deep migration in core

DCNPM-A microspheres are acid-resistant microspheres with
delayed swelling behavior. The delayed swelling characteristics of
DCNPM-A microspheres under static conditions have been dis-
cussed in previous works. In this section, the delayed swelling of
the microsphere during its deep migration is mainly investigated.

Table 5 shows the long core parameters used to investigate the
migration, and Fig. 14 shows the pressure changes at three pressure
taps (A, B and C) during the migration process of DCNPM-A mi-
crospheres. DCNPM-A microsphere dispersion was injected after
water flooding of 2 PV. Due to the presence of a migration front
after microsphere injection, the corresponding pressure gradually
increased as the migration front moved toward the pressure mea-
surement point. Therefore, there was a relaxation in the pressure
Fig. 14. Pressure change curves of DCNPM-A microsphere in deep migration.
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rise of the two pressure taps B and C. During the injection process of
microsphere dispersion, the pressure tended to increase and sta-
bilize, but there was a period of a sudden pressure drop and then
the increase in the 5.5 to 7.8 PV. Based on the trend observed at all
three pressure measurement points, there was a blockage of
microsphere aggregation after the pressure measurement point C.
However, as the injection progressed, the aggregation block grad-
ually receded until the pressure suddenly dropped after removal
from the production end. After 8 PV, the pressure gradually stabi-
lized, indicating that the delayed swelling characteristic of the
microspheres was reflected. At this point, the temperature and
hydration time had reached the conditions for secondary swelling,
improving the ability of microsphere to plug the cracks. As a result,
the subsequent injection pressure increased and stabilized. The
pressure fluctuated continuously throughout the injection process
of DCNPM-A microsphere dispersion, indicating that the micro-
spheres exhibited a dynamic plugging process of “migration,
plugging, remigration, secondary expansion and replugging”. This
migration facilitated the penetration of the microsphere deep into
the formation for plugging.

3.6. Plugging performance and enhanced oil recovery

Previous research indicates that microsphere dispersions with a
concentration ranging from 0.1% to 0.5% exhibit good injectability.
In this study, a concentration of 0.5% was used to investigate the
plugging performance to reduce the volume of the injected
dispersion. The relationship between microsphere plugging rate
and enhanced oil recovery by CO2 floodingwas obtained by altering
the injection parameters of DCNPM-A microsphere dispersion, as
shown in Fig. 15.

As the plugging rate of the microspheres increased, the effect of
enhanced oil recovery also increased. However, in cases of exces-
sive plugging, the extent of enhanced oil recovery decreased. This is
because the increased plugging strength of the microspheres leads
to an increase in the contact area between the microspheres and
the crack after aggregation, which in turn decreases the opportu-
nity for subsequent displacement fluid to pass through the micro-
spheres and the crack wall. Therefore, improving crack
heterogeneity is ideal for enhanced oil recovery. If the plugging rate
is too high, some microsphere particles may enter the matrix core,
reducing the contact between the subsequent displacement fluid
Fig. 15. Relationship between plugging rate and enhanced oil recovery.
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and the crude oil in the matrix, thus reducing the effectiveness of
enhanced oil recovery. Based on the long-term stability of micro-
spheres in the supercritical CO2 state, it was found that although
the volume of microspheres increased after water absorption, the
decrease in their elastic modulus was relatively small. This in-
dicates that they still maintain high strength in the supercritical
CO2 state. The impact of strength reduction on plugging ability was
minimal. As a result, the microspheres demonstrated exceptional
capacity in regulating crack heterogeneity. To achieve optimal
plugging and anti-gas channeling effects at the oilfield site and to
enhance oil recovery more effectively, it is recommended to
maintain a plugging rate of approximately 95%.
4. Conclusions

(1) DCNPM-A microspheres exhibit secondary swelling at 70 �C.
The swelling rate is 13.5 (in 85,000 mg/L formation water
(pH ¼ 3) and 80 �C), which is higher than that of traditional
microsphere.

(2) The mechanism of acid-resistance in DCNPM-A micro-
spheres has been elucidated. In acidic conditions, the inter-
nal salt bond of the microspheres is destroyed, and
secondary expansion contributes to the improved acid-
resistance.

(3) The TSI values of the DCNPM-A microsphere dispersion are
all below 8, indicating good dispersion stability. When the
viscosity is below 1.5 mPa s, the dispersion has good inject-
ability. The final optimized concentration of the DCNPM-A
microsphere dispersion is 0.5%.

(4) The long-term stability of DCNPM-A microspheres exceeds
180 d in high temperature, high salinity, and highly acidic
environments. In supercritical CO2 state, the stability can
reach up to 60 d.

(5) DCNPM-A microspheres exhibit secondary expansion char-
acteristics during dynamic deep migration, which can
effectively plug the formation and enhance oil recovery in
CO2 flooding under acidic reservoir conditions. To achieve
high recovery efficiency in CO2 flooding, it is important to
control the microsphere plugging rate at 95%.
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