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a b s t r a c t

Excess water production has become an important issue in the oil and gas extraction process. Preformed
particle gels (PPGs), show the capability to control the conformance and reduce excess water cut.
However, conventional PPGs have poor mechanical properties and their swollen particles are easily
damaged by shearing force when passing through the fractures in formations, meanwhile PPGs can be
also degraded into various byproducts, leading to permanent damage to the reservoir permeability after
temporary plugging. Herein, a novel type of dual cross-linked PPGs (d_PPGs) was designed and syn-
thesized using sodium alginate (SA) and acrylamide (AAm), cross-linked with N, N0-methyl-
enebisacrylamide (MBA) and Fe3þ. Results show that d_PPGs have excellent mechanical properties with a
storage modulus up to 86,445 Pa, which is almost 20 times higher than other reported PPGs. Meanwhile,
d_PPGs can be completely degraded into liquid without any solid residues or byproducts and the vis-
cosity of d_PPGs degraded liquid was found to be lower than 5 mPa$s. A laboratory coreflooding test
showed that the plugging efficiency of d_PPGs was up to 99.83% on open fractures. The obtained results
demonstrated that d_PPGs could be used as economical and environment-friendly temporary plugging
agent with high-strength, self-degradation, thermal stability, and salt stability, thus making it applicable
to a wide range of conformance control to enhance oil recovery.
© 2022 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

The continuous exploitation of oil and natural gas resources has
led to an extremely high water cut in oil wells, and the remaining
oil is mainly concentrated in low permeability reservoir matrix that
cannot be swept effectively by displacement fluid. The main reason
Zhang), lugw@cup.edu.cn

hor.
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is the heterogeneity caused by fractures or highly permeable areas
in the formation (Li et al., 2007, 2019; Fatemi and Kharrat, 2011;
Elsharafi and Bai, 2016; Wu et al., 2019; Liu et al., 2021). A large
amount of displacement fluid flows along these highly permeable
areas and bypasses the oil in the low permeability areas when there
are high-conductivity fractures within the formation, resulting in
excessive water production and ineffective circulation of the
displacement fluid (Imqam and Bai, 2015; Seright and Brattekas,
2021). Excessive water production can cause problems such as in-
crease oil-water separation costs, operational costs, and equipment
corrosion (Elsharafi and Bai, 2012; Zhao et al., 2015; Alfarge et al.,
2017). For an efficient oil recovery and displacement fluid utiliza-
tion, the displacement fluid needs to be diverted into the low
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Abbreviations

AAm Acrylamide
d_PPGs Dual cross-linked preformed particle gels
DW Distilled water
ESR Equilibrium swelling ratio
FW Formation water
HPAM Hydrolysed polyacrylamide
MBA N,N0-methylenebisacrylamide
PPGs Preformed particle gels
SA Sodium alginate
SEM Scanning electron microscopy
TDS Total dissolved salinity
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permeability, unswept, and oil-rich areas by blocking some highly
permeable areas, making the displacement process economical.

Gel treatments have been proven to be a cost-effective strategy
for conformance control in the heterogeneous reservoirs (Al-
Muntasheri et al., 2007; Bai et al., 2007; Kang et al., 2015; Sun
and Bai, 2017). This can control the excess water production, and
increase the swept areas and utilization ratio of the displacement
fluid. Two dominant types of gel treatment are in situ cross-linked
polymer gels and PPGs.

In situ cross-linked polymer gels form a 3D gel network to block
the fractures or highly permeable areas, thus diverting the
displacement fluid. This is done by pumping a polymer solution
(gelling solution) and a cross-linking agent solution (gellant solu-
tion) into target zones, respectively, which react after a suitable
time depending on the reservoir conditions (Ganguly et al., 2001).
Partially hydrolysed polyacrylamide (HPAM) and multivalent cat-
ions systems (e.g., Cr3þ, Zr4þ, and Cr6þ) are commonly used and
developed to be applied to formations with a highly permeable
matrix, to improve their profile performance (Singh and Mahto,
2017). In situ cross-linked gels have poor gel strength; they are
not environment-friendly owing to the use of toxic metal ions and
have an uncertainty in gelation time that is easily affected by the
formation conditions (Zhu et al., 2017).

PPGs have several extensive applications because they are syn-
thesized to form a cross-linked polymer 3D gel network in the
surface facilities, then being injected to partially or completely
block high-permeability areas, diverting the displacement fluid to
low-permeability areas (Khoshkar et al., 2020). PPGs can be pro-
duced in different size scales (from micrometres to centimetres),
depending on the application, by drying, crushing, and screening
the preformed gels (Imqam and Bai, 2015). Hydrophilic functional
groups in PPGs structures, such as carboxyl groups (eCOOH), hy-
droxyl groups (eOH), and amide groups (eCONH2), cause them to
swell in aqueous solutions, thus making them elastic and deform-
able. This allows them to plug fractures and highly permeable areas
in the formation, to control the water flow (Bai et al., 2007). PPGs
can overcome some of the drawbacks of in situ cross-linked poly-
mer gels and have a relatively wide range of applications because
the gel formation process of PPGs is completed in the surface fa-
cilities (Liu et al., 2010; Qiu et al., 2017; Chen et al., 2021).

However, PPGs still exist some non-negligible issues that we
should take into consideration. On one hand, owing to weak me-
chanical properties, the swollen PPGs are easily damaged by the
shearing force when they pass through the fractures in the for-
mation. On the other hand, many PPGs can cause a permanent
damage to the reservoir permeability after temporary plugging
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because they convert to aldehydes, ketones, carboxylic groups, and
some monomer units that adsorb on the surface of formation
minerals (Touz�e et al., 2015; Zhao et al., 2020; Masulli et al., 2021).
Baloochestanzadeh et al. created a nanocomposite preformed
particle gels with an enhanced elastic modulus based on starch-
graft-polyacrylamide loaded with nanosilica, but the enhanced
gel elastic modulus can only reach 900 Pa (Baloochestanzadeh
et al., 2021). Salunkhe et al. developed ultra-high temperature
resistant PPGs, stable for more than 12 months at 150 �C with an
elastic modulus of 3,100 Pa, but their self-degradability was not
reported (Salunkhe et al., 2021). Tongwa et al. designed self-
degradable PPGs. The maximum improvement in the elastic
modulus of PPGs had reached 4,100 Pa, by adding 3% nanomaterials,
which is still unsatisfactory (Tongwa and Bai, 2014). As far as we
know, preformed particle gels, which have both high mechanical
properties and self-degradability, are still rarely studied (Zhu et al.,
2020). Therefore, this study aims to design self-degradable PPGs
with excellent mechanical properties and can meet the re-
quirements of high-temperature and high-salinity oil reservoirs.

To aid biodegradability and mechanical properties of PPGs, the
natural linear polymer extracted from brown algae, SA, was chosen
for this experiment. It is composed of a a-L-guluronic acid (G unit)
and a b-D-mannuronic acid (M unit) linked via a glycosidic bond.
The SA has randomly arranged polyguluronic acid fragments (GG),
polymannuronic acid fragments, and mannuroniceguluronic acid
combined sections (Baumberger and Ronsin, 2010; Patel et al.,
2017). The GG segments of the SA chains can chelate with metal
ions (e.g., Ca2þ, Mg2þ, Al3þ, Cr3þ, and Fe3þ) to form an “eggshell” 3D
network structure (Zheng et al., 2016; Zhou et al., 2018; Pu et al.,
2021), with the ion radius and charge of cations affecting the
strength of chelation (Sun et al., 2012; Yang et al., 2013; Li et al.,
2014; Liu et al., 2019). This characteristic allows for a design of a
hydrogel with physical cross-linking points, by introducing metal
ions into the structure of SA. Furthermore, MBA can act as chemical
cross-linking points through copolymerization with acrylamide,
and finally construct dual cross-linked structure.

In this study, we prepared preformed particle gels with a dual
cross-linked structure, by introducing natural polymer SA into the
polyacrylamide network, then cross-linked with Fe(NO3)3$9H2O.
The FTIR, SEM, swelling kinetics behavior, gel strength and stability,
plugging performance, and core damage experiments of the pre-
pared PPGs were charactered and analysed.

2. Materials and methods

2.1. Materials

Acrylamide, ammonium persulfate (APS), MBA, iron (III) nitrate
nonahydrate (Fe(NO3)3$9H2O) were supplied by Shanghai Aladdin
Biochemical Technology Co., Ltd. SA (viscosity 80e120 mPa$s) was
supplied by Beijing InnoChem Science & Technology Co., Ltd.

2.2. Preparation of d_PPGs

A two-step method was used to prepare dual cross-linked PPGs
by the free radical polymerization mechanism. Firstly, 0.3 g of SA,
1.68 g of AAm, and 0.0084 g of MBA (0.5 wt% relative to monomer)
were dissolved in 8 g of distilled water and stirred overnight using a
magnetic stirrer to ensure thorough mixing. Nitrogen gas was
introduced for 30 min to remove oxygen. Then, 0.0168 g of APS
(1 wt% relative to monomer) was added slowly before transferring
the mixture to a 65 �C vacuum oven for 3 h, to obtain a single cross-
linked hydrogel (s_hydrogel). The s_hydrogel was immersed in
2 mol/L Fe(NO3)3$9H2O solution for 24 h to produce the dual cross-
linked hydrogel (d_hydrogel), before transferring it into distilled



Fig. 1. Preparation of dual-crosslink (chemically and physically) preformed particle gels.
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water for three days to wash away the residual Fe3þ (Lin et al.,
2015). The prepared d_hydrogel was dried, crushed, and screened
to obtain dual cross-linked preformed particle gels (d_PPGs) of a
certain size. A schematic of the preparation process of d_hydrogel is
shown in Fig. 1.
2.3. Characterization of d_PPGs

2.3.1. Fourier-transform infrared (FTIR) spectroscopy
Fourier-transform infrared (FTIR) spectra were obtained on a

Bruker EQUINOX55 FTIR spectrophotometer to monitor the func-
tional group changes before and after polymerization. The sample
to be tested is completely dried in an oven at 60 �C until its mass
remains constant, then the dried samples were ground and
pelletized using KBr (1:100 w/w) for the FTIR measurements. The
spectra were recorded over a frequency range of 4,000e400 cm�1.
2.3.2. Scanning electron microscopy (SEM)
The micromorphology of the gels was observed at a range of

magnifications using a ZEISS Gemini SEM 300 at 20 kV. The swollen
hydrogel was frozen at �50 �C and then evacuated, to obtain aer-
ogel samples. The sample was broken in liquid nitrogen to obtain a
fresh fractured section, following which it was adhered to
conductive glue and was sprayed with gold.
2.3.3. Swelling kinetics behavior of d_PPGs
The swelling kinetics behavior of each sample was measured at

room temperature (25 �C) in distilled water. The gel sample was
thoroughly dried before the measurement and then crushed and
screened for 50e60mesh, followed by immersion in distilled water
until completely swollen. The swelling ratio was obtained by the
following equation:

SR ¼ ðMt �M0Þ=M0 � 100

SR is the swelling ratio at time t, Mt is the mass of the dried
sample after it was allowed to swell in distilled water at time t, and
M0 is the initial mass of the dried sample.
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2.3.4. Gel strength test
The mechanical properties of d_PPGs were measured using

HAAKE MARS III from Thermo Scientific. The sensor used for all
measurements was a PP35 with a gap of 2 mm. The gel samples
were cut in uniform dimensions with diameter of 35 mm and
thickness of 2 mm. At room temperature, the storage modulus, G0,
and loss modulus, G00, were measured as a function of strain
amplitude in the range of 0.01%e100% at a fixed frequency of 1 Hz.
Data was obtained in the linear viscoelastic region wherein G0 and
G00 were independent of the strain amplitude. All subsequent
oscillation time-dependent experiments were performed at a fixed
strain amplitude of 0.5%, to obtain the values of G0 and G00 as a
function of frequency.

2.3.5. Gel stability test
The swelling kinetics behavior and self-degradation behavior of

d_PPGs were used to evaluate the stability of their performance
under different conditions (e.g., formation temperature and
salinity). The test method is shown in Fig. 2. Briefly, 2 g of dried
d_PPGs and 20 mL of salt solution were transferred to a hydro-
thermal reactor placed in a vacuum oven and aged at different set
temperatures. The self-degradation time of d_PPGs is defined as the
time taken for the material to change from the initial solid-state to
completely transform into its liquid-state.

2.3.6. Laboratory coreflooding test
The laboratory coreflooding test was used to evaluate the

plugging effect of d_PPGs on open fractures in the formation. A core
of 5 cm length (L) and 2.5 cm diameter (D) was created using a
copper sheet (0.8 mm thickness) in a core that was split by a Bra-
zilian splitting test device, to imitate the fracture in the formation.
A schematic of the laboratory coreflooding test is shown in Fig. 3
and was conducted in the following steps:

(1) The core was dried at 70 �C for 48 h until its weight remained
constant.

(2) A vacuum pressure saturation device was used to saturate
the core with formationwater and the weight was measured,
to calculate the pore volume and porosity.



Fig. 2. Schematic diagram of d_PPGs stability test.

Fig. 3. Schematic of laboratory coreflooding test.
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(3) The core was placed in the core holder with a confining
pressure 2 MPa higher than the injection pressure.

(4) Formation water was injected at a rate of 0.5 mL/min until
the flow rate and pressure difference were stabilized. The
initial permeability, Kb, of the fractured core was calculated
using Darcy's law.

(5) Herein, 0.5 wt% of the swollen d_PPGs solution (carried by a
guar gum solution) was injected at an injection rate of
0.5 mL/min. The process was stopped when d_PPGs flowed
through the outlet and the injection pressure were stable.
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(6) The formation water was injected again at a rate of 0.5 mL/
min, and the injection was stopped after the flow rate and
pressure difference were stabilized. The permeability, Ka, of
the core after plugging was calculated. The maximum pres-
sure of the process was recorded as the breakthrough pres-
sure. The plugging efficiency (E) is obtained by the following
formula.

E ¼ ðKb � KaÞ=Kb � 100



Fig. 4. Fourier-transform infrared spectrum of SA, AAm, and d_PPGs.
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2.3.7. Core damage experiment
The device shown in Fig. 3 is used to conduct a core damage

experiment to evaluate the effect of the degraded liquid of d_PPGs
on the permeability of core matrix. The core used was unsplit
sandstone. First, the first water flooding process was carried out on
the sandstone core, and the permeability before damage, Kb, was
calculated after the pressure difference and outlet flow rate were
stabilized. Then, the degraded liquid of d_PPGs was injected in the
reverse direction, and the process was stopped after the pressure
difference and outlet flow rate were stabilized. The second water
flooding was then performed to obtain the permeability, Ka, after
the damage. The specific parameters of the experiment were found
to be consistent with the laboratory coreflooding test. The core
damage ratio is obtained by the following formula:

D ¼ ðKb � KaÞ=Kb � 100
3. Results and discussion

3.1. Structural characterization by FTIR

Fig. 4 shows the FTIR spectra of SA, AAm, and d_PPGs. The SA
spectrum displays a broad absorption peak around 3400 cm�1 due
Fig. 5. (a) The SEM images of micromorphology of d_P
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to eOH stretching vibration characteristic absorption. The charac-
teristic peaks at 2929 cm�1 and 1615 cm�1 are due to eCH2
stretching and C]O stretching, respectively. For the AAm, the ab-
sorption peaks at 3359 cm�1, 3193 cm�1, 2820 cm�1, and 2740 cm�1

are due to NeH stretching vibration, ¼CH stretching, and eCH2
stretching, respectively. The peaks at 1676 cm�1 and 1612 cm�1

were assigned to the stretching vibrations of C]O and C]C. The
d_PPGs products have a broad peak between 3100 cm�1 and
3500 cm�1 owing to the superposition of the eOH and NeH ab-
sorption peaks of SA and AAm, respectively. The C]C absorption
peak (around 1615 cm�1) in the d_PPGs disappeared while the C]
O (1665 cm�1) was retained, indicating that the monomer was
successfully polymerized, i.e. a complete reaction occurred.

3.2. Micromorphology of d_PPGs

The SEM images presented in Fig. 5 show that the freeze-dried
d_PPGs sample have a basic hydrogel morphological structure
with a honeycomb-like grid structure. These structures could
greatly increase the specific surface area of the d_PPGs, improving
the water absorption and water retention performance. The rela-
tively tight network structure is due to the existence of two cross-
linking points in the d_PPGs: chemical cross-linking point and
physical cross-linking point. This could lead to a tighter structure
during application and could improve the strength of the network
after the swelling, enhancing the plugging effect.

The mapping of Fe illustrates that it is evenly distributed
throughout the sample system, meaning that the prepared d_PPGs
have a very uniform cross-linked structure, which will help avoid
stress concentration caused by local structural defects.

3.3. Swelling kinetics behavior of d_PPGs

The swelling kinetics behavior of d_PPGs has great influence on
its plugging and profile control performance. Fig. 6 shows the
morphological changes of d_PPGs before and after swelling in
distilled water at room temperature, illustrating that the swollen
particles could still maintain their integrity. The swelling ratio of
the d_PPGs increases with water absorption time before reaching
the equilibrium swelling ratio (ESR). At the same time, it was found
that the ESR of d_PPGs at room temperature is about 390%, and the
time to reach ESR is about 400 min (Fig. 7), which ensures good
transport capacity and high plugging strength (Song et al., 2019).

3.4. Gel strength test

The mechanical property of the d_PPGs sample is reflected by
their storage modulus (G0) and loss modulus (G00). The linear
viscoelastic region is shown as the region where G0 and G00 are
PGs. (b) Elemental mapping of Fe in the d_PPGs.



Fig. 6. The morphological changes of d_PPGs before (a) and after (b) swelling in
distilled water at room temperature (25 �C).

Fig. 7. Swelling kinetics behavior of d_PPGs in distilled water at room temperature
(25 �C).
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constant when the strain is less than 1% at a frequency of 1 Hz in
Fig. 8 (a). In this region, the value of G0 is always greater than the
value of G00, suggesting that the 3D network structure reacts pri-
marily elastically to low strains (Ye et al., 2014; Bao et al., 2018).
Using a constant strain amplitude of 0.5%, a sweep of frequency
Fig. 8. The mechanical property of the d_PPGs sample. (a) Strain amplitude
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(from 0.1 Hz to 100 Hz) shows an increase in moduli in proportion
with frequency (Fig. 8 (b)). The elastic modulus of d_PPGs sample
reached a maximum of 86,445 Pa, which is almost 20 times higher
than other reported PPGs (Tongwa and Bai, 2014; Amaral et al.,
2019). The high elastic modulus is attributed to the dual-
crosslinking structure of the d_PPGs, both physical crosslinking
(chelation of Fe3þ and COO�) and chemical crosslinking (chemical
linkage of MBA and AM). In addition, Fe3þ as the cross-linking
cation can form a tighter physical cross-linking point with COO�,
because Fe3þ has larger ionic radius and higher number of charges
compared with other cations. A high elastic modulus means that
the gel could withstand higher stress during injection or migration.
Moreover, d_PPGs with high elastic modulus also meant they could
return to their original shape when the external force is removed,
providing better plugging performance. As the ionic crosslinking
between SA and Fe3þ is reversible when the external force is
removed, the crosslinking could be restored, further enhancing the
sample deformation ability.
3.5. Gel stability test

3.5.1. Effect of temperature on gel swelling kinetics behavior and
self-degradation time

The effect of temperature on d_PPGs swelling kinetics behavior
was studied using 2 g of dried d_PPGs in 20 mL of 50,000 ppm NaCl
solution added to a hydrothermal reaction kettle, and then placed
in a vacuum oven at different temperatures (25 �C, 50 �C, 80 �C,
100 �C, and 120 �C). The mass of the swollen d_PPGs is measured at
regular intervals until it becomes constant, as shown in Fig. 9. The
swelling ratio of d_PPGs initially increased rapidly and then
reached the ESR, following which it remained almost constant. At
higher the temperature, the ESR of d_PPGs was greater and was
attained more quickly. The reason is that at higher temperatures,
the chelation between Fe3þ and COO� in d_PPGs structure will be
damaged to a certain extent, thus reducing the crosslinking density
of the system, and resulting in a greater ESR. The higher diffusion
rate of ions at the higher temperatures lessens the time taken by
the d_PPGs to attain ESR.

The swelling temperature and swelling time are further
increased to evaluate the self-degradation performance of the
d_PPGs, as shown in Fig. 10. This shows that as the temperature
increased, the degradation time of d_PPGs decreased with signifi-
cant reduction, when the temperature exceeded 80 �C. This effect
can be explained by the following analysis, higher temperature
endows the molecules with faster thermal motion, and at the same
sweep from 0.01% to 100%. (b) Frequency sweep from 0.1 Hz to 100 Hz.



Fig. 9. Swelling kinetics behavior of d_PPGs at different temperatures (50,000 ppm
NaCl solution).

Fig. 10. Self-degradation time of d_PPGs at different temperatures (50,000 ppm NaCl
solution).

Fig. 11. (aed) Morphological changes of d_PPGs before and afte

Fig. 12. Swelling kinetics behavior of d_PPGs at different salinities (50 �C).
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time higher temperature also accelerates the hydrolysis of the
amide groups in the polymer, thus leading to a faster collapse of the
d_PPGs structure. The degraded d_PPGs completely converted into
liquid without any solid residue (Fig. 11 (a-d)), the viscosity of the
degradation solution is less than 5 mPa$s (Fig. 11 (e)). The self-
degradability of d_PPGs can be contributed to the instability of
the crosslinking structure. The physical crosslinking between Fe3þ

and COO� is easily damaged by heat, and MBA is also a thermally
unstable chemical crosslinking agent, so PPG will degrade at for-
mation temperature due to the damage of the crosslinking struc-
ture. This proves that the d_PPGs could be used as a “temporary
plugging” measure, which can degrade by itself after the necessary
plugging action and will not cause long-term damage to the
permeability of the formation.
3.5.2. Effect of salinity on gel swelling kinetics behavior and self-
degradation time

Fig. 12 shows the swelling ratio of d_PPGs in different concen-
trations NaCl solutions (20,000, 50,000, 100,000, 200,000, and
300,000 ppm)with distilled water (DW) and formationwater (FW),
for comparison. The formation water is the simulated formation
water of Tahe Oilfield in China, and its total dissolved salinity (TDS)
and ion composition are shown in Table 1. The swelling ratio of
r degradation. (e) The viscosity of the degradation solution.



Table 1
Ion composition of simulated formation water for experiment.

Naþ, mg/L Kþ, mg/L Ca2þ, mg/L Mg2þ, mg/L Cl�, mg/L SO4
2�, mg/L HCO3

�, mg/L TDS, mg/L

78,773.0 419.6 13,721.1 366.5 147,056.2 67.6 72.6 240,476.6

Fig. 13. Self-degradation time of d_PPGs in different salinities and different
temperatures.
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d_PPGs at different salinities increases rapidly within 350 min and
then reaches the ESR. In addition, it could be found that with the
increase of salinity, the ESR of d_PPGs gradually decreases, among
which, d_PPGs in distilled water has the highest ESR of about 420%,
followed by 20,000 ppm NaCl solution, the ESR is about 385%. The
increasing salinity caused a decrease in the electrostatic repulsion
between anionic segments on the d_PPGs molecules and the os-
motic pressure inside and outside the gel network, both of which
caused a lower ESR. The ESR of the d_PPGs was the lowest in for-
mationwater due to the presence of divalent cations chelating with
Fig. 14. (aed) Core morphology changes before and after plugging.
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COO� in the d_PPGs structure which increases the crosslinking
density, ultimately leading to a low swelling ratio (Horkay et al.,
2001; Sircar et al., 2013).

The samples of the dried d_PPGs and the NaCl solutions of
different concentrations (20,000, 50,000, 100,000, 200,000, and
300,000 ppm) were placed in a hydrothermal reaction kettle and
then transferred into a vacuum oven at temperature (100 �C,120 �C,
and 140 �C), to study the influence of salinity on the self-
degradation time with distilled water (DW) and formation water
(FW) as a control (Fig. 13). The salinity had almost no effect on the
self-degradation time of d_PPGs at the same aging temperature,
compared with the control group. This behavior is contributed to
the presence of the natural polymer sodium alginate in d_PPGs,
which is insensitive to cations in the formation, thus resulting in an
excellent salt resistance.

3.6. Laboratory coreflooding test

To evaluate the plugging effect on formation fractures, a fracture
with a height of 0.8 mm is imitated by a copper sheet with a
thickness of 0.8 mm sandwiched in the split core, and it is suc-
cessfully filled with 16e20 mesh (1.18 mme0.85 mm) swollen
d_PPGs, as shown in Fig.14 (a-d) (Song et al., 2018). Fig.14 (e) shows
the function of injection pressure and injection time during
displacement with key values displayed in Table 2. During the first
water flooding, the high permeability caused by the existence of the
fracture caused the pressure curve to be flat because therewas little
resistance towards the flowing water. The injection of 0.5 wt%
d_PPGs carried by the guar gum solution caused the injection
pressure to rise rapidly and to reachmaximumpressure. Thereafter,
the injection pressure began to drop, finally stabilizing at 3.70 MPa
when the d_PPGs solution flowed through the outlet. Then, the
formation water was injected again, increasing the injection pres-
sure to the breakthrough pressure at a maximum of 7.37 MPa. The
injection of formation water was continued subsequently, showing
(e) Injection pressure changes with time during displacement.



Table 2
Displacement test results.

Core state Pressure drop, MPa Flow rate, mL/min Permeability, 10�3 mm2 Plugging efficiency, %

Before injecting d_PPGs 0.005 0.492 170.444 99.83
After injecting d_PPGs 2.910 0.494 0.286

Fig. 15. Damage of degradation solution of d_PPGs to core permeability.
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a decrease in the injection pressure, which stabilized at about
2.91 MPa. This shows that the d_PPGs had a high plugging effi-
ciency of 99.83% owing to the high strength of its dual cross-linked
structure.
3.7. Core damage experiment

The damage caused by the degraded liquid to the permeability
of the formation matrix was tested (Fig. 15), as the formation
temperature and sufficient time have been shown to completely
degrade the d_PPGs (Fig. 11 (a-d)). The damage ratio of the degra-
dation solution of d_PPGs to the formation matrix was only 4.5%,
suggesting that this material would not cause big damage to the
reservoir permeability after degradation.
4. Conclusion

To plug fractures/void space conduits in oil and gas formations,
and improve the water injection profile, we designed and synthe-
sized a novel type of PPGs with a dual cross-linked structure using
SA and AAm. The structure of prepared d_PPGs was firstly charac-
terized by composition and morphology analysis. Then, swelling
kinetics behavior, and gel strength and stability of d_PPGs were
studied. To evaluate the plugging effect and core damage of d_PPGs,
coreflooding test and core damage experiment were performed.
The following conclusions were drawn:

(1) We developed a facile method to synthesize d_PPGs using
low cost and environment-friendly materials. By the free
radical polymerization, d_PPGs possessed a honeycomb-like
grid structure, as shown by SEM and FTIR.
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(2) The ESR of d_PPGs is lower than that of most conventional
PPGs, thus enhancing their potential to migrate deeper into
the formation. The ESR and swelling rate increase with
increasing temperature and decreasing salinity. Temperature
has considerable effect on the self-degradability of d_PPGs,
whereas salinity of brines has negligible effect.

(3) The introduction of dual cross-linked structure endows
d_PPGs with a better elastic modulus up to 86,445 Pa, to
avoid damaging by shearing force when passing through the
fractures in formations, thus improving plugging strength.

(4) The laboratory coreflooding test shows that d_PPGs have a
very high breakthrough pressure and plugging efficiency.
The d_PPGs can be completely degraded under the formation
conditions with a degraded liquid viscosity below 5 mPa$s,
implying that it would not cause permanent damage to the
formation.
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