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Abstract: Polymer gel plugging is an effective method for gas mobility control in flue gas flooding
reservoirs. However, the effect and mechanism of flue gas on the performance of polymer gels
have rarely been reported. In this study, a polymer gel was prepared by cross-linking hydrolyzed
polyacrylamide (HPAM) and resorcinol/ hexamethylenetetramine (HMTA) to illuminate the influ-
encing mechanism of flue gas composition on gel. The gel rheological testing results showed that
flue gas promoted gelation performance, whereas it seriously threatened gel long-term stability,
especially at high pressure conditions. The influence of CO; on the polymer gel had the characteristic
of multiplicity. The hydrodynamic radius (Ry,) and the initial viscosity of HPAM solution decreased in
the presence of CO,. Nonetheless, the dissolved CO, expedited the decomposition rate of HMTA into
formaldehyde, which promoted the cross-linking process of the HPAM, leading to a shorter gelation
time. Oxidation-reduction potential (ORP) tests and Fourier transform infrared spectroscopy (FTIR)
analysis indicated that O, played a leading role in the oxidative degradation of HPAM compared
to CO; and threatened the gel long-term stability at elevated gas pressures. To address the adverse
effects caused by flue gas, it is highly desirable to develop polymer gels by adding oxygen scavengers
or strengthening additives.

Keywords: flue gas; resorcinol/HMTA gel; gelation performance; elevated gas pressure; long-
term stability

1. Introduction

In situ combustion technology has been rapidly developed for enhanced oil recovery
(EOR) in the Xinjiang oilfield in recent years. However, understanding how to properly treat
the flue gas generated from combustion has become a major problem. As is known, flue gas
flooding has been an environment-friendly and effective EOR method in many oilfields [1,2].
Hence, it is considered to be a promising method to improve the oil displacement efficiency
in the HONG reservoir of the Xinjiang oilfield, with a low matrix permeability of 58 mD, a
porosity of 17.8%, and a low reservoir temperature of 42 °C. However, flue gas tends to
flow through big channels existing in reservoir, significantly reducing the sweep efficiency
and oil recovery [3-7].

To date, polymer gel treatments have been an effective strategy for gas mobility control,
including N, and CO; [8-10]. Generally, polymer gels are derived from the cross-linking
process of the polymers with different types of cross-linkers [11,12]. The performance of
polymer gels is a key criterion in a successful implementation of gas mobility control [13].
However, until now, there have been few reports on the performance of polymer gels in the
flue gas atmosphere. To the best of our knowledge, the gel performance will be severely
weakened when plugging the CO, flow due to the acidic conditions created by CO, [14].
Note that the flue gas generated by in situ combustion in Xinjiang oilfield is a mixture
of different gases, consisting of N (80%), CO; (17%), and O, (3%). The gel performance
during flue gas plugging would be very unpredictable. To clear the influencing mechanism
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of flue gas on polymer gels is of significance from both fundamental and application
perspectives [15].

As is known, the performance of polymer gels is determined by many factors, in-
cluding polymer properties, cross-linker behaviors, temperature, and pH [16,17]. The
effect of gas types on the above factors has been extensively studied [18-24]. Owing to the
cross-linkable hydroxymethyl groups (-CH;OH) and amide groups (-CONH,) in molec-
ular chains, the polymer is the main agent in a polymer gel system [25]. However, the
polymer chains are prone to suffer from degradation and a severe reduction in viscosity in
harsh reservoir conditions [18,19]. The presence of O, triggers the oxidative degradation of
polymers, and substantially reduces the solution viscosity [20,21]. Gaillard et al. reported
that the radicals generated by O, at 85 °C could break the backbone of the polymer and
lead to a reduction in the molecular weight and viscosity of the polymer solution [22].
Furthermore, the acid gas CO, also impacts polymer properties. Indeed, CO; dissolved in
the polymer solution lowers the pH with the formation of carbonic acid, which neutralizes
the negative charge on polymer chains by transforming the ionic carboxylate groups into
non-ionic carboxylic acid groups, resulting in a rapid decline in viscosity [23,24]. Moreover,
the long-term stabilities of polymers are also influenced by CO,. Tovar et al. revealed that
the retention rate of the viscosity of hydrolyzed polyacrylamide (HPAM) solution in the
presence of CO, decreased from 54% to 30% during an aging time from 214 to 318 days at
50 °C, mainly owing to the hydrolysis of the amide groups and the induced degradation by
the interaction of the divalent cations with the acrylate groups [26]. Based on the above,
the influence on polymers properties induced by the flue gas, including the gelation per-
formance as well as the gel long-term stability, is expected to be much more complicated.
Cross-linkers are also crucial agents in forming polymer gels. Generally, cross-linkers
are divided into two main types, as follows: inorganic cross-linkers (cross-linking with
the-CH,OH in polymers) and organic cross-linkers (cross-linking with the -CONHj; in
polymers). Inorganic cross-linkers mainly contain AP, Zr**, Cr3*, etc., [25,27]. In recent
years, chromium acetate has been widely employed to form gels due to its lower toxicity
and longer gelation time [28,29]. However, previous studies reported that the cross-linker
behaviors are strongly affected by acid gas. According to Unomabh et al., the decrease in
pH originating from the dissolved acid gas led to a poor gelation performance due to the
depletion of tCr3* [30]. Moreover, the pH is also a key chemical parameter in the structure
of chromium acetate. Decreasing the pH value would retard the decomposition rate of
the chromium acetate cyclic trimer into a linear trimer, conceivably leading to a reduction
in cross-linking density and a weak gel strength [31]. As for organic cross-linkers, they
mainly consist of aldehydes, phenol/aldehyde, phenolic resins, polyethyleneimine (PEI),
and so forth [32-34]. Among them, phenolic/aldehyde is broadly utilized to form gels.
Moreover, resorcinol and hydroquinone are more widely adopted as substitutes for the
toxic phenol, and HMTA is a less toxic substitute for aldehyde [35]. A valuable advan-
tage of the phenolic/aldehyde cross-linked gel is the longer gelation time compared to
chromium-cross-linked gels, which provides sufficient time for the gelant to penetrate into
the deep formation in low-permeability reservoirs [36]. Several studies have reported that
the behavior of organic cross-linkers is affected by acidic materials [37]. For instance, acids
stimulate the decomposition of HMTA into formaldehyde, facilitating the cross-linking
process from gelant to bulk gel [38]. Resorcinol and hydroquinone suffer from oxidation
side reaction due to O,, probably leading to a reduction in cross-linking sites and a poor gel
strength [39]. Research results reveal that the acid gas and O, contained in flue gas would
have a more intricate effect on cross-linker behaviors.

Considering the influence of gases on polymer properties and cross-linker behaviors,
we can image that the performance of polymer gels in the presence of flue gas will be more
complex, especially for high gas injection pressure conditions in reservoirs. Herein, the
objective of this work was to probe the influence of flue gas on the performance of polymer
gels and to elucidate the effect mechanism. The polymer gel system was prepared by
cross-linking HPAM and resorcinol/HMTA cross-linker. Storage modulus measurements
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were adopted to characterize the gelation behavior and gel performance. Analytical testing
methods including dynamic light scattering (DLS) tests, rheological experiments, oxidation—
reduction potential (OPR) measurements, and Fourier transform infrared spectroscopy
(FTIR) analyses were adopted to comprehensively investigate the effect mechanism of the
flue gas. This work aids in the development of an advanced polymer gel formulation that
is suitable for flue gas flooding reservoirs.

2. Results and Discussion
2.1. Preparation of Gel Formulation

The resorcinol/HMTA-based polymer gel system is formed by cross-linking HPAM
with the product of resorcinol and HMTA. The reaction processes are illustrated in Figure 1.
Firstly, HMTA was gradually decomposed into formaldehyde with the aid of an acidic
catalyst (Figure 1a). Secondly, formaldehyde reacted with the phenolic hydroxyl groups
originating from resorcinol and formed into oligomers of phenolic resin (Figure 1b). Sub-
sequently, the -CH;OH in the phenolic resin cross-linked with the -CONH, in HPAM to
form a bulk gel (Figure 1c) [40].

C. + 4 NHy (a)

e HO  CH,OH
ST e ®)
Y oH ‘cH,OH
CH,OH

CH,OH HOH, c HO H,C—
OH —= (©)
fos OH
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Figure 1. Reaction process of resorcinol /HMTA-based polymer gel. (a) Decomposition of HMTA into
formaldehyde; (b) the generation of oligomers of phenolic resin; (c) cross-linking process between
the phenolic resin and the HPAM.

As is known, the gelation time and the gel strength are key indicators for gas mobility
control. The contour map revealing the effect of the concentrations of resorcinol (0.05-0.2 wt%)
and HMTA (0.1-0.6 wt%) on the gelation time is represented in Figure 2a. According
to Sydansk and Southwell, low molecular weight polymers (<2 million) are typically
employed to treat <200 mD permeability reservoirs [41]. In our previous work, only a
few commercial polymers with a molecular weight of less than 2 million were available,
and a mass of polymer was required to form a strong bulk gel, resulting in higher costs.
Hence, a commercial HPAM with a molecular weight of 2 million was optimized to ensure
an excellent injectivity and a strong strength polymer gel. Moreover, the concentration of
HPAM was fixed at 0.5 wt%. To catalyze the gelation reaction, 0.2 wt% acetic acid was
introduced into the gelant. Acetic acid is a weak acid compared to hydrochloric acid and
relieves the damage to reservoirs. According to Figure 2a, increasing the concentration
of resorcinol or HMTA shortened the gelation time. Noteworthily, HMTA played a much
more important role in promoting the gelation process. Therefore, to further explain the
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influence of HMTA on gel strength, the relationship of the storage modulus (G') of gels
with the aging time, as well as the dosage of HMTA, was explored. The concentration of
resorcinol was fixed at 0.1 wt%. The mass ratio of resorcinol to HMTA varied from 1:1 to 1:6.
As displayed in Figure 2b, when the mass ratio of resorcinol to HMTA was 1:1 or 1:2, a weak
gel was formed with a much slower gelation rate. As the mass ratio of resorcinol to HMTA
increased to 1:3 or more, the gelation time was shortened, and a bulk gel was formed within
60 h, with a G’ of more than 10 Pa. Previous studies suggested that the reasonable mass
ratio of phenol to HMTA is 1:1 in high-temperature reservoirs [38]. However, for the low
temperature of 42 °C, HMTA needs to be superfluous in order to decompose into sufficient
formaldehyde, which facilitates the following cross-linking process. Moreover, the gelation
rate is highly dependent on the concentration of acetic acid, as exhibited in Figure 3c. The
gelant could not form into gels within 96 h by employing less than 0.1 wt% acetic acid, as
only a small quantity of formaldehyde was generated from the decomposition of HMTA.
When the addition of acetic acid increased to 0.2 wt%, the gelant was able to form into
bulk gels within 72 h. Meanwhile, the gelation time was shortened at elevated acetic acid
concentration, owing to the accelerated decomposition rate of the HMTA.
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Figure 2. The gelation performance of resorcinol/HMTA-based polymer gel. (a) Effect of the
concentrations of resorcinol and HMTA on the gelation time; (b) relationship between the storage
modulus (G’) of gels and the aging time as well as the mass ratio of resorcinol to HMTA; (c) effect of
the concentrations of acetic acid on the gelation time.
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Figure 3. The influence of gas species on gelation behavior.
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2.2. Effect of Flue Gas on Gelation Behavior and Gel Performance

After displacing the gelant into target regions, the wells should be shut in for several
days until the gelant forms into gels. However, the residual flue gas in the previous gas
injection process is still present in the formation. Thus, the chemical condition will be
altered due to the unavoidable penetration of the flue gas into the polymer gelant. Therefore,
the cross-linking process of HPAM might be incomplete. Hence, the influence of flue gas on
gelation time, gel strength, and gel long-term stability should be taken into consideration.

The gelants (consisting of 0.5 wt% HPAM, 0.3 wt% HMTA, 0.1 wt% resorcinol, and
0.2 wt% acetic acid) were prepared through saturation with different gases. The variation
of G’ with gas species and aging time is presented in Figure 3. In view of the chemical
inertness of Ny, the gelant treated with N, was adopted as the control group. In terms of
the control group, the G’ of the gelant barely changed at the initial stage and then increased
rapidly. The gelation time was about 51 h, and the final G’ of the polymer gel reached up
to 10 Pa after being aged for 72 h. Notably, as the gelant was saturated with flue gas, the
increasing rate of the gel strength sped up. The gelation time was shortened to about 45 h.
Meanwhile, the gel strength was much higher compared to that of the control group. The
final G’ of the polymer gel increased to 12 Pa. The flue gas positively promoted the gelation
performance, as it compensates for the disadvantage of the postponed gelation process and
reduced gel strength caused by the inevitable gravity differentiation and chromatographic
separation in the process of gelant migration in the rock matrix.

To further specify the influence of the composition of flue gas on the gelation behavior,
the gelants treated with composited O, and composited CO, were further explored. For
convenience, the composited O, and composited CO; are abbreviated as Op and CO; in the
following text. As revealed in Figure 3, O, barely changed the gelation behavior compared
to the control group, while CO, notably shortened the gelation time to 45 h and increased
promotes the G’ of the polymer gel to 12 Pa, indicating that the CO, in flue gas positively
promoted the gelation process and gel performance.

Ideally, large pores and fractures should be plugged by polymer gels during the post-
flue gas treatment. However, the gas injection pressure reaches up to several megapascals.
As a matter of fact, the squeeze and penetration of the high-pressure flue gas may weaken
the gel strength. Moreover, the required validity period (more than 180 days) for polymer
gel treatment means that the long-term stability of the polymer gel is vital to realizing
practical applications. A series of polymer gels prepared under the same conditions were
aged in the presence of different gas types and pressures. The gas types included Nj,
flue gas, O, and CO,. The gas pressure ranged from 1 to 6 MPa. The aging time was
180 days. Figure 4 reveals the effect of gas types and gas pressures on the gel long-term
stability during the aging process. The gels treated with N, were adopted as control groups.
According to Figure 4a, the gel strengths decreased with the aging time and gas pressure.
The relationships between the reduction rates of gel strengths and the gas pressures are
summarized in Figure 4b. The long-term stability of gels suffered more severe damage at
elevated pressures. The reduction rate of gel strength increased from 20% to 80% as the
gas pressure increased from 1 MPa to 6 MPa. Moreover, the overall reduction rates of gel
strengths in flue gas, O,, and CO, were much higher than that of N,. Given the chemical
inertness of Ny, the reduction in gel strength in the control group resulted from the physical
damage caused by the extrusion of the high-pressure gas. In addition to physical damage,
high-pressure CO; and O, may also affect the cross-linking and stabilization processes of
HPAM, which in turn leads to a further reduction in the strength of the polymer gel, as
will be confirmed in subsequent chapters. Take 2 MPa, for example; the G’ of the polymer
gel treated with N decreased by 31.2% after 180 days, mainly resulting from the physical
destruction by the high gas pressure. This value decreased to 51.1%, 47.8%, and 35.5% in the
flue gas, Oy, and CO, groups, respectively. The gel in the control group still held together
and maintained a medium-high strength after 180 days at 2 MPa. By contrast, the gel was
significantly destroyed in flue gas and became more fragile (Figure 5). Collectively, flue gas
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seriously damaged the gel’s long-term stability at elevated gas pressures. In particular, the
impact of Oy in flue gas was more pronounced than that of CO;.
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Figure 4. The effect of gas species and gas pressures on gel long-term stability. (a) G’ of gels at
elevated gas pressures versus aging time; (b) reduction rate of gel strength after aging for 180 days.

(a)

Figure 5. Gel morphology after aging for 180 days at 2 MPa. (a) Control group—Nj; (b) flue gas.

Overall, the flue gas promoted the gelation process of resorcinol/HMTA gels while
damaging the gel long-term stability, inevitably resulting in increasing failure in gas mobil-
ity control. Further studies were carried out to illuminate the effect mechanism of the flue
gas and its composition on gelation behavior and gel performance.

2.3. Effect Mechanism on Gelation Performance
2.3.1. HPAM Properties

Components in the flue gas may influence the underlying properties of HPAM and,
thus, the gelation behavior. The influence of gas types on the viscosity as well as the
hydrodynamic radius (Ry,) of HPAM solution is illustrated in Figure 6. The HPAM solutions
were saturated with different types of gas under atmospheric pressure and then aged for
12-96 h. The viscosity of the HPAM solution in the control group (saturated with Ny)
remained almost constant during the aging process. The viscosity of the O, group did not
decrease with aging time as expected, indicating that the oxidative degradation of HPAM
does not take place during the aging time of several days at low temperature. Instead, upon
contact with the flue gas as well as CO,, the viscosities of the HPAM solutions were likewise
reduced by 37% compared to the control group. The reduction in solution viscosity might
be produced by the degradation of HPAM and changes in the configuration alteration
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of the molecular chains. The changes in the molecular weight of HPAM before and after
treatment are compared in Figure 7. It can be observed that the flue gas and CO; had little
effect on the viscosity-average molecular weight of HPAM, indicating that the reduction
in solution viscosity resulted from the configuration alteration of HPAM molecules. The
conformational transition of the molecular chain causes a change in the Ry, of HPAM, which
can be indirectly characterized by dynamic light scattering (DLS) measurement. Hence,
the variation in the Ry, of HPAM before and after treatment was studied, as shown in
Figure 6b. As expected, the Ry, of HPAM followed the same trend as the solution viscosity.
Meanwhile, it is shown that the pH was reduced from 8.78 to 6.86 when the HPAM solution
was treated with flue gas and CO;. The decrease in the pH of the HPAM solution was due
to the dissolution of CO;, thus, promoting the conversion of the sodium carboxylate group
(-COONa) to carboxyl groups (-COOH). The reduction of carboxylate groups (-COO™)
induced the weakness of electrostatic repulsion, turning the stretched polymer chains into
curls, resulting in a sharp reduction in R}, and viscosity [24].

The reduction in R}, of HPAM reduced the collision rate between the cross-linker and
the polymer, thus, reducing the cross-linking density in the polymer gel, which threatened
the gel strength. However, according to Section 2.2, the presence of CO; in flue gas
positively promoted the gelation process and gel performance. Hence, it was necessary
to further investigate the effect of the presence of CO; on the cross-linker and the cross-
linking process.
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Figure 6. The effect of gas types on HPAM properties. (a) Viscosity; (b) hydrodynamic radius (Ry,).
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Figure 7. The changes in the molecular weight of HPAM treatment with different gas.
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2.3.2. Cross-Linker Behavior

As illustrated in Figure 1, the step of the decomposition of HMTA into formaldehyde
plays a dominating role in the generation rate of cross-linkers. A higher concentration
of formaldehyde not only means a higher decomposition rate of HMTA, but also many
more cross-linking sites and, thus, a faster cross-linking reaction rate. The variation trends
of formaldehyde concentration in the HMTA solutions are explored afterwards. A series
of 0.3 wt% HMTA solutions were prepared through treatment with N, (control group),
flue gas, CO,, and O,, separately. As depicted in Figure 8, O; had little influence on the
concentration of formaldehyde. By contrast, the concentrations of formaldehyde in the
HMTA solutions were significantly elevated after being treated with both flue gas and
CO,, signifying that CO; in the flue gas may dominate in the decomposition rate of HMTA
to formaldehyde. Compared to the HMTA solution in the control group, the pH value
decreased from 5.1 to 4.8 during the flue gas and CO, treatment. Hence, the reduction in
pH was the main reason for the expedited decomposition rate of HMTA.

Acetic acid mainly acts as a pH-adjusting agent in gelant, triggering the decomposition
of HMTA. Thus, 0.3 wt% HMTA solutions with 0.1-0.5 wt% acetic acid were prepared.
The changes in pH and the concentration of formaldehyde triggered by acetic acid are
studied in Figure 9. The pH value decreased from 6.2 to 4.38 as the concentration of
acetic acid in the HMTA solution increased from 0 to 0.5 wt%. The concentration of
formaldehyde, thus, rose from 0.07 wt% to 0.22 wt% due to the enhanced acid catalyst.
As for the HMTA solution treated with flue gas, the dissolution of CO; in the solution
paralleled the increase in the concentration of acetic acid. The dissolved CO; reduced the
pH value of the gelant and expedited the decomposition rate of HMTA, thus, promoting
the production of formaldehyde, which contributed to the cross-linking process.
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Figure 8. The effect of gas type on the formaldehyde concentration and the pH value of the
HMTA solution.
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Figure 9. Effect of acetic acid on the decomposition of HMTA.

As a cross-linking agent, resorcinol is susceptible to oxidation to form benzoquinone,
characterized by the color of the solution turning from colorless to pink. The O in flue gas
exacerbates this reaction rate. Meanwhile, the oxidation reaction is also influenced by the
pH of the gelant. Our previous experiment indicated that the acid environment originating
from acetic acid alleviated the oxidation reaction of resorcinol (images in Figure 10). From
this perspective, the CO, in flue gas led to a desirable decrease in the pH value and
contributed to the resistance of the oxidation reaction. Combining the oxidation resistance
effect with the gelation performance in Figure 10, it can be concluded that the flue gas
expedites the decomposition of HMTA and the generation of cross-linkers, promoting the
cross-linking process of HPAM.
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Figure 10. Gelation performance of gelant with 0.2 wt% acetic acid and flue gas.
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2.4. Effect Mechanism on Long-Term Stability
2.4.1. Long-Term Stability of HPAM

Flue gas seriously damages the gel long-term stability at elevated gas pressures and
inevitably results in an increasing failure in gas mobility control. The reduction in the
strength of the polymer gels might result from two reasons. On the one hand, high-
pressure flue gas may impose physical damage on the polymer gel through extrusion
and penetration, causing the rupture of the polymer gel, which is verified by the control
group in Figure 4a. On the other hand, the dissolution of CO, and O, alters the chemical
environment of the formation fluid and may inhibit the cross-linking process or disrupt
the chemical structure of the polymer gel, which is also the key part of this subsection. To
explore the stability performance of polymers, the viscosity and Ry, of HPAM solutions
aged for 180 days at elevated gas pressures were evaluated. The effect of gas type and gas
pressure on the viscosity of HPAM is illustrated in Figure 11. Similarly, the HPAM solution
treated with N, was once again adopted as the control group. As revealed by Figure 11a,
the increase in N, pressure had little influence on the viscosity of the HPAM solution and
almost stayed constant at 25 mPa-s. On the contrary, a rapid decline in viscosity occurred
at elevated flue gas pressures. Meanwhile, both CO, and O in flue gas inflicted serious
damaged on HPAM viscosity at elevated gas pressures. Although the viscosity and Ry,
of HPAM decrease with the increasing gas pressure of CO, and O,, the reasons are quite
different. High-pressure CO, led to a decrease in the pH of the HPAM solution, resulting
in the further configuration alteration of HPAM molecules, rendering them curlier [23,24].
However, dissolved O, (DO) led to oxidative degradation of HPAM and broke the polymer
molecules into fragments during the long-term aging process [17,19]. These arguments are
supported by the changes in the molecular weight of HPAM (Figure 12). The viscosity-
average molecular weight of HPAM barely changed with the pressure of CO,, indicating
that the reduction in viscosity and Ry, resulted from the configuration alteration of HPAM
molecules. On the contrary, the molecular weight of HPAM exhibited a drastic reduction
with the increasing pressure of O,, showing that the degradation of HPAM was responsible
for the reduction in viscosity and Ry,. Compared to CO,, the O in flue gas inflicted more
serious damage on the long-term stability of HPAM at elevated gas pressures.
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Figure 11. The properties of HPAM after aging for 180 days in different gases as a function of gas
pressure. (a) Viscosity; (b) hydrodynamic radius (Ry).
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2.4.2. ORP Value

To obtain a deep insight into the effect mechanism of flue gas on the gel long-term
stability at elevated gas pressures, the oxidation-reduction properties of the HPAM solution
were characterized using the ORP value. The higher the ORP value, the stronger the
oxidizing properties of a solution. The ORP value of a solution is affected by many factors,
including dissolved oxygen, pH, temperature, etc. [42]. Figure 13 displays the properties
of the HPAM solution, including ORP value, concentration of DO, and pH value, versus
the pressure of gas. The concentration of DO in solution with different pressure of flue
gas at 42 °C was calculated by Henry’s law. As shown in Figure 13a, the concentration
of DO was 0.93 mg/L at atmospheric pressure. When increasing the pressure of flue gas,
large quantities of O, dissolved into the solution. The concentration of DO reached up
to 60 mg/L in the presence of 6 MPa flue gas. Meanwhile, the pH value decreased from
6.86 to 5.33 as the pressure increased from 0.1 to 6 MPa due to the dissolution of CO, into
solution. Both O, and CO; led to an increase in ORP value (Figure 13b,c). As a result,
the ORP value presented an unfavorable increase at an elevated flue gas pressure due
to the comprehensive effect of O, and CO,, indicating a stronger oxidizing property of
the HPAM solution. Thus, the HPAM in the crossed-linked gel inevitably suffers from
oxidizing degradation at elevated flue gas pressures.
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Figure 13. The properties of the HPAM solution in different pressures of gases. (a) The OPR value,
concentration of DO, and pH value as a function of pressure of flue gas; (b) the OPR value and
concentration of DO as a function of pressure of Oy; (c) the OPR value and pH value as a function of
pressure of CO;.
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2.4.3. Long-Term Stability of Polymer Gel

The infrared characteristic peaks of the functional groups change with the cross-linking
and degradation processes of HPAM. Therefore, the effect of flue gas on the long-term
stability of polymer gels can be interpreted through FTIR analysis. The polymer gels were
filled with 2 MPa of different types of gases and aged for 180 days. The FTIR spectra of
polymer gels are presented in Figure 14. The broad peak at 600 cm~! observed in gels was
assigned to primary amine group (-NH;) bending vibration [43]. For the resorcinol/HMTA-
based polymer gel, the -NH, groups in HPAM cross-linked with the -CH,OH in phenolic
resin, resulting in a decrease in the peak at 600 cm ! and the generation of secondary amine
groups (-NH-). The peak of the gels treated with flue gas and CO, were much lower than
those of the gels treated with N, and O, indicating a further cross-linking reaction caused
by CO;. In contrast to the control group, the absorption peaks decreased significantly at
1670 cm~! and 1615 cm ™! in flue gas and O, groups, respectively. Given that the stretching
peaks at 1670 cm ! and 1615 cm ™! correspond to the C=0 bond in the -CONHj group and
the C-O bond in the -COO™ group, respectively, the reduction in the absorption peaks can
be attributed to the degradation of HPAM molecules and the elimination of -CONH,; and
-COO™ in HPAM [44].

According to the results in Section 2.2, it is concluded that flue gas induced a stronger
oxidizing property of HPAM at elevated gas pressures due to the comprehensive effect of
O, and CO;. Meanwhile, O, was likely the decisive factor in the degradation of HPAM
and assumed primary responsibility for the impairment of the gel’s long-term stability at
elevated flue gas pressures. In addition, CO; led to a greater decrease in pH at elevated gas
pressures, resulting in a reduction in the Ry, of HPAM molecules, which further impaired
the long-term stability of the polymer gels.

Based on the above findings, the gelation process of HPAM and the disruption process
of polymer gel in flue gas environment are illustrated in Figure 15. Despite the fact that the
Ry, of the HPAM molecules decreased with the dissolution of CO,, the flue gas expedited
the generation of cross-linkers, and then promoted the cross-linking process with HPAM,
consequently leading to a shorter gelation time and enhanced gel strength. After forming
into a bulk gel, several MPa of flue gas was injected into the reservoir for dozens of days.
A further cross-linking reaction occurred due to the CO,. However, the composited O,
induced the degradation of HPAM and disrupted the cross-linked networks of the polymer
gel, threatening the gel’s long-term stability. To address the adverse effects caused by
flue gas, it is highly desirable to advance the polymer gel formulation by adding oxygen
scavengers or strengthening additives.

/ L

&4
Flue gas 0, —— CO, — N, (control group)
600
\\
1615
1670 —
1 1 1 /L 1 1 1

7/

1900 1800 1700 1600 700 600 500
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Figure 14. The FTIR spectra of polymer gel after being aged for 180 days.
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3. Conclusions

The gelation behavior and gel performance of resorcinol/ HMTA-based polymer gels
were explored with flue gas treatment. Flue gas inflicted a complicated effect on the gelation
behavior and the gel performance. The results revealed the following:

1.  The flue gas facilitated the gelation performance of resorcinol/HMTA gel, which
was beneficial to the in situ polymer gel treatment. However, it threatened the gel
long-term stability, especially in high-pressure conditions;

2. Owing to the composited CO;, the flue gas altered the configuration of HPAM, result-
ing in a rapid reduction in the R}, and initial viscosity of HPAM solution. However,
CO; expedited the decomposition rate of HMTA into formaldehyde, and, thus, pro-
moted the cross-linking process, leading to a shorter gelation time and an enhanced
gel strength;

3. Flue gas increased the ORP value and induced a stronger oxidizing property of HPAM
at elevated flue gas pressures due to the comprehensive effect of O, and CO»;

4. The O; in flue gas played a leading role in the degradation of HPAM and assumed
primary responsibility for the impairment of the gel long-term stability at elevated flue
gas pressures. To address the adverse effects caused by flue gas and to meet the effec-
tive mobility control requirements in flue gas flooding reservoirs, it is highly desirable
to develop polymer gels by adding oxygen scavengers or strengthening additives.

4. Materials and Methods
4.1. Materials

Low molecular weight (2 million) HPAM with a hydrolysis degree of 4% was supplied
by SNF (China) Flocculant, Co., Ltd. Resorcinol (99.0%, purity), HMTA (99.0%, purity), and
acetic acid (99.5%, purity) were purchased from Sigma-Aldrich and used as cross-linkers.
Four types of gases, including flue gas (80%N3y, 17% CO,, and 3% O,), composited CO,
(83% N3 and 17% COy), composited O (97% Nj and 3% O;), and Ny, were obtained from
Shenkai Gas Co. Ltd., Shanghai, China. A formation brine obtained from the Hong oilfield
was used to prepare gelant samples, and its composition is shown in Table 1.

Table 1. Ion composition of the formation brine.

K+ + 2+ 2+ _ _ 2 Total
Ion Type Na* Ca Mg Cl HCO3 SOy Salinity
Concentration ¢4, 3 ¢10p 5.45 2525 850.12 49.7 5392.82

/(mg/L)
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4.2. Methods
4.2.1. Preparation of Polymer Gel

The gelants were obtained by evenly mixing HPAM stock solution with cross-linker
solution, including resorcinol, HMTA, and acetic acid, in different proportions. Subse-
quently, the gelant samples were saturated with flue gas, N, CO,, and O, separately and
sealed in glass bottles. Then, they were placed in a 42 °C water bath for further study.
Furthermore, the long-term stabilities of gels at elevated gas pressures were also assessed.
The experimental flow is depicted in Figure 16. As shown, firstly, the gelants were prepared,
transferred to a pressure-resistant tank, and subsequently placed at 42 °C for a sufficient
time. After bulk gel was formed, the tank was injected with different pressures of gases
and set to 42 °C again for 180 days for further study.

e e [

Iﬁltﬁ]

1

Pressure-resistant tank Gas cylinder

Gelant e Form into gel === High pressure of gas injected

Figure 16. Experimental flow for investigating long-term stability of gels at elevated gas pressures.

4.2.2. Gel Rheological Properties

The storage modulus (G’) of polymer gels was measured on an Anton Paar MCR92
rheometer to quantify the gel strength. The samples were filled into the space between
the PP25 rotor and the base plate. Furthermore, a strain sweep was conducted within
the range of 1-500% while keeping the frequency at 1 Hz. The G’ derived from the linear
viscoelastic region was adopted as the criterion of gel strength. In addition, the gelation
time corresponded to the time when the G’ sharply increased in the aging process. The
rheological variation of HPAM solutions was measured using a Brookfield viscometer with
a shear rate of 7.34 57!

4.2.3. DLS Measurements

The Ry, of the HPAM solutions was adopted to examine the variation of the polymer
configuration. First of all, the HPAM solutions were diluted to 5 mg/L and filtered through
a membrane filter to eliminate the large suspended particles. Then, the diluted HPAM
solutions were saturated with different pressures of flue gas and aged for sufficient time at
42 °C. The Ry, of the HPAM solutions was analyzed.

4.2.4. Formaldehyde Concentration Measurements

The HMTA solution tends to decompose into formaldehyde in acidic conditions at
42 °C. The concentration of formaldehyde can be determined using a pH meter. Firstly,
50 mL of HMTA-acetic acid solution was obtained by mixing acetic acid and the HMTA
solution together. The mass fractions of acetic acid and HMTA were 0.2 wt% and 0.3 wt%,
respectively. Then, the mixed solution was aged for 48 h at 42 °C, and the pH value
was adjusted to 3.5 with 1 mol/L HCI. Afterwards, 25 mL of 10 wt% hydroxylamine
hydrochloride was added to the mixed solution. Stirring was carried out for 10 min to
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induce a complete oximation reaction. The HCl was generated during the reaction process,
and the pH decreased to a certain value. Finally, 1 mol/L sodium hydroxide was titrated to
recover the pH value to 3.5 again. The concentration of formaldehyde was calculated by
the following equation [45]:

w=3c(V; — Vg)/50 x 100% 1)

where w is the formaldehyde concentration, c is the NaOH concentration, V is the volume
of NaOH used in samples, and V| is the volume of NaOH used in the blank sample.

4.2.5. FTIR Measurements

Here, FTIR spectra analyses were adopted to characterize the composition and trans-
formation of functional groups in polymer gels. The polymer gels were treated with 2 MPa
of different types of gases and aged for 180 days. Then, gel samples were dehydrated in a
vacuum drying oven. The FTIR specimens were prepared by the potassium bromide (KBr)
pellet method. The proportion of gel sample to KBr in all pellets was identical (1:100) to
ensure data consistency. The spectral analyses were performed on an FTIR spectrometer

within the wave number range of 4000 cm ™! to 400 cm 1.

Author Contributions: Conceptualization, G.Z.; formal analysis, W.Q. and J.L.; investigation, W.Q.
and J.L.; methodology, W.Q. and PJ.; resources, G.Z.; supervision, H.P.; writing—original draft, W.Q.;
Writing—review and editing, G.Z.; funding acquisition, G.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Key R&D Program (China), funding number
2018YFA0702400, and the Major Scientific and Technological Projects of China National Petroleum
Corporation (CNPC, China), funding number ZD2019-183-007.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bender, S.; Akin, S. Flue gas injection for EOR and sequestration: Case study. J. Petrol. Sci. Eng. 2017, 157, 1033-1045. [CrossRef]

2. Wang, Z.; Sun, B.; Guo, P; Wang, S.; Liu, H,; Liu, Y.; Zhou, D.; Zhou, B. Investigation of flue gas water-alternating gas (flue
gas-WAGQG) injection for enhanced oil recovery and multicomponent flue gas storage in the post-waterflooding reservoir. Pet. Sci.
2021, 18, 870-882. [CrossRef]

3. Chen, H.; Li, H; Li, Z,; Li, S.; Wang, Y.; Wang, J. Effects of matrix permeability and fracture on production characteristics and
residual oil distribution during flue gas flooding in low permeability/tight reservoirs. J. Petrol. Sci. Eng. 2020, 195, 107813.
[CrossRef]

4.  Sarlak, M.; Farbod, A.; Nezhad, S.; Sahraei, E. Experimental investigation of CO; in continuous and water alternating gas injection.
Pet. Sci. Technol. 2021, 39, 165-174. [CrossRef]

5. Abbas, A.H.; Ajunwa, O.M.; Mazhit, B.; Martyushev, D.A.; Bou-Hamdan, K.F,; Abd Alsaheb, R.A. Evaluation of OKRA
(Abelmoschus esculentus) macromolecular solution for enhanced oil recovery in Kazakhstan carbonate reservoir. Energies 2022,
15, 6827. [CrossRef]

6.  Martyushev, D.A.; Govindarajan, S.K. Development and study of a visco-elastic gel with controlled destruction times for killing
oil wells. J. King Univ. Eng. Sci. 2022, 34, 408—415. [CrossRef]

7. Galkin, S.V,; Martyushev, D.A.; Osovetsky, B.M.; Kazymov, K.P,; Song, H. Evaluation of void space of complicated potentially
oil-bearing carbonate formation using X-ray tomography and electron microscopy methods. Energy Rep. 2022, 8, 6245-6257.
[CrossRef]

8. Bai, B.; Zhou, J.; Yin, M. A comprehensive review of polyacrylamide polymer gels for conformance control. Petrol. Explor. Dev.
2015, 42, 525-532. [CrossRef]

9.  Lashari, Z.A.; Kang, W.; Yang, H.; Zhang, H.; Sarsenbekuly, B. Macro-rheology and micro-rheological study of composite polymer
gel at high salinity and acidic conditions for CO2 shut off treatment in harsh reservoirs for improving oil recovery. In Proceedings
of the SPE/PAPG Pakistan Section Annual Technical Symposium and Exhibition, Islamabad, Pakistan, 18-20 November 2019.
[CrossRef]


http://doi.org/10.1016/j.petrol.2017.07.044
http://doi.org/10.1007/s12182-021-00548-z
http://doi.org/10.1016/j.petrol.2020.107813
http://doi.org/10.1080/10916466.2010.549894
http://doi.org/10.3390/en15186827
http://doi.org/10.1016/j.jksues.2021.06.007
http://doi.org/10.1016/j.egyr.2022.04.070
http://doi.org/10.1016/S1876-3804(15)30045-8
http://doi.org/10.2118/201175-MS

Gels 2022, 8, 772 16 of 17

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Liu, J.; Zhong, L.; Wang, C.; Li, S.; Yuan, X,; Liu, Y,; Meng, X.; Zou, ].; Wang, Q. Investigation of a high temperature gel system for
application in saline oil and gas reservoirs for profile modification. J. Petrol. Sci. Eng. 2020, 195, 107852. [CrossRef]

Guo, H;; Ge, J.; Wu, Q.; He, Z,; Wang, W.; Cao, G. Syneresis behavior of polymer gels aged in different brines from gelants. Gels
2022, 8, 166. [CrossRef]

Han, J.; Sun, J.; Lv, K,; Yang, J.; Li, Y. Polymer Gels Used in Oil-Gas Drilling and Production Engineering. Gels 2022, 8, 637.
[CrossRef]

Seright, R.; Brattekas, B. Water shutoff and conformance improvement: An introduction. Petrol. Sci. 2021, 18, 450-478. [CrossRef]
Sun, X.; Bai, B.; Long, Y.; Wang, Z. A comprehensive review of hydrogel performance under CO, conditions for conformance
control. J. Petrol. Sci. Eng. 2019, 185, 106662. [CrossRef]

Aaron, D.; Tsouris, C. Separation of CO, from Flue Gas: A Review. Sep. Sci. Technol. 2005, 40, 321-348. [CrossRef]

Aliabadian, E.; Kamkar, M.; Chen, Z.; Sundararaj, U. Prevention of network destruction of partially hydrolyzed polyacrylamide
(HPAM): Effects of salt, temperature, and fumed silica nanoparticles. Phys. Fluids 2019, 31, 013104. [CrossRef]

Liu, J.; Fen, J.; Hu, H.; Li, C.; Yang, S.; Gu, J.; Mu, B. Decrease in viscosity of partially hydrolyzed polyacrylamide solution caused
by the interaction between sulphide ion and amide group. J. Petrol. Sci. Eng. 2018, 170, 738-743. [CrossRef]

Seright, R.S.; Campbell, A.; Mozley, P.; Han, P. Stability of partially hydrolyzed polyacrylamides at elevated temperatures in the
absence of divalent cations. SPE J. 2010, 15, 341-348. [CrossRef]

Seright, R.S.; Skjevrak, I. Effect of dissolved iron and oxygen on stability of hydrolyzed polyacrylamide polymers. SPE |. 2015,
20, 433-441. [CrossRef]

Mansour, A.M.; Al-Maamari, R.S.; Al-Hashmi, A.S.; Zaitoun, A.; Al-Sharji, H. In-situ rtheology and mechanical degradation of
EOR polyacrylamide solutions under moderate shear rates. J. Petrol. Sci. Eng. 2014, 115, 57-65. [CrossRef]

Song, W.; Zhang, Y.; Gao, Y.; Chen, D.; Yang, M. Cleavage of the main carbon chain backbone of high molecular weight
polyacrylamide by aerobic and anaerobic biological treatment. Chemosphere 2017, 189, 277-283. [CrossRef]

Gaillard, N.; Sanders, D.B.; Favero, C. Improved oil recovery using thermally and chemically protected compositions based on co-
and ter-polymers contain. In Proceedings of the SPE Improved Oil Recovery Symposium, Tulsa, OK, USA, 24-28 April 2010.
[CrossRef]

Abdulbaki, M.; Huh, C.; Sepehrnoori, K.; Delshad, M.; Varavei, A. A critical review on use of polymer microgels for conformance
control purposes. J. Petrol. Sci. Eng. 2014, 122, 741-753. [CrossRef]

Choi, S.K.; Sharma, M.M.; Bryant, S.L.; Chun, H. pH-Sensitive polymers for novel conformance-control and polymer-flood
applications. SPE Res. Eval. Eng. 2010, 13, 926-939. [CrossRef]

Zhu, D.; Bai, B.; Hou, J. Polymer gel systems for water management in high temperature petroleum reservoirs: A chemical review.
Energy Fuels 2017, 31, 13063-13087. [CrossRef]

Tovar, ED.; Barrufet, M.A.; Schechter, D.S. Long term stability of acrylamide based polymers during chemically assisted CO2
WAG EOR. In Proceedings of the SPE Improved Oil Recovery Symposium, Tulsa, OK, USA, 12-16 April 2014. [CrossRef]
Pervaiz, M.; Riaz, A.; Munir, A.; Saeed, Z.; Hussain, S.; Rashid, A.; Younas, U.; Adnan, A. Synthesis and characterization of
sulfonamide metal complexes as antimicrobial agents. J. Mol. Struct. 2019, 1202, 127284. [CrossRef]

Jin, E; Yuan, C.; Pu, W,; Zhang, Y.; Tang, S.; Dong, Y.; Zhao, T.; Li, Y. Investigation on gelation process and microstructure for
partially hydrolyzed polyacrylic amide (HPAm)-Cr(III) acetate-methanal compound crosslinked weak gel. J. Sol. Gel Sci. Technol.
2015, 73, 181-191. [CrossRef]

Sun, F; Lin, M.; Dong, Z.; Zhu, D.; Wang, S.; Yang, J. Effect of composition of HPAM/chromium (III) acetate gels on delayed
gelation time. J. Dispers. Sci. Technol. 2016, 37, 753-759. [CrossRef]

Unomah, M.; Thach, S.; Shong, R.; App, J.; Zhang, T.; Kim, D.H.; Malik, T.; Dwarakanath, V. Performance of conformance
gels under harsh conditions. In Proceedings of the SPE Improved Oil Recovery Conference, Tulsa, OK, USA, 14-18 April 2018.
[CrossRef]

Jain, R.; McCool, C.S.; Green, D.W.; Willhite, G.P.; Michnick, M.]. Reaction kinetics of the uptake of chromium (III) acetate by
polyacrylamide. In Proceedings of the SPE Enhanced Oil Recovery Symposium, Tulsa, OK, USA, 17-21 April 2004. [CrossRef]
Amir, Z.; Said, LM.; Jan, B.M. In situ organically cross-linked polymer gel for high-temperature reservoir conformance control: A
Review. Polym. Adv. Technol. 2018, 30, 13-19. [CrossRef]

Gommes, C.J.; Roberts, A.P. Structure development of resorcinol-formaldehyde gels: Microphase separation or colloid aggregation.
Phys. Rev. E 2008, 77, 041409. [CrossRef]

Jia, H.; Pu, W.; Zhao, ]. Experimental investigation of the novel phenol-formaldehyde cross-linking HPAM gel system: Based on
the secondary cross-linking method of organic cross-linkers and its gelation performance study after flowing through porous
media. Energy Fuels 2011, 25, 727-736. [CrossRef]

He, H.; Wang, Y,; Zhang, J.; Xu, X,; Zhu, Y,; Bai, S. Comparison of gelation behavior and morphology of resorcinol-
hexamethylenetetramine-HPAM gel in bulk and porous media. Transp. Porous Media 2015, 109, 377-392. [CrossRef]

Zhang, S.; Guo, J.; Gu, Y.; Zhao, Q.; Yang, R.; Yang, Y. Polyacrylamide gel formed by Cr(III) and phenolic resin for water control in
high-temperature reservoirs. . Petrol. Sci. Eng. 2020, 194, 107423. [CrossRef]

Sengupta, B.; Sharma, V.P; Udayabhanu, G. Gelation studies of an organically cross-linked polyacrylamide water shut-off gel
system at different temperatures and pH. J. Petrol. Sci. Eng. 2012, 81, 145-150. [CrossRef]


http://doi.org/10.1016/j.petrol.2020.107852
http://doi.org/10.3390/gels8030166
http://doi.org/10.3390/gels8100637
http://doi.org/10.1007/s12182-021-00546-1
http://doi.org/10.1016/j.petrol.2019.106662
http://doi.org/10.1081/SS-200042244
http://doi.org/10.1063/1.5080100
http://doi.org/10.1016/j.petrol.2018.07.017
http://doi.org/10.2118/121460-PA
http://doi.org/10.2118/169030-PA
http://doi.org/10.1016/j.petrol.2014.02.009
http://doi.org/10.1016/j.chemosphere.2017.09.079
http://doi.org/10.2118/129756-MS
http://doi.org/10.1016/j.petrol.2014.06.034
http://doi.org/10.2118/121686-PA
http://doi.org/10.1021/acs.energyfuels.7b02897
http://doi.org/10.2118/169053-MS
http://doi.org/10.1016/j.molstruc.2019.127284
http://doi.org/10.1007/s10971-014-3509-z
http://doi.org/10.1080/01932691.2015.1041034
http://doi.org/10.2118/190266-MS
http://doi.org/10.2118/89399-MS
http://doi.org/10.1002/pat.4455
http://doi.org/10.1103/PhysRevE.77.041409
http://doi.org/10.1021/ef101334y
http://doi.org/10.1007/s11242-015-0524-7
http://doi.org/10.1016/j.petrol.2020.107423
http://doi.org/10.1016/j.petrol.2011.12.016

Gels 2022, 8,772 17 of 17

38.

39.

40.

41.

42.

43.

44.

45.

Liu, Y.; Dai, C.; Wang, K.; Zhao, M.; Zhao, G.; Yang, S.; Yan, Z.; You, Q. New insights into the hydroquinone (HQ)-
hexamethylenetetramine (HMTA) gel system for water shut-off treatment in high temperature reservoirs. J. Ind. Eng. Chem. 2016,
35, 20-28. [CrossRef]

Wu, H;; Ge, J; Yang, L.; Yang, Y.; Zhang, T.; Guo, H. Developments of polymer gel plug for temporary blocking in SAGD wells. J.
Petrol. Sci. Eng. 2022, 208, 109650. [CrossRef]

Zhu, D.; Hou, J.; Meng, X.; Zheng, Z.; Wei, Q.; Chen, Y.; Bai, B. Effect of different phenolic compounds on performance of
organically cross-linked terpolymer gel systems at extremely high temperatures. Energy Fuels 2017, 31, 8120-8130. [CrossRef]
Sydansk, R.D.; Southwell, G.P. More than 12 years’ experience with a successful conformance-control polymer-gel technology.
SPE Prod. Fac. 1998, 15, 270-278. [CrossRef]

Levitt, D.B.; Spe, W.S.; Pope, G.A.; Jouenne, S. The effect of redox potential and metal solubility on oxidative polymer degradation.
SPE Res. Eval. Eng. 2011, 14, 287-298. [CrossRef]

Song, X.; Liu, K;; He, D.; Gao, P; Zheng, J.; Huang, G. Studies on crosslinking mechanism between trihydroxymethyl phenol and
partly hydrolyzed polyacrylamide. Acta Polym. Sin. 2009, 9, 903—908. [CrossRef]

McCormick, C.L.; Chen, G.S.; Hutchinson, B.H. Water-soluble copolymers V. Compositional determination of random copolymers
of acrylamide with sulfonated comonomers by infrared spectroscopy and C13 nuclear magnetic resonance. Appl. Polym. Sci. 2010,
27,3103-3120. [CrossRef]

GB/T14074-2006; Testing Methods for Wood Adhesives and Their Resins. National Standard Administration: Beijing, China, 2006.
(In Chinese)


http://doi.org/10.1016/j.jiec.2015.09.032
http://doi.org/10.1016/j.petrol.2021.109650
http://doi.org/10.1021/acs.energyfuels.7b01386
http://doi.org/10.2118/66558-PA
http://doi.org/10.2118/129890-PA
http://doi.org/10.3724/SP.J.1105.2009.00903
http://doi.org/10.1002/app.1982.070270832

	Introduction 
	Results and Discussion 
	Preparation of Gel Formulation 
	Effect of Flue Gas on Gelation Behavior and Gel Performance 
	Effect Mechanism on Gelation Performance 
	HPAM Properties 
	Cross-Linker Behavior 

	Effect Mechanism on Long-Term Stability 
	Long-Term Stability of HPAM 
	ORP Value 
	Long-Term Stability of Polymer Gel 


	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Polymer Gel 
	Gel Rheological Properties 
	DLS Measurements 
	Formaldehyde Concentration Measurements 
	FTIR Measurements 


	References

