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KEYWORDS Abstract Polyacrylamide has been widely utilized to store CO, in reservoirs in order to alleviate
CO, diffusive characteristics; the greenhouse impact. However, no studies have been conducted on the motion of CO; in a poly-
Influencing factors; acrylamide solution within porous media. This study illustrates the effect of polyacrylamide molec-
Porous medium; ular weight, concentration, pressure, temperature, and pore size on the dynamic diffusion of CO, in
Polyacrylamide solutions the core with saturated polyacrylamide solutions. The diffusion motion characteristics of CO, were

obtained by diffusion experiments. The microscopic analysis of core slices following testing showed
the presence of polyacrylamide on rock particles. The pressure and CO, mass fraction distribution
inside the core were calculated by constructing a mathematical model. The results show that the
increase in molecular weight and concentration of polyacrylamide decreased the diffusion ability
of CO,, while temperature and pressure accelerated the diffusion of CO,. The polyacrylamide
moved into the core to form an effective inhibiting effect, which was affected by CO, and pressure.
While the increase in pore size accelerates the flow rate of the polyacrylamide, it also enhances the
sealing capacity of the polyacrylamide solution. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) showed that the core had a high content of polyacrylamide solution
inside it, and these molecules were attached to the surface of the core particles in an irregular lamel-
lar pattern. The calculation model was consistent with the diffusion experimental results, where the
CO, diffusion coefficient in the polyacrylamide solution was in the order of 102 m?/s under the
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conditions of 5-30 MPa, 323-343 K, and a core permeability of 60 x 107> pm?. The results of this
paper provide a new calculation for evaluating the performance of polymer plugging.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the 1860 s to the present, the use of fossil fuels (coal, oil, and nat-
ural gas) has played an integral role in driving socio-economic develop-
ment (Fizaine et al., 2016). As for the negative impact, a large amount
of CO, is emitted into the atmosphere, leading to an increase in CO,
concentration and causing a serious greenhouse effect. Human survival
is threatened by anthropogenic global warming and rising sea levels
(Yuan et al., 2016). There is an urgent need to establish CO, emission
policies and CO, technical solutions to mitigate the greenhouse impact.
Carbon capture and storage (CCS) is one prominent approach (Bui
et al., 2018; Lau et al., 2021). CCS involves the capture, compression,
transport, and injection of CO, into large subsurface geological reser-
voirs (Ajayi et al, 2019). In particular, the storage of CO, after injection
plays an important role in the whole process (Wu et al., 2020). Many
scholars have conducted studies on carbon sequestration (Chen et al.,
2022; Oko et al.,, 2015; Pickard et al., 2014; Wall et al., 2013;
M’chaar et al., 2020). Louis-César Pasquier et al. (Pasquier et al.,
2014) extracted thermally activated serpentine from mining residues
in combination with water to perform a parameter optimization study
on CO» fixation. The solution was in contact with the minerals, and car-
bonates precipitated once the solution was saturated with dissolved
CO,. After parameter optimization, batch mode tests showed that
64 wt% of Mg could be leached from the solid phase and 62.5 wt%
of CO, could be removed from the gas phase. Mirjafari et al.
(Mirjafari et al., 2007) investigated that enhanced hydration of CO,
and accelerated precipitation of calcium carbonate by bovine carbonic
anhydrase during CO, injection into the formation could assist in the
fixation of CO,. The rate of the hydration reaction increased as the
enzyme concentration and temperature rose. The enzyme activity was
not affected by the pH of the reaction environment. The activation
energy and catalytic rate constants were 700.91 cal/mol and 0.65 s,
respectively. Sharma et al. (Sharma et al., 2022) purified a bacterial car-
bonic anhydrase (CA) for the conversion of CO, to CaCO; from
Corynebacterium flavescens. The optimal temperature and pH for puri-
fied CA were 35 °C and 7.5, respectively. However, in the process of
converting CO, from the gas phase to carbonate, it is necessary to
ensure that the CO, sequestration environment in the formation is
not destroyed and that constant conditions are guaranteed (McGrail
et al., 2017). Hydrolyzed polyacrylamide polymer gels were used in
the field of CO, sequestration control. The 2% concentration of acry-
lamide monomer and 5% sodium silicate gel system compounded by
Yongli Hou et al. (Hou et al., 2010) exhibited well strength, elasticity,
and plugging efficiency. The high-pressure acid environment generated
by CO, injection not only reacts with solid silicates to form silicate gels,
but it also facilitates efficient polymerization, confirming the potential
for the development of composite gel systems (Olajire et al., 2010).
Friedmann et al. (Friedmann et al., 1999) prepared a gel system con-
structed from polyacrylamide polymer, acetate ester combined with
surfactant that could seal a gas intensity of 15 psi/ft under supercritical
CO, conditions in a core of 16 x 10~ yum? Li et al. (Li et al., 2016) pro-
posed a new method for selective plugging of CO, channels based on a
CO,-sensitive gel system using a modified polyacrylamide-methyla
mine-resorcinol gel system to form gels in situ, which allowed a 90%
reduction in permeability at temperatures up to 90 °C in highly perme-
able sandstone cores (1698.5 x 107 um?). Zhang et al. (Zhang et al.,
2020) created a polyacrylamide gel from Cr(IIl) and phenolic resin,
which was heated at 140 °C for 120 days. No synergistic effect occurred,
and the strength could still be guaranteed. Jiang et al. (Jiang et al., 2019)
used free radical polymerization to create a gel from acrylamide mono-

mer, crosslinker, and initiator. The gels could be formed at tempera-
tures ranging from 80 to 150 °C, and the gel formation time could be
practically adjusted. Zareie et al. (Zareie et al., 2018) studied the
strength of a sol-gel system with polyacrylamide and chromium
hydroacetate as cross-linking agents to achieve sealing at 90 °C and
3000 psi pressure. No leakage occurred after 330 h at 95 °C. Yao
et al. (Yao et al., 2022) synthesized an inorganic—organic composite
crosslinker by adjusting the ratios of Cr(III), phenolic resin, and poly-
acrylamide. This composite cross-linking agent could cross-link low
concentrations of polyacrylamide in oilfield wastewater to obtain a
weak gel system with high temperature resistance. Sun et al. (Sun
et al., 2021) evaluated the sequestration efficiency of polymer gels for
CO, and water by calculating the residual resistance coefficient and
breakthrough pressure. HPAM-Cr (I11) gels had high breakthrough
pressure in low permeability cores. The disproportionate seepage reduc-
tion performance was more prominent in low permeability cores. The
resistance of the gels to CO, and brine decreased significantly over mul-
tiple cycles of injection. The structural changes of polyacrylamide poly-
mers during CO, flooding, as well as the degree of influence by
mineralization and formation water pressure differences, were also
investigated. The performance of polyacrylamide polymers under
CO, flooding was supplemented (Sun et al., 2017). The current study
has confirmed the efficacy of polyacrylamide gels for CO, sequestra-
tion, but no study has reported the description of the sequestration pro-
cess or the evaluation method of the sequestration effect.

In this paper, the focus was on the effect of polyacrylamide solution
on CO, diffusion without considering the properties after the addition
of cross-linking agent. The diffusion process of CO, being plugged by a
polyacrylamide solution was elaborated upon using the pressure curves
of diffusion experiments and SEM microscopic images. The amount of
CO, intrusion in the core of a saturated polyacrylamide solution was
quantified by the mathematical model of CO, diffusion. Meanwhile,
the effects of polyacrylamide molecular weight, concentration, ambient
pressure, temperature, and pore size on the sealing effect were clarified.
The results of this paper provide a new calculation method for evaluat-
ing the performance of polymers on CO, sequestration.

2. Experiment and methodology
2.1. Materials and apparatus
The partially hydrolyzed polyacrylamide used in the experi-

ments was produced by Henan Aisen Environmental Protec-

Table 1 Core physical parameters.

Core Core size Permeability, 10> pm®  Porosity, %

#1 D25cm x 9.68 cm  64.92 10.15
#2 D25cm x 9.67 cm  61.95 10.29
#3 D25cm x 9.73cm  62.67 9.76
#4 D25cm x 9.71 cm  61.57 10.50
#5 D25cm x 9.63 cm  60.39 9.15
#6 D25cm x 9.70 cm  60.80 9.35
#1 D25cm x 9.75cm  60.19 9.34
#8 D25cm x 9.69 cm  60.75 9.32
#9 D25cm x 9.66 cm  63.56 10.28
#10 D25cm x 9.7l cm  61.07 9.80
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tion Co., Ltd., China, using polymers with molecular weights
of 12 million and 19 million, and the content was 90.6% and
89.4%, respectively. The mother solution with a concentration
of 5000 ppm was prepared using polyacrylamide powder, and
further dilution was carried out to prepare solutions with
800 ppm and 2000 ppm concentrations. The CO, with the pur-
ity 0f 99.9% as the diffusion phase was produced by Teng Yun
Gas Co., Ltd., China. Artificial sandstone cores were used as
porous media with almost identical permeability and porosity,
eliminating the influence of the cores on the results. The basic
physical information of the core is shown in Table 1. A high
temperature-high pressure reaction kettle, a gas booster system
(a pressure vessel and a booster pump), a pressure detection
system, a CO, gas source, and a thermostat were used in exper-
iments. The reaction kettle was equipped with an electronically
controlled heating system and a fluid stirrer, which could set
the temperature and ensure the constant temperature of the
gas in the reactor. The pressure detection system connected
to the reactor enabled accurate pressure detection during
CO, diffusion.

2.2. CO; diffusion in porous media with saturated
polyacrylamide solutions

The dried cores were saturated with polyacrylamide solution at
different concentrations, and to reduce the effect of shear dam-
age on the results, the experimental flow rate was controlled at
0.05 mL/min. CO, was injected into the vessel and pressurized
to 1.5 times the experimental pressure. It was placed on a ther-
mostat for pre-heating to ensure that the temperature reached
the target conditions quickly when CO, was injected into the
reactor. The electric heating system of the reactor was turned
on, the target temperature was set, and the saturated core

was placed. The reactor injection and discharge valves were
both opened, and CO, was injected to purge the air from the
reactor. The pressure detection system was turned on, and
closed the discharge valve. The CO, was injected at 1.5 times
the target pressure value and adjusted to the experimental
pressure. The pressure data was recorded. Fig. 1 shows the
experimental flow. According to the principle of mass conser-
vation, the decrease of CO, in the gas phase was equal to the
increase of CO, in the polymer solution. The amount of CO,
(AN,) in the gas phase at a specific moment when it decreases
from the initial state Ty to T; is calculated according to the gas
equation, as shown in Eq. (1) (Chen et al., 2022).

AN,:no_n,:L(m_w) _ompdv A
RT\ 2, 2, ZRT  ZRT

The experimental cores were cut into thin slices along the
radial direction, and the adhesion state of the polyacrylamide
on the pore and rock particle surfaces was observed by an FEI
Quanta 250 field emission environmental scanning electron
microscope manufactured by Thermo Fisher, USA. The pore
surface morphology of the core was also obtained using X-
ray CT scanning.

2.3. Mathematical model

Combined with physical experiments, the diffusion model of
CO, in saturated polymer solution cores was developed. The
geometry of the diffusion model is shown as the reaction kettle
in Fig. 1. The Stokes-Brinkman equation was used to explain
the flow velocity and pressure fluctuations of fluids in porous
media, taking into account the properties of fluid diffusion
variation in permeable columnar cores. It describes the double
diffusion phenomenon caused by joint heat-mass transfer. The
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properties of CO, compressibility influencing variable density
were considered, and Egs. (2), 3 were solved by the gas equa-
tion of state.

5=V [-p+K - (wc” + Bplu| +%>u

2
K=pl(Vu+ (Vu)") = 2ul(V-u)
Oe,p
ot

Where p is the dynamic viscosity of the fluid, kg/(m-s); u is
the velocity vector, m/s, p is the density of the fluid, kg/m, p is
the pressure, Pa;

¢ 1s the porosity, k is the permeability of the porous med-
jum, m?, and the mass source, QOm, accounts for mass deposit
and mass creation within the domains. The mass exchange is
assumed to occur at zero velocity. K is the viscous part of
the stress. The Maxwell-Stefan diffusion model was used to
describe the diffusion process of CO, molecules in porous
media. The mass conservation equation for substance i was
calculated using the Eq. (4).

+V-(pu) =0, 3)

dw;
P or
w; 1s the mass fraction of substance 7, R; is the reaction rate
expression, mol/(m>-s).
The relative mass flux within a porous medium was calcu-
lated based on the Eq. (5).

. ~ vT
Ji=— <pwl Z Dé’,i/cd/( + DZ-, T) D(@/’k
k

:f(.)(gmff)Di/wD(:TJ :f‘e(gper)DiT (5)

+ Vo jitplu-V)o,=R; (4)

D, is the multicomponent Fick diffusion coefficient, mz/s;
di(SI unit: 1/m) is the driving force of diffusion, 1/m; T is
the temperature, K; D,.T is the thermal diffusion coefficient,
kg/(m-s); f, (8,,, rp) is the diffusion correction factor for porous
media, which is related to porosity and fluid tortuosity factor
(tr =¢,'%).

The diffusion driving force is defined as Eq. (6). The diffu-
sion driving force for each substance depends on the composi-
tion, temperature and pressure of the mixture.

1
dr = Vi +[—) [(xx — o) Vp] (6)
W
X = —MAA M, (7

—1
;
M, = — 8
(=) ®
M, is the molar mass of the i; M, is average molecular mass.

3. Results and discussion

3.1. Dynamic analysis of each diffusion step

The diffusion pressure was adjusted to 5 MPa, and the exper-
imental temperature was 323 K in accordance with the exper-
imental protocol in section 2.2. The dry powders of 12 million
and 19 million molecular weight polyacrylamide were formu-
lated into solutions with 800 ppm, 2000 ppm, and 5000 ppm
concentrations. The results of the pressure variation of the dif-
fusion experiment under different conditions are shown in
Fig. 2.

The diffusion pressure of CO, in polyacrylamide solution
was divided into three stages depending on the variation,
which were the rapidly decreasing pressure stage (RDPS),
the gradually decreasing pressure stage (GDPS), and the pres-
sure stabilization stage (PSS). CO, initially contacted the exte-
rior of the core and entered the pores of the core in
unsaturated and partially saturated polymers, causing a quick
reduction in pressure. After the gas was completely filled into
the pores, the pressure reduction became slower, and the
CO, molecules partially dissolved in the solution while squeez-
ing the polyacrylamide solution, making them closer to each
other, leading to a reduction in the ability of CO, to pass
through the pores. Subsequently, the diffusion pressure was
nearly smooth and the diffusion capacity was the lowest.
Fig. 3 depicts the theoretical process. The amount of CO, dif-
fusing into the core at each stage was quantified by the method
of K-means clustering analysis based on three stages divided
by pressure changes. Fig. 4 illustrates the molar mass of CO,
diffusion at different stages. A higher percentage of CO,

—>¢—12million-800ppm

5.00

4.98 4

4.96 4

4,94

T 4.85 1 \
5 N —— 12million-2000ppm 492
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Rl —4—19million-5000ppm 4.88 r T r T T T .
4.70 gy . — — water 0 10000 20000 30000 40000 50000 60000 70000
e
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Fig. 2 Circumferential pressure variation curves of CO, in saturated polyacrylamide solution cores.



CO, diffusive characteristics and influencing factors

Polyacrylamide
olecules

Core matrix » CO; molecules

Polyacrylamide molecules are
plugged in the pores of the rock.

1
1
1
1
\

CO; diffusion is prevented
by polyacrylamide

Rapidly decreasing
pressure stage

Polyacrylamide molecules

Pressure stabilization
» stage

CO; enters the pores of incompletely
saturated polymer.

Gradually decreasing
pressure stage

A —

are extruded.

Polyacrylamide molecules are
moved by CO; convection

Fig. 3  Diffusion process of CO, in saturated polyacrylamide solution cores.

entered the core in the RDPS. The amount of CO, diffusion
was less in the PSS.

3.2. Adhesion pattern of polyacrylamide on core particles

Cores saturated with the 12 million molecular weight,
2000 ppm concentration of polyacrylamide solution were pre-
pared. After CO, diffusion experiments, the wire saw without
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0.000 L . . . : .

mol)
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2, 2, 2, 2 20, 2,
@ % % ” ) 7

Fig. 4 Molar mass of CO, diffusing into the saturated core at
each stages.

Fig. 5 The observation areas on the slice, where A is the area
near the axis, B is the area in the middle of the core radius, and C
is the outer area of the core.

water lubrication was used in the middle of the core to cut a
thin section of 3 mm thickness. SEM was used to analyze
the polyacrylamide solution on the surface of the particles
after lyophilization.

Fig. 5 depicts the microscopic characteristics of a three-part
region along the radial direction of the core slice. Fig. 6-(a) and
(b) represent the states of polyacrylamide adhesion on the rock
particles near the core axis. The polyacrylamide clusters were
irregularly covered on the surface, showing a lamellar pattern.
The irregular polyacrylamide adhesion area was reduced on
the outer side of the core (Fig. 6-(c), (d)). The amount of poly-
acrylamide adhesion was indicated based on the average con-
tent of carbon elements in the SEM images. The content of
carbon elements radially outward along the center of the slice
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correspond to area B and C, respectively. Note: The data in the table are the average values of the elements at different positions in the
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Fig. 7 Geometry of the calculation model.
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Table 2 Parameters of mathematical equations under initial conditions.

Mathematical Parameters Position

equations e
q inside the core

reactor annulus

Stokes—Brinkman Initial pressure 0

Polyacrylamide concentration setting value; CO,

Setting pressure
CO,

CO,

Polyacrylamide concentration is 0; CO, mass
fraction is 1

0

equation Dynamic Polyacrylamide
viscosity
Maxwell-Stefan Molar mass Polyacrylamide
equation Mass fraction
mass fraction is 0
Diffusion Trial value
coefficient
0.0030
0.0025 -
0.0020 -
g 0.0015
;.‘. Experimental data
0.0010 5x10™* m?/s
- - - 1x10MmY/s
0.0005 - — - —1x10"? m?/s
......... 5x1013 m? /s
0.0000 4/

0 10000 20000 30000 40000 50000 60000 70000
Time (s)

Fig. 8 Fitting of CO, diffusion coefficient in 19 million—
2000 ppm polyacrylamide solution (323 K).

ranged from 57.41% to 24.05%. It indicated a corresponding
decrease in polyacrylamide solution mass content from region
A to region C.

3.3. Numerical calculation of CO, diffusion process

The initial conditions of the experimental process were
described mathematically in Section 2.3. The initial conditions

8

: ]

64

N L]

3

Deff (x10°12)

24
o N

5MPa

15MPa 30MPa

Fig. 9 CO, diffusion coefficients at different pressures in 19
million-2000 ppm polyacrylamide solution (323 K).

inside the core and the reactor annulus (Fig. 7) are represented
in Table 2.

The mass of CO, entering the core increased as the diffu-
sion coefficient increased (Fig. 8). The reaction kettle was a
closed experimental environment, and the diffusion coefficient
varied dynamically with the pressure. However, considering
the small variation in differential pressure, the diffusion coeffi-
cient could be approximated as a constant value in the calcu-
lation process. In the process of changing the diffusion
coefficient, the difference in diffusion volume was mainly
reflected in the RDPS. For the 1900 million molecular weight,
2000 ppm polyacrylamide solution, the CO, diffusion coeffi-
cient was in the range of 5 x 103 to 1 x 10"? m?/s at
5 MPa. Fig. 9 represents the calculation of the CO, diffusion
coefficient under the condition of increasing the pressure in
the reactor. As the pressure increased, the diffusion coefficient
increased. In the pressure range studied at present, the diffu-
sion coefficients were in the order of 107> m?%/s.

The mass fraction of CO, intrusion at different locations
was calculated. Fig. 10 illustrates the diffusion of CO, after
changing the initial pressure. As the initial pressure increased,
the CO, intrusion distance increased, although it was mostly
distributed in the outside region of the core. The CO, mass
fraction near the center of the core converged at 0.19 mil-
lion—2000 ppm polyacrylamide solution, which had the effect
of impeding CO, diffusion in the current permeability range
of the core.

The intrusion distance increased from 3.5 to 7.5 mm as the
pressure increased from 5 to 30 MPa, and the CO, mass frac-
tion curve gradually developed an “‘S” pattern, with a smooth
section at the outer edge of the core, as shown in Fig. 11. The
CO, on the exterior of the core was close to saturation, and the
saturated CO, mass fraction was maintained at 60% to 72%.
A cliff-like decrease in CO, mass fraction occurred during the
process toward the inner part of the core. At this stage, the
polyacrylamide solution had achieved its purpose of inhibiting
CO, diffusion, and the action range was 4-5 mm, which was
the effective action area. The mass fraction of CO, at different
locations approached smoothness as time passed, and the sta-
bility of CO, distribution was reached at 30,000 s.

In Fig. 12, the pressure inside the core gradually increased,
and the pressure values in all parts of the core in the axial
direction were consistent, while there was a slight decrease in
the pressure inside the annular space. It could be seen that
the higher the pressure inside the reactor, the easier the pres-
sure variation inside the core tends to be smooth, combined
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(a) (b) (c)

Fig. 10 CO; mass fraction distribution (70000 s), where the initial pressures of (a), (b), and (c) are 5 MPa, 15 MPa, and 30 MPa,
respectively (323 K).
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Fig. 11 CO, mass fraction at radial distance variation with time (323 K). The initial pressures for (a), (b), and (c) are 5 MPa, 15 MPa,

and 30 MPa, respectively.
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Fig. 12 Pressure variation distribution in the core, (a), (b), (c) are the pressure variation in the core at 0 s, 10000 s, and 70000 s
respectively.

4.52

4.51

with the pressure variation inside the core represented in 3.4. Analysis of the factors influencing CO; diffusion
Fig. 13. The polyacrylamide solution was easily compressed,

which achieved the purpose of maintaining the pressure bal-

ance inside the core. Under the current pressure conditions, 3.4.1. Effect of molecular weight and concentration of
the pressure inside the core reaches complete stability in polyacr'y'lamid.e on CO, diffusion

30,000-60,000 s. The increase in molecular weight and concentration of poly-
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Fig. 13 Pressure in the core along the radial distance with time (323 K). The initial pressures for (a), (b), and (c) are 5 MPa, 15 MPa, and

30 MPa, respectively.

acrylamide decreased the diffusion of CO,, as shown in Fig. 2.
Molecular weight and concentration exhibited the same func-
tion of impeding CO, diffusion. (12 million molecular
weight—2000 ppm and 19 million molecular weight—800 ppm
polyacrylamide solutions had the same inhibiting ability for
CO, diffusion).

The increase in the concentration of polyacrylamide solu-
tion drastically reduced the diffusion capacity of CO,. With
the increase in concentration, the time of RDPS was shortened
and the time of PSS was increased. When the concentration
was fixed, increasing the molecular weight of polyacrylamide
showed the same pattern of change.

3.4.2. Effect of temperature and pressure on CO; diffusion

Considering the cost of use and the effectiveness of inhibiting
CO, diffusion, a polyacrylamide solution with the 19 million
molecular weight and 2000 ppm concentration was selected
for temperature and pressure tests. The effect of the change
in environmental conditions on the diffusion of CO, in the
polyacrylamide solution was determined.

Fig. 14 demonstrates the effect of temperature and pressure
on the diffusion ability of CO, in the same saturated polyacry-
lamide solution core. An increase in temperature decreased the
effect of polyacrylamide molecules on CO, sequestration
(Fig. 14-(a)), and temperature uniformly affected the three dif-

(a)

fusion stages to a lesser extent. However, the CO, diffusion
was more pronounced when compared to the initial pressure
increase in the reactor (Fig. 14-(b)). During the RDPS, as
the pressure increased, more CO, entered the core and reached
the PSS earlier. The increase in initial pressure caused an
increase in the molecular weight of CO, in the reactor com-
pared to the increase in ambient temperature. The higher con-
centration difference between the inside and outside of the core
elevated the rate of free molecular movement and accelerated
the diffusion of CO, into the polyacrylamide solution.

3.4.3. Effect of rock pore throat size on CO; diffusion

The Fig. 15-a shows the core pore structure identified using X-
ray computed tomography, and the geometric model was con-
structed based on the identification results. The model size was
4.2 mm x 4.2 mm x 0.3 mm, and the pore size ranges from 27
to 307 um. At constant pressure conditions, CO, was seques-
tered in a rectangular area, and the pores were saturated with
a 19 million molecular weight, 2000 ppm concentration poly-
acrylamide solution.

The size of the geometric model was adjusted separately to
calculate the flow velocity of the solution and the mass concen-
tration of CO, intrusion into the pores at 14-154 pum, 27—
307 pm, 41-461 pm, 54-614 pm, 68-768 pm, and 91-921 um
pore sizes, respectively. CO, flows through the pores of satu-

0.0030 0.010
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15MPa
0.0025 - 0000000000000
0.00810 30mpa_ O QHEO oo
0.0020-
0.006 - o
5 (@)
2 0.0015- o)
= =" 0.004
0.0010 1
0.0024 O
0.0005 -
0.0000 : . . _ _ . 9.000y O : : . . . . ,
0 10000 20000 30000 40000 50000 60000 70000 0 10000 20000 30000 40000 50000 60000 70000

Time (s)

Time (s)

Fig. 14  CO, diffusion in polyacrylamide solution under different conditions. (a) CO, diffusion in 19 million-2000 ppm polyacrylamide

solution at different temperatures (5 MPa), (b) CO, diffusion in 19
(323 K).

million-2000 ppm polyacrylamide solution at different pressures
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o
=]
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3
Time (s)

14~154 27~307 41~461

54~614 68~768 81~921 pm

Fig. 15 CO, diffusion characteristics in saturated solution with different pore sizes. (a) is the pore geometry model; (b) is the polymer
flow rate for different pore sizes; (c), (d), (e) are the CO, mass concentration distributions corresponding to 14-154 pm, 41-461 um, and

91-921 um pore sizes, respectively.

rated polyacrylamide solution along continuous and larger
pore throat size channels, forming dominant channels
(Fig. 15-c, d, and e). The large size pores were first plugged
in the process of injecting polyacrylamide solution into the for-
mation, so the purpose of plugging CO, was achieved. How-
ever, the polyacrylamide solution between the prominent
channels had little effect on inhibiting CO, diffusion.
Fig. 15-b represents the flow velocity of the solution for differ-
ent pore sizes. Its values gradually increased with time when
CO, was first released due to the weak compressibility of the
polyacrylamide solution.

The outflow velocity reached a maximum after the poly-
acrylamide molecules squeezed each other. As the solution
started to plug CO,, the flow velocity decreased until it was
0. The flow velocity increased with the increase in pore size,
and the peak value was reached after changing different pore
sizes. However, the flow rate was faster, and its sequestration
rate was accelerated.

4. Conclusions

In summary, the polyacrylamide was effective in inhibiting CO, under
reservoir conditions. The diffusion of CO, in the core of a saturated
polyacrylamide solution was divided into three stages depending on
the degree of pressure change. The pressure data, scanning electron
microscopy, and energy spectra confirmed that after CO, diffusion,
it moved the polyacrylamide solution until plugging was achieved.
The effects of molecular weight, concentration, pressure, and temper-
ature on the dynamic diffusion of CO, in the core of saturated poly-
acrylamide molecules were clarified using diffusion experiments.
Polyacrylamide solutions with molecular weights of 12 and 19 million
were studied to hinder the diffusion state of CO, and were formulated

to 800 ppm, 2000 ppm, and 5000 ppm concentrations, respectively. The
increase in molecular weight and concentration exhibited the same
function of impeding CO, diffusion. In addition, the pressure range
of this experiment was 5-30 MPa and the temperature was 323—
343 K. The increase in temperature decreased the effect of polyacry-
lamide molecules on CO, sequestration, uniformly affecting the three
diffusion stages. However, the initial pressure in the reactor increased,
and the CO, diffusion was more rapid. The increase in pore size accel-
erated the flow rate of the polymer. The range of sizes studied can also
have a sequestering effect.

The results calculated using a combination of the mathematical
models correspond well to the experimental results. The CO, diffusion
coefficient in the polyacrylamide was calculated to be on the order of
102 m?/s at a core permeability of 60 x 10~ pm?. The mass fraction
and pressure of CO, in the core were given. The external side of the
core was saturated with a CO, mass fraction in the range of 60% to
72%. The CO, mass fraction in the interior of the core was substan-
tially reduced. The polyacrylamide achieved the purpose of plugging
CO, diffusion. The results presented in this paper provide a new com-
putational method to evaluate the CO, sequestration effect of
polymers.
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