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Permeability is one of the most important parameters for characterizing fluid

flow and production from reservoirs. In this paper, experimental studies on the

percolation, permeability, and adsorption of supercritical CO2 in coal seams

were carried out, taking into account the effects of injection pressure and

temperature, comparing the changes in longitudinal wave velocity of

specimens before and after the tests, and analyzing the permeability effect

of supercritical CO2 on raw coal specimens. The test results showed that when

the volume stress was 36 MPa, the permeability of supercritical CO2 in coal

increased by 93%, on average, compared with that of CO2. The modified D-R

model was used to fit the adsorption data, and it was found that the excess

adsorption capacity of supercritical CO2 by coal decreased with increased

pressure, with a maximum value of approximately 8 MPa. When the

temperature increased by 10°C, the adsorption capacity decreased by 8.3%,

on average. In the subcritical CO2 state, the trend of excess CO2 adsorption in

coal was consistent with that of absolute adsorption, whichwas 16% higher than

that of excess adsorption, on average. After the action of supercritical CO2, the

propagation velocity of the longitudinal wave in the sample decreased

significantly, indicating that supercritical CO2 can effectively promote the

development of pores and fractures in the coal sample, with an obvious

anti-reflection effect on the coal seam and the best permeability

enhancement effect at 35°C.
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Introduction

As coal resources continue to decrease, efficient mining of coal-bed methane becomes

important (Jia et al., 2012). China’s coal-bedmethane resources aremainly located 1,500-3,000

m underground, and existing coal-bed methane mining technology is limited by factors such

as high temperature and high ground stress in deep coal seams, although these characteristics
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are not universal (Feng, 2008). In recent years, methods for the

recovery of enhanced stored coal-bed methane using CO2 (CO2 -

ECBM) have received increasing attention (Reucroft and Patel, 1986;

Reucroft and Sethuraman, 1987; Qin, 2005; Wu and Zhao, 2005).

This method is based on good fluidity and zero surface tension of

supercritical CO2, which can not only significantly improve the

recovery of coal-bed methane but also store CO2 in coal seams to

reduce the greenhouse effect.

In recent years, many scholars have studied the seepage and

adsorption properties of coal on CO2. (Xu et al., 2017) explored the

sensitivity of the response of coal rock permeability to changes in

stress by testing CO2 in the coal seam and found that the greater

the stress, the less sensitive the corresponding force of coal sample

permeability. Through the CO2 isothermal adsorption test, it has

been found that the CO2 isothermal adsorption curve reaches a

maximum value near the critical pressure (7.38 MPa) and then

gradually decreases with increased adsorption pressure (Wu et al.,

2019; Wu et al., 2021; Miao et al., 2022). Ma et al. (2015) studied

the adsorption capacity of coal for different gases and found that

the capacity for adsorption of CO2, CH4, and N2 decreased

sequentially. Tang et al. (2004) confirmed the superiority of

CO2 in competitive adsorption with CH4 through the

experimental study of adsorption isotherms of CO2–CH4 binary

gas. He et al. (2018) studied the expansion deformation of CO2

adsorption of coal bodies of different coal grades and concluded

that expansion deformation decreased with increased coal grades

under the same amount of CO2 adsorption. By comparingmultiple

adsorption models, it was found that the modified D-R model

could better describe the trend of supercritical CO2 adsorption in

coal (Sakurovs et al., 2007; Richard et al., 2008; Wu et al., 2018a).

Sun et al. (2013) studied the seepage law of coal under the action of

supercritical CO2 and demonstrated that, after the action of

supercritical CO2, honeycomb-like pore cracks appeared in coal

samples and permeability was significantly improved. In a CH4

experiment in supercritical CO2-flooded coal, it was found that the

injection of supercritical CO2 into the coal seam can improve the

recovery of CH4 and effectively seal in CO2 (Yang et al., 2012;

Liang et al., 2014; Wu et al., 2018b).

Scholars at home and abroad have carried out studies of

CO2 seepage and adsorption in coal seams, with results

indicating that when the temperature exceeds 31.8°C and

the pressure exceeds 7.38 MPa, CO2 becomes supercritical

and supercritical CO2 has a specific anti-permeability effect

on coal seams (Wang and Liang, 2019). Therefore, in this

study, nine coal samples from the Xinqiu Mine Area, Fuxin

City in the Liaoning Province, China, were tested. Seepage

and adsorption experiments of supercritical CO2 injection of

raw coal specimens under different injection pressures and

temperatures were performed, and the anti-permeability

effect of supercritical CO2 on the specimens was studied

by comparing the changes in longitudinal wave

velocity and permeability before and after supercritical

CO2 injection.

Coal sample preparation and test
device

Coal sample preparation

Coal samples were taken from the Xinqiu Mine Area, Fuxin

City, Liaoning Province. Coring equipment was used to drill the

FIGURE 1
Coal samples.
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core perpendicular to the bedding direction of the coal seam; the

core was then cut into 50 mm*100 mm standard cylindrical

specimens. The inclination of the end face was less than 0.1°,

as shown in Figure 1. Nine samples with apparent integrity and

no visible cracks were selected. The samples were placed in a

drying oven at 105°C for 24 h and then covered with cling film

after cooling. The specific parameters of the coal samples are

shown in Table 1.

Experimental device

Permeability experimental device
Permeability measurement was achieved using the steady-

state method. The experimental apparatus used to measure

permeability is shown in Figure 2. The device included a gas

supply, data acquisition, temperature control, and core holder

systems. The core holder system included a triaxial core holder,

pressure kettle, and flow meter. The gas supply system included

high-pressure gas cylinders, booster pumps, air compressors,

pressure pumps, and vacuum pumps that provided pressure for

the CO2 phase transition to a supercritical state. The data

acquisition system consisted of a TP700 data logger and many

pressure transducers, each with an accuracy of 0.01 MPa. The

temperature control system consisted of a water bath container

and many temperature transducers with an accuracy of 0.1°C.

The injection pressure was at least 5 MPa lower than the

confining pressure to reduce the possibility of hydraulic

fracturing within the shales and leakage of liquid from the

gap between the rubber sleeve and the sample (Zhang and Yu,

2019).

Adsorption experimental device
The experimental apparatus used to measure adsorption is

shown in Figure 3. The device included a gas supply system, data

acquisition system, temperature control system, and adsorption

system. The adsorption system included two high-pressure

adsorption chambers, and the pressure of the adsorption tank

was 0 ~ 60 MPa; other systems were the same as the permeability

experimental device. Unlike the seepage experimental apparatus,

the adsorption experimental apparatus did not require confining

pressure and axial pressure on shale specimens.

Permeability experiment

Permeability model

Based on the stable upstream pressure (p1, MPa),

downstream pressure (p2, MPa), and volumetric flow rate of

the gas (Q, m3/s), the gas permeability was obtained from the

expression (Zhao and Yu, 2017):

K � 2Qp0μgLZ

A p2
1 − p2

2( )Za
. (1)

where K is the permeability, 10–15 m2; p0 is the standard

atmospheric pressure, 0.1 MPa; L is the length of the coal

sample, cm; A is the cross-sectional area of the coal sample, cm2;

Z is the compressibility factor under the experimental

TABLE 1 Basic physical parameters of the specimen.

Sample L/mm D/mm m/g

M01 100.2 50.1 258.06

M02 99.8 50.0 256.87

M03 100.3 50.1 258.06

M04 100.1 50.1 257.16

M05 99.8 50.0 256.87

M06 100.2 50.1 258.06

M07 99.9 50.0 255.07

M08 99.8 50.0 255.01

M09 100.0 50.1 257.88

FIGURE 2
Permeability experimental device.
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conditions; and Za is the compressibility factor at the

experimental temperature.

Permeability experiment program and
steps

The permeability experiments were divided into three groups

according to temperature, including 35, 45, and 55°C. The

volumetric stress in the experiment was 36MPa, the CO2

injection pressure was 4–7MPa, and the supercritical CO2

injection pressure was 8–11MPa. The experimental program is

shown in Table 2. The specific steps were as follows:

1) The test device was connected and confirmed to be airtight.

The sample was sealed with a heat shrink sleeve and put into

the core holder. The water bath tank temperature was set to

35°C, and the volume stress was set to 36 MPa. After the

temperature and pressure stabilized, the pore pressure was

adjusted to 4 MPa by feeding CO2, and test data were

recorded after allowing the flow to stabilize. Three sets of

data were collected for each experimental group, and the

average value was calculated.

2) After testing at one observation point, the CO2 injection

pressure was gradually increased until 11 MPa, according

to the experimental protocol.

3) The coal sample was replaced according to the experimental

protocol, and the test temperature was increased to 45°C and

then 55°C, in turn. Steps 1) and 2) were repeated, and the coal

sample permeability under different test conditions was

calculated using the collected data.

Permeability experiment results and
discussion

As shown in Figure 4, under the same volumetric stress,

pore pressure and temperature had significant effects on the

permeability of coal samples. The permeability of coal samples

increased with increased pore pressure at the same

temperature, and the permeability increased exponentially

before the supercritical state. After the critical pressure was

exceeded, the permeability had an obvious linear growth

trend. By comparing the permeability of coal samples

under the two carbon dioxide phase states, it was found

that when the carbon dioxide reached the supercritical

state, permeability was significantly improved. Comparing

permeability at the three temperatures, it was found that

coal permeability was highest and had the smallest decrease

in permeability over time at 35°C. These results indicate that

the volume of pores and cracks in the coal body was limited.

With increased temperature, the expansion of the coal body

FIGURE 3
Adsorption experimental device.

TABLE 2 Permeability experiment program.

Sample Temperature/°C Confining pressure/MPa Axial pressure/MPa Pore pressure/MPa

M01 35 12 12 4–7; 8–11

M02 45 12 12 4–7; 8–11

M03 55 12 12 4–7; 8–11
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skeleton gradually increases. However, due to the compressive

and restrictive effects of effective stress on pore cracks, the

volume of pores and fractures gradually decrease with

increased expansion of the coal skeleton. The expansion of

the coal skeleton will not increase indefinitely with increased

temperature. As temperature increases, the rate of change of

the expansion of the coal skeleton gradually decreases; i.e., the

rate of change of the volume of pores and fractures will

gradually decrease. On the other hand, permeability is also

related to gas dynamic viscosity. From Eq. 1, the permeability

is proportional to the dynamic viscosity of the gas. As shown

in Figure 5, comparing the dynamic viscosity of carbon

dioxide at three temperatures, it was clear that the dynamic

viscosity of CO2 increased with increasing temperature before

the supercritical state. The dynamic viscosity of CO2 at 35°C

was significantly higher than that at 45°C and 55°C, although,

with increased temperature, the viscosity of supercritical CO2

will decrease significantly. The expansion of clay minerals in

the coal body plays a leading role in this process (Wu et al.,

2018b); therefore, the decrease of permeability will gradually

slow down.

Adsorption experiment

Adsorption capacity model

After measuring the pressure in the adsorption system

before and after adsorption equilibrium, the adsorption

amount was calculated based on the change in the number

of substances converted using the gas state equation. A

known amount of adsorption gas was injected into the

reference chamber and the adsorption chamber, and after

stabilization, the reference chamber pressure, p1, and the

adsorption chamber pressure, p2, were recorded. Using the

gas compressibility factor equation of state: pV � ZnRT, the

amount of gas in the reference chamber, n1, and the

amount of gas in the adsorption chamber, n2, were

calculated. The valve between the adsorption chamber and

the reference chamber was opened, the final equilibrium

pressure, p0, was recorded, and the gas factor state

equation was used to calculate the total amount of gas, n0,

in the adsorption system. The adsorption amount of the gas at

this pressure is then: nad � n1 + n2 − n0, and the excess

adsorption amount Vad of CO2 per unit mass of coal was

calculated using (Eq. 2).

Vad � 22.4 × 103nad / Gc. (2)

In Eq. 2, Gc is the total mass of the coal sample, g.

FIGURE 4
Change curves of permeability with an injection of CO2 and SC-CO2 pressure.

FIGURE 5
Dynamic viscosity of CO2 varies with pressure.
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Adsorption experiment program and steps

Experiments were divided into three groups according to

temperatures of 35, 45, and 55°C. The CO2 pressure was

gradually increased from 0 MPa to 11 MPa for a total of

11 pressure measurement points, each with a balanced

time of not less than 24 h (Tang et al., 2018). The

experimental program is shown in Table 3. The specific

steps are as follows:

1) Coal samples that had undergone a 35°C seepage test were

placed in an adsorption tank, which was heated to 35°C, and

then placed in a water bath tank. Helium gas was introduced

to bring the pressure in the test system to 11 MPa. Stability of

gas pressure was observed for 24 h to ensure the test system

was airtight.

2) The volume of free space was measured. Helium gas was

passed in to achieve a pressure of 2–3 MPa, and the

aforementioned steps were repeated two times.

Measurement of free space volume was repeated three

times. The difference between the test values of free space

volume in the adsorption chamber was less than 0.1 cm3.

3) The vacuum pump was turned on to remove excess gases

from the system and vacuum treatment continued for at least

12 h. When the data logger consistently displayed the same

data, vacuum treatment was complete.

4) The reference chamber was filled with CO2 gas, and the

reference chamber pressure after stabilization was

recorded. The balance valve between the reference

chamber and the adsorption chamber was opened and

kept open for 12 h, and the final balance pressure was

recorded. When the adsorption test of one measurement

point was completed, introduction of CO2 gas was

continued to allow the pressure in the test system to reach

2 MPa, and the aforementioned process was repeated. The

test pressure measurement point was 11 MPa, and when the

pressure in the test system reached 11 MPa, testing of the

group was complete.

5) The test temperature and test specimen were changed and

steps 3) and 4) were repeated. The amount of CO2 gas

adsorption under different temperature conditions was

calculated.

Adsorption experiment results and
discussion

As shown in Figure 6, under different temperature

conditions, the excess adsorption of CO2 by coal samples first

increased with the increase of pore pressure. Then, when the

pressure reached 6 MPa, the excess adsorption increase

decreased significantly, and, at 7–8 MPa, the excess adsorption

reached the maximum and then decreased with increased pore

pressure. When the temperature was increased from 35°C to 45°C

and then 55°C, the maximum excess adsorption of CO2 in coal

samples decreased from 31.96, to 27.86, and 25.6 cm3/g,

respectively.

From the test data, it was found that for every 10°C increase

in temperature, the excess adsorption volume decreased by an

average of 8.3%. These data demonstrate that with increased

temperature, the CO2 molecules had more energy which, when

free from the bondage of the adsorption site, resulted in a

decreased amount of adsorption.

In the coal sample adsorption CO2 test, the Langmuir

adsorption model is commonly used. However, when CO2

reaches a supercritical state, the Langmuir adsorption model

fits poorly, and even the fit result does not converge. Therefore,

the Sakurovs modified D-R model (Sakurovs et al., 2007) was

used in this study, as it can be applied to the adsorption of

supercritical CO2 by converting the adsorption pressure to

density and adding a correction coefficient. The specific model

is as follows:

Vad � V0 1 − ρg
ρa

( ) exp −D ln
ρa
ρg

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦2⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ + kρa, (3)

TABLE 3 Adsorption experiment program.

Sample Temperature/°C Pore pressure/MPa

M04 35 1–11

M05 45 1–11

M06 55 1–11

FIGURE 6
Change curves of excess CO2 adsorption with pore pressure.
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where V0 is the maximum excess adsorption under ideal

conditions, cm3/g; ρg is the density of the adsorbed gas at the

corresponding temperature and pressure, kg/m3; ρa is the

adsorption phase density, and the current common value is

1028 kg/m3 (Li et al., 2014); D and k are constants. The

experimental data were collated and then fit using the model

mentioned previously; the results are shown in Figure 7 and

Table 4.

The fit results demonstrated that the modified D-R model

better described the adsorption of supercritical CO2 by coal, with

a coefficient of determination R2 that was greater than 0.95 and

increased with increasing temperature. The temperature was

increased from 35°C to 45°C and then 55°C, corresponding to

maximum excess adsorption of 34.74, 28.84, and 25.14 cm3/g,

respectively; supercritical CO2 density of 317, 266, and 199 kg/

m3, respectively; and supercritical CO2 pressure of 7–9 MPa.

Due to the high test pressure, the excess adsorption does not

reflect the true adsorption of CO2 in coal (Yang et al., 2011).

Therefore, the absolute adsorption amount Vap was used in this

study to describe the amount of CO2 adsorption in coal and was

calculated as follows (Moffat and Weale, 1955):

Vap � Vad

1 − ρa/ρg( ). (4)

Under different temperature conditions, the excess adsorption

of CO2 and the absolute adsorption amount of coal changed with

pore pressure, as shown in Figure 8. When CO2 did not reach the

supercritical state, the excess adsorption of CO2 and absolute

adsorption under different temperature conditions were

consistent, and the absolute adsorption was increased by an

average of 16% compared with the excess adsorption (Figure 8).

When CO2 reached a supercritical state, the excess

adsorption amount began to decrease with increased pore

pressure. In contrast, the absolute adsorption amount

increased with increased pore pressure, and the lower the

temperature, the more obvious the increase. The supercritical

CO2 pressure was 8–11 MPa, and the absolute adsorption

amount was increased by an average of 214%, 79%, and 41%

compared with the excess adsorption amount, respectively.

Supercritical CO2 permeability
enhancement results and discussion

To better explore the permeability enhancement effect of

supercritical CO2 on raw coal samples, the permeability

calibration test was applied before and after CO2 treatment,

and the change in ultrasonic wave velocity before and after

CO2 treatment was assessed.

Permeability enhancement test

The permeability enhancement effect of supercritical carbon

dioxide on coal was analyzed by comparing the N2 permeability

of coal samples before and after permeability enhancement. The

specific test plan is shown in Table 5, and the experimental steps are

FIGURE 7
D–R model fitted curves of excess CO2 adsorption.

TABLE 4 D-R model fitting parameters.

Temperature/°C V0/cm3·g−1 D k R2

35 34.74 0.194 0.012 0.95

45 28.84 0.132 0.004 0.97

55 25.14 0.078 0.008 0.99

FIGURE 8
Change curves of CO2 adsorption with pore pressure.
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the same as those described in the Permeability experiment program

and steps section. The experimental results are shown in Figure 8.

As shown in Figure 8, the permeability of coal samples before

and after permeability enhancement increased exponentially as

the pore pressure increased. After using supercritical CO2 to

increase the permeability of coal samples, the permeability of coal

samples under the same pore pressure conditions was

significantly improved, with an average increase of 53.34%.

The greater the pore pressure, the greater the permeability of

coal samples, indicating that supercritical CO2 had a good

permeability enhancement effect on coal samples.

Changes in ultrasonic wave velocity

A non-metal detector was used to measure the propagation

velocity of longitudinal waves in coal samples before and after

the test, as shown in Table 6. After the action of supercritical

CO2, the propagation rate of longitudinal waves in the coal

sample was significantly slower, and the wave velocity

decreased as humidity increased (Table 6). The propagation

speed of ultrasonic waves was different in different media;

specifically, the propagation speed of solid media was

significantly more than that of gaseous media. After the test,

the wave velocity slowed, indicating that the coal sample had

either a new pore crack or expansion of the original pore crack

after the supercritical CO2 action; the lower the temperature,

the more obvious the effect. The aforementioned results show

that supercritical CO2 promoted the development of coal-like

pore fractures, improved the pore connectivity in the coal

sample, changed the seepage path of the fluid in the coal

sample, and increased the permeability of the sample.

Additionally, supercritical CO2 at 35°C had the best

enhancement effect on coal sample permeability.

Conclusion

1) Under the condition of constant volume stress, pore pressure

and temperature had a significant impact on the permeability

of the coal seam. When the pore pressure was fixed, the

permeability decreased with increased temperature; when the

temperature was fixed, the permeability increased with

increased pore pressure. The injection of supercritical CO2

increased permeability by an average of 93% compared to the

permeability of coal samples after CO2 injection.

2) Using the modified D-R model, the adsorption data were fitted

and the maximum amount of excess adsorption of CO2 by coal

was found to be 7–9MPa. The temperature was increased from

35°C to 45°C and then 55°C, corresponding to maximum excess

adsorption of 34.74, 28.84, and 25.14 cm3/g, respectively. For

every 10°C increase in temperature, excess adsorption decreased

by an average of 8.3%.

3) Excess and absolute adsorption of carbon dioxide in coal were

assessed. When the CO2 did not reach the supercritical state, the

excess adsorption amount and the absolute adsorption amount

change trends were consistent, and the absolute adsorption

amount was increased by an average of 16% compared with

the excess adsorption amount. When CO2 reached a

supercritical state, the excess adsorption amount began to

decrease with increased pressure, and the absolute adsorption

amount increased with increased pressure; the lower the

temperature, the more obvious the effect.

4) In comparing the changes in coal sample permeability before

and after supercritical CO2 action, it was found that after

supercritical CO2 was injected into the coal sample, the pore

cracks inside the sample were further developed and

permeability increased by an average of 53.34%. These data

TABLE 5 Permeability enhancement experiment program.

Sample Temperature/°C Axial pressure/MPa Confining pressure/MPa Time/h

M07 35 12 12 24

M08 45 12 12 24

M09 55 12 12 24

TABLE 6 Comparison of P-wave velocity VP before and after being
subjected to supercritical CO2.

Temperature/°C 35 45 55

Before VP/(km·s−1) 2.13 2.07 2.10

After VP/(km·s−1) 1.92 1.93 1.98

ΔVP/(km·s−1) 0.21 0.14 0.12
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indicate that supercritical CO2 had a good permeability

enhancement effect on the coal seam.

5) Using a non-metallic detector tomeasure the change in ultrasonic

wave velocity of coal samples before and after supercritical CO2

action, it was concluded that supercritical CO2 at 35°C had the

best permeability enhancement effect on coal samples.
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