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In order to study the effect of different rank coals on the displacement of CH4 by CO2 and prevent the gas-related disasters, a
series of experiments were carried out. For this purpose, we selected low-rank lignite raw from Datong coalfield of Shanxi
Province, medium-rank bituminous coal raw from Xutuan coalfield of Anhui Province, and high-rank anthracite raw coal
from Yangquan coalfield of Shanxi Province. The results showed that (1) the shape of the displacement adsorption curve
of the mixed gas and the shape of the single-dimensional adsorption curve of the pure gas are both steep at the
beginning, with the increase of the pressure, the curve becomes more and more gentle. The difference is that it is lower
than the single-dimensional gas adsorption curve. (2) The separation factor in the coal samples used in the experiment
shows a trend of first decreasing and then increasing with the decrease of coal rank. The displacement factor has the same
trend as the separation factor of each coal rank, which is Zij ðanthraciteÞ > Zij ðligniteÞ > Zij ðbituminous coalÞ. (3) The
amount of displaced CH4 in the displacement/adsorption process has enhanced with the increase in pressure, and the
trend for different coals is QZ ðbituminous coalÞ >QZ ðanthraciteÞ >QZ ðligniteÞ. In addition, displacement showed the order
ƞ ðligniteÞ > ƞ ðanthraciteÞ > ƞ ðbituminous coalÞ. The injection ratio of bituminous coal and anthracite decrease with the
increase in pressure, while that of lignite increase first and later decreased. (4) In gas injection displacement, on the long
time, the displacement effect of high coal rank is better than that of low coal rank.

1. Introduction

Coalbed methane (CBM) extraction, which is considered an
efficient green technology, has attracted extensive attention in
recent years [1–4]. However, Chinese coalbed methane
resources are deeply buried and display poor permeability [5].
For this reason, it is difficult to increase CBM production using
traditional methods. Different techniques including deep hole
blasting, gas injection for enhanced coalbed methane recovery
(ECBM), hydraulic fracture, and hydraulic slotting, among
others, have been proposed to improve CBM production. Nev-
ertheless, several limitations have been reported. For example,
CBM wells usually display large production rates at the initial
stages of the process, rapidly decreasing as pressure also
decreases. Moreover, China’s coal seam permeability is low.
For these reasons, relevant auxiliary means are needed to assist

during CBM extraction. In this context, field test results have
shown that CBM production can be improved using gas dis-
placement methodologies. Herein, the power provided by con-
tinuous gas injection maintains a constant coal seam pressure
and as a consequence, the production in coalbed methane wells
can be maintained for long periods of time.

Scholars at home and abroad have done a lot of research on
gas injection displacement [6–8]. The first thing of gas injection
displacement we need to consider is the low permeability of coal
seams in China mentioned above. Therefore, many scholars
have done a lot of research on permeability. Among them,
Zhang et al. [9–15] have made in-depth research on permeabil-
ity changes under cyclic loading and unloading conditions espe-
cially on permeability changes of intact, fractured, and broken
coal samples with different particle sizes under this condition.
The influence law of effective stress on permeability under cyclic
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loading condition and the change of permeability stress sensi-
tivity under this condition are obtained. In addition, some
scholars have conducted corresponding experimental research
on the adsorption characteristics of coal during gas injection
displacement. Clarkson et al. [16] proposed a multicomponent
adsorption model for coalbed methane sorption. The model
was derived from the Dubinin-Polanyi theory. Its application
includes multicomponent adsorption and simulation for
enhanced CBM recovery. Fitzgerald et al. [17] used the Lang-
muir extended equation to predict the adsorption capacity of
a mixture of gases and found out that the Langmuir parameter
for single components resulted in significant uncertainties.
Bachu et al. [18] proposed a numerical model of gas diffusion/
adsorption, which considered nonlinear adsorption in micro-
pores, bimodal pore volume distribution, and time-varying
gas pressure outside coal particles. According to Busch et al.
[19], moisture greatly influences the amount of mixed gas
adsorbed on coal. Katayama [20] reported that compared to
N2, CO2 displacement provides better performance when driv-
ing and replacing gas at the same time. Domestic scholars have
investigated the adsorption and desorption of mixed gases
(mainly CO2, CH4, and N2). Tang et al. [21] conducted binary
CH4 adsorption and desorption experiments using N2 and
CO2 and determined that coal adsorption capacity followed
the order CO2>CH4>N2. The disadvantage of using a weak
adsorbent gas during competitive adsorption is that the strongly
adsorbed gas will be more difficult to desorb. Thus, displace-
ment of CH4 using N2 would be lower as compared to CO2.
Liang et al. [22] studied the displacement of coal seam CH4
through CO2 injection and found out that the permeability of
the coal body towards CO2 was more than 2 orders of magni-
tude higher than that for CH4. The CO2 stored in the coal body
is related to the volume ratio of CO2/CH4 replacement, volume
stress, and displacement pressure. The effect of CO2/CH4 dis-
placement is determined by the CH4 content in coal seam, res-
ervoir structure, permeability, gas injection pressure, and gas
injection flow rate. Zhang et al. [23] studied the influence char-
acteristics of permeability on pore pressure during gas injection
and displacement. Zhang et al. [24] conducted adsorption and
desorption experiments of mixed CH4 and CO2 gases at differ-
ent concentrations and determined that the higher the concen-
tration of CO2, the more CH4 can be replaced. Yu et al. [25]
carried out CH4 adsorption experiments on Jin Cheng and Lu
An No. 2 Coal and used 8 models including Langmuir,
Extended Langmuir, BET, D-R, D-A, and Toth to fit the exper-
imental data with SPSS. These researchers found that these
models displayed good CH4 data fitting. In addition, the D-A
model produced the highest fitting degree, and the critical satu-
rated vapor pressure was calculated by empirical formula in the
BET model. Yang et al. [26] also studied the displacement and
adsorption of CO2-CH4. Through the experiments on coal sam-
ples of different coal ranks, it was found that the higher the coal
rank, the greater the adsorption capacity for CH4 and CO2. The
displacement capacity and displacement rate increased with the
increase in pressure. However, the injection displacement ratio
decreased when pressure increased. Zheng et al. [27] think coal
of different coal rank has different adsorption capacity for dif-
ferent gases. Wang X et al. [28] carried out in the competitive
adsorption the displacement effect of higher rank coal is more

obvious than that of lower rank coal. Li et al. [29] think there
is an asymmetric U-shaped relationship between gas desorption
and initial diffusion coefficient and coal rank. Ye et al. [30] stud-
ied adsorption law of single gas and multi gas in Xutuan coal
mine.

Injection displacement involves the coupling relation-
ship of multiple physical fields (temperature field, stress
field, and seepage field) and is a complex process of adsorp-
tion, desorption, and diffusion of mixed gases. At present,
most scholars have carried out significant research on
adsorption and desorption in single-rank coal samples.
However, there is a lack of knowledge on the effect of rank
and coal characteristics on displacement. In the present
research, we selected representative low-grade lignite raw
from Datong coalfield in Shanxi Province, representative
medium-grade bituminous raw coal from Xutuan coalfield
in Anhui Province, and representative high-grade anthracite
raw coal from Yangquan coalfield in Shanxi Province. A
series of experiments were performed to study the displace-
ment of adsorbed CH4 by injecting CO2. We analyzed and
discussed different parameters including changes in separa-
tion factor, displacement factor, displacement volume, and
injection ratio, among others. The results presented herein
will serve as reference to improve the theory behind dis-
placement of coal bed methane through CO2 injection.

2. Experimental Design for CO2 Replacement of
CH4 Adsorbed on Coal Samples of
Different Ranks

2.1. Coal Samples and Experimental Equipment. In order to
study the effect of coal rank on gas adsorption, three raw coal
sources with different ranks were selected. (1) Lignite was taken
fromNo. 14-2 coal seam inDatong coalfield in Shanxi province,
(2) bituminous coal was collected from No. 32 coal seam of
Xutuan coalfield in Anhui province, and (3) anthracite origi-
nated from No. 15 coal seam of Yangquan coalfield in Shanxi
province. Table 1 shows the results of the proximate analysis
of the coal samples.

Figure 1 shows the diagram of the system used in the
present research [31]. This system measures the gas adsorp-
tion capacity of coal samples by subtracting the amount of
free gas in the cylinder from the total amount of injected
gas. For this purpose, the volume of the sample cylinder is
measured with helium (He). Later, the gas adsorption capac-
ity is determined according to changes in cylinder pressure,
which is calculated using the ideal gas equation and SRK
equation.

2.2. Experimental Scheme. In this experiment, CH4 was first
injected into the cylinder until it was completely absorbed
onto the coal sample. The cylinder was maintained in a
water bath at constant temperature. Subsequently, CO2 was
injected into the cylinder and maintained for the same
period of time as CH4. Finally, the exhaust gas in the cylin-
der was collected, and its concentration was determined
using gas chromatography. The specific steps are shown in
Figure 2.
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3. Experimental Results and Analysis

3.1. Pure Gas Adsorption on Coal Samples with Different
Ranks. Langmuir curves and Langmuir parameters of pure
gas adsorption for the three coal ranks are shown in
Figure 3. Data indicated that CH4 and CO2 adsorption
capacity of coal samples increased with the increase in pres-
sure. In addition, at low pressure values, the adsorption
capacity rapidly increased and gradually decreased with the
increase in pressure.

Data in Figure 3 and Table 2 indicated a good fitting.
Thus, the Langmuir equation properly described the adsorp-
tion of CO2 and CH4 in all coal samples. In general, we
found out significant differences in CH4 adsorption capacity
of different coal ranks. According to Langmuir volume VL,
the adsorption capacity followed the order anthracite > bitu-
minous coal > lignite, showing an increasing trend with the
rise of coal rank.

3.2. Comparison between Displacement Adsorption Capacity
and Pure Gas Adsorption Capacity of Different Coal Ranks.
According to Figure 4, the adsorption of pure gas and mixed
gas displacement/adsorption followed a similar trend. At the
beginning of the process, small pressure variations caused a
sudden increase in adsorption capacity. Later, as pressure
increased, variations were less abrupt. However, in the three
coal samples, the adsorption capacity of pure gas was greater
than that of displacement/adsorption at a given pressure.
Both CH4 and CO2 followed this pattern. In addition, at a
given pressure value, the partial pressure of each component
in the mixed gas was smaller than that of pure gas. The
smaller the pressure, the smaller the adsorption capacity.
Thus, the adsorption capacity of each component in the
mixed gas was smaller than that of pure gas. It was also
determined that the total amount of mixed gas adsorbed
was between that of CO2 and CH4 as pure gases. In addition,
as a result of the interaction between all the components in
the system, the total amount of mixed gas adsorbed on coal
was higher than that of the least adsorbed pure gas, and
lower than that of the most adsorbed pure gas. Data indi-
cated that coal displayed a high adsorption capacity for
CO2 when this gas was mixed with CH4. Thus, when CH4
and CO2 molecules are competing, it is easier for CO2 to
enter the adsorption sites in coal. Therefore, the adsorption
capacity of CO2 in replacement adsorption processes is
much higher than that of CH4.

In the present research, CH4 and CO2 adsorption capac-
ities, and the CO2/CH4 ratio of three coal samples of differ-
ent ranks were compared. Results are displayed in Figures 5

and 6. According to our results, under the same pressure, the
adsorption capacity of CO2 on coal was much greater than
that of CH4. There was a large difference between CO2 and
CH4 adsorption capacity in coal. In addition, the CO2/CH4
ratio in different rank coal samples also showed great differ-
ences. As coal rank increased, the CO2/CH4 ratio displayed a
“V” shape trend, where high values were observed for lignite
and anthracite, and low values for bituminous coal. The CO2/
CH4 ratio showed a linear decreasing trend with increasing
pressure. The lowest CO2/CH4 ratio corresponded to bitumi-
nous coal, which highest value was of only 2.8. In addition,
the highest CO2/CH4 ratio was that of anthracite with a value
of 5.3, and that of lignite was 4.8. As results indicated, these
two were much higher than that of bituminous coal. This is
obviously related to CO2 and CH4 adsorption capacity of coal
samples. To the best of our knowledge, the process by which
CO2 is more easily adsorbed on coal than CH4 is not fully
clear. Some scholars have hypothesized that the higher the
boiling point of the gas, the stronger the adsorption capacity.
The boiling point of CO2 is about 80

°C higher than that of
CH4; this may explain why coal presents stronger adsorption
capacity for CO2.

Relative differences in molecular sizes between CO2 and
CH4 will also affect the adsorption capacity and pore perme-
ability of coal. The molecular radius of CO2 is 0.289 nm,
while that of CH4 is 0.310 nm. Thus, since CO2 is smaller
than CH4, it can reach not only macropores and micropores
but also ultramicropores. In addition to the relatively small
molecular diameter, the adsorption energy of CO2 is also
greater than that of methane in most pore sizes. In conse-
quence, CO2 diffuses into microporous coal matrix in an
easier way as compared to CH4. The smaller molecular
diameter and larger adsorption energy of CO2 make the dif-
fusion rate of CO2 in coal matrix significantly higher than
that of CH4.

The difference of CO2 and CH4 adsorption may also be
related to the different adsorption mechanism of the two
absorbents. In other words, for CH4, the main mechanism
involves adsorption into micropores. In the case of CO2, this
gas is not only adsorbed into micropores but also dissolved
in the structure of organic matter present in coal. Milewska
et al. [32] performed different calculations using their model.
These researchers concluded that, although adsorption and
dissolution played an important role in the storage of these
two gases, the extent of CO2 dissolution as pure gas was sim-
ilar to that of adsorption. With respect to CH4 as pure gas,
the level of dissolution was much lower than that of adsorp-
tion. Similarly, Reucroft and Sethuraman [33] suggested that
the amount of dissolved CO2 increased with pressure in the

Table 1: Proximate analysis of coal samples.

Coal rank
Water content

Mad (%)
Ash content
Aad (%)

Sulfur content
Std (%)

Volatile matter
content Vdaf (%)

Lignite 3.28 10.64 1.06 29.45

Bituminous coal 1.51 18.85 0.68 25.39

Anthracite 1.79 16.37 1.64 8.29
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range of 5-15 atm, and half of the total CO2 absorbed was
dissolved into coal organic matter.

Although it is generally believed that the contribution of
mesopores does not affect CH4 and CO2 adsorption, this
assumption may not be completely correct. Clarkson and Bus-
tin [34] also proposed that when CH4 is mainly adsorbed on
the surface of micropores, CO2 can be adsorbed not only by
micropores but also by some mesopores. This may be one of
the reasons of the higher CO2 adsorption as compared to CH4.

3.3. Separation Factor and Displacement Factor of Different
Rank Coal Samples. The separation factor is used to charac-
terize the adsorbability of adsorbents in mixed systems [35].

In the present investigation, adsorbability was used to indi-
cate the degree of CO2 and CH4 adsorption on coal. When
the ratio of adsorbed state to free state of the two gases
(CO2/CH4) was greater than 1, the adsorption of CO2 on
coal was stronger than that of CH4. On the other hand, if
the result was less than 1, the adsorption of coal to CO2
was weaker than that of CH4. Combining the Langmuir
equation, the separation factor between the two gases can
be expressed as:

Fij =
ai/aj
bi/bj

=
Qi/Qj

bi/bj
= VLi/PLi

VLj/PLj
: ð1Þ

Valve 1 Valve 2 Valve 3 Valve 4

Sample cylinderReference cylinder

Coal sample

Gas source

Coal sample

Water bath cylinderWater bath cylinder

Figure 1: Diagram showing the system used to measure the gas adsorption capacity of coal samples.

Set the temperature of the water bath
thermostatic device to 30 ∘C, then load the coal

sample into the sample cylinder, test the
tightness of the adsorption instrument system,

and then test the free space volume of the sample
cylinder with nitrogen.

Whether the pressure
point has been

measured

After vacuumizing the cylinder block, close the
stop valve 3, inject methane, record the pressure

P1, open the stop valve 3, let the coal sample
adsorb for 12 hours, and record the pressure P2.

Open stop valve 4, collect tail gas with gas
sampling belt, and analyze its concentration 

with chromatograph.

Put new coal samples into the sample 
cylinder for measurement.

Yes

No

Close stop valve 3, inject carbon dioxide into
the reference cylinder according to the air

pressure ratio of about 1:1, record the pressure
P3, open stop valve 3,let the mixed gas absorb

for 12 hours, and record the pressure P4.

Figure 2: Experimental process.
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In the formula, ai represents the volume fraction of
adsorbed CO2 in mixed adsorption; aj indicates the volume
fraction of adsorbed CH4 in mixed adsorption; bi is the vol-
ume fraction of free CO2 in mixed adsorption; bj is the vol-
ume fraction of free CH4 in mixed adsorption; and Fij is the
separation factor of CO2 to CH4.

According to Equation (1), the separation factor derived
from the Langmuir equation is only related to Langmuir
pressure and Langmuir volume. The separation factors of
different coal ranks are shown in Table 3.

According to our data, at the initial stage, the separation
factor displayed a decreasing trend with the decrease in coal
rank; later, the separation factor increased. This demon-
strated that the adsorption of CO2 on anthracite was stronger
than that of CH4. Thus, the strongest and weakest CO2
adsorption corresponded to anthracite and bituminous coal,
respectively. However, separation factors of the three coal
ranks were greater than 1. Adsorption results in mixed sys-
tems showed that CO2 adsorption on coal samples was stron-
ger than that of CH4. However, the change in equilibrium

pressure will also affect the size of the separation factor.
Figure 7 presents the separation factor of each coal sample
under different equilibrium pressure values. This figure
shows that, as equilibrium pressure increases, the separation
factor in displacement adsorption also increases. Although
the separation factor is not a fixed value, there is still a certain
gap between the measured separation factor and the separa-
tion factor derived from the Langmuir equation. Especially
when the pressure is low, the gap is large, and when the pres-
sure is high, they are relatively close.

The displacement factor is used to represent the ability
of one gas to replace another gas during mixed adsorption
and shows the ability of the two gases to compete for the
adsorption sites. Herein, we determined the ability of CO2
to replace CH4 in the coal samples. Because this displace-
ment ability is also affected by the partial pressure of the
gas, the extent of the adsorption in the mixed adsorption
system is affected by mutual interference of the adsorption
strength and the partial pressure of the gas. The separation
factor is only considered in the calculation of the adsorption
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Figure 3: Langmuir curves of three coal samples.

Table 2: Langmuir parameters of different rank coal samples.

Coal rank Gas path VL (cm3/g) PL (MPa) Fitting degree R2

Anthracite
CO2 adsorption 35.97 2.38 0.956

CH4 adsorption 27.03 14.43 0.995

Bituminous coal
CO2 adsorption 35.36 4.36 0.988

CH4 adsorption 25.28 10.22 0.985

Lignite
CO2 adsorption 35.84 2.61 0.991

CH4 adsorption 11.65 4.21 0.994
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strength of the coal body to CO2 and CH4, and there is no
effect of the partial pressure of the gas component. By com-
paring the ratio of CO2/CH4 adsorption at equilibrium with
that of pure gas adsorption at the same CO2 partial pressure
and CH4 displacement/adsorption, and in combination with
the Langmuir equation and the extended Langmuir equa-
tion, the displacement factor Zij can be expressed as shown
in Equation (2) [36]:

Zij =
Qi/Qj

Qi
pi
/Qj

pj

= Pi/PLi + 1
Pj/PLj + 1 : ð2Þ

The results are shown in Figure 8, and they indicate that
the replacement factors of each coal rank are all greater than
1. Thus, CO2 was able to replace CH4 from the coal samples.
It was also found that, as pressure increases, the replacement
factor also increases. This means that the higher the pres-
sure, the easier for CO2 to replace CH4 from coal samples.
In general, the displacement factor of anthracite was larger
than that of lignite and bituminous coal, which is the same
as the trend of separation factor of each coal rank. When
the coal sample adsorbs the mixed gases, one component
affects the other and interacts with the partial pressure dur-
ing adsorption. However, since the ratio of CO2 and CH4 is
1 : 1, the influence of partial pressure is not obvious. Thus,
the displacement factor and separation factor of each coal
rank sample showed high consistency.

3.4. Displacement and Injection Ratio of Different Rank Coal
Samples. In order to analyze the replacement effect of CO2
on CH4, in this section, we evaluated the replaced amount
and injection ratio. The difference between the amount of

pure adsorbed gas and displacement of CH4 is the displaced
amount QZ of CH4:

Qz =Qpure CH4ð Þ −Qdisplaced CH4ð Þ: ð3Þ

The injection ratio is the ratio of displacement to
injected CO2:

η = Qz

n CO2ð Þ : ð4Þ

The displacement and injection ratio of different coal
ranks were calculated using pure gas adsorption and dis-
placement of CH4. Data are shown in Figure 9.

Data in Figure 9 indicate that the amount of replaced
CH4 in the displacement process increased with the increase
in pressure. In addition, an inverted “V”-shaped trend was
observed as coal rank increased. QZ values followed the
order QZ ðbituminous coalÞ >QZ ðanthraciteÞ >QZ ðligniteÞ.
Moreover, at low pressure values, the amounts of gas
replaced on the three coals of different ranks were similar.
However, as adsorption pressure increased, the amount of
replaced gas on bituminous coal increased significantly faster
as compared to anthracite and lignite. It was also determined
that as coal rank increased, the injection ratio presented a
“V”-shaped trend, which was the opposite of the replaced
amount. Injection ratio followed the order ƞ ðligniteÞ > ƞ
ðanthraciteÞ > ƞ ðbituminous coalÞ. Furthermore, the injec-
tion ratio of bituminous coal and anthracite increased
with the increase in pressure. On the contrary, in lignite,
injection ratio first increased and later decreased.

According to the results presented in Section 3.2, the
main difference in CH4 and CO2 adsorption capacity of coal
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Figure 4: Adsorption capacity of lignite, bituminous coal, and anthracite.
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was related to the different adsorption mechanisms. In the
case of CH4, the main mechanism involved adsorption into
micropores. On the other hand, CO2 was adsorbed into coal
micropores and dissolved in coal organic matter. In the case
of competitive adsorption, only part of the CO2 competed
with CH4. Lignite displays high organic matter content; thus,
more CO2 can be dissolved and in consequence, less CO2

participates in the competitive adsorption. On the other
hand, lignite showed high CH4 adsorption capacity. Herein,
low amounts of CH4 were replaced. Moreover, low organic
matter content is found in bituminous coal and anthracite.
For this reason, less CO2 is dissolved, and more CO2 partic-
ipates in the competitive adsorption. In this case, less CH4 is
adsorbed and more CH4 is replaced. According to the injec-
tion ratio results, in order to replace a given amount of CH4
in lignite, the amount of CO2 needed is several times that of
bituminous coal and anthracite.

3.5. The Displacement Effect of Different Coal Ranks Samples.
Taking into account different indicators including displace-
ment amount and displacement factor, data showed that
the lowest separation factor and displacement factor corre-
sponded to bituminous coal [37]. In addition, this type of
coal showed the highest displaced amount. Because the dis-
placement factor represents the ability of CO2 to replace
CH4 from the coal sample, the separation factor is related
to the adsorption of the two gases by the coal. From the
point of view of molecular simulation, as the degree of meta-
morphism increased, the content of hydroxyl and oxygen-
containing functional groups gradually decreased, and the
content of hydroxyl in low-rank coal was significantly higher
than that in medium- and high-rank coals. Moreover, the
content of aromatic hydrocarbons increased gradually, the
degree of condensation increased, and the side chain
decreased. Thus, the greater the coal rank, the higher the
symmetry of its molecular structure. When adsorption
reaches stability, the CO2 and CH4 molecules adsorbed by
lignite molecules are located above the benzene ring. In
addition, CO2 and CH4 molecules adsorbed by bituminous
coal molecules are located near the benzene ring and
hydroxyl group, and the CO2 and CH4 molecules adsorbed
by anthracite molecules are located near the benzene ring.
The distance between CH4 molecules and bituminous coal
molecules is much larger than that of anthracite and lignite,
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Figure 7: Separation coefficients of different rank coal samples.
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Figure 6: Effect of pressure on CO2/CH4 adsorption ratio of
different rank coal samples.

Table 3: Separation factors of different coal ranks according to the
Langmuir equation.

Coal rank Anthracite Bituminous coal Lignite

Separation factor Fij 8.06 3.27 4.96
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so is the case for CO2 molecules. Thus, the lowest replace-
ment factor was observed in bituminous coal, and its ability
to replace CH4 was weaker than that of CO2. However,
although bituminous coal showed a weak replacement
capacity, a high total adsorption capacity was observed.
Thus, adsorption of CO2 and CH4 presented elevated values.
Even if the replacement capacity of this type of coal was
lower than that of lignite, the overall replacement capacity
was still relatively large. It was also observed that the levels
of injection ratios in coal samples of different coal ranks

were consistent with changes in the separation factor and
replacement factor. That is, they are all high for anthracite
and lignite, but low for bituminous coal. With respect to
replacement efficiency, similar injection ratios were deter-
mined in the two types of coal pairs. Also, a significant cor-
relation was observed since the stronger the CO2 adsorption
on the coal sample, the more CO2 was required to replace
the same amount of CH4.

CO2 gas flooding is essentially a process of displacement
and adsorption where CO2 is injected and CH4 is displaced
from the coal structure. As a porous medium with strong
adsorption capacity, coal contains a large number of pores
in its matrix, and a clear system forming an orthogonal frac-
ture network is generated during the coalization process
(Figure 10). Gas flooding converts the gas in the matrix from
the adsorbed state to the free state through displacement and
desorption. Later, desorbed gas enters the orthogonal frac-
ture network of the micropores through diffusion and finally
leaves the coal body. This process can be roughly divided
into two stages. In the first stage, the displaced CH4 is mainly
in the free state, which lasts for a short time. In the second
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Figure 10: Replacement process of ECBM.
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Figure 9: Displacement in lignite, bituminous coal, and anthracite.
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stage, the desorbed gas is the main gas to be displaced, and
the desorption time determines the displacement. This step
takes longer than the first stage. In the second stage, the
displacement effect plays a leading role. According to this
analysis, the CO2 adsorbed in the micropores participates
in the displacement effect during gas injection flooding,
instead of the CO2 dissolved in the organic matter. There-
fore, a considerable amount of CO2 is not replaced in the
flooding process, which partly depends on the organic mat-
ter content of the coal sample. The replacement capacity of
lignite is stronger than that of bituminous coal. When it
can be fully replaced, the replaced amount is higher. How-
ever, because of its low adsorption capacity, the total
replaced amount of CH4 is relatively small. In addition, since
lignite displays high organic matter content, more CO2 can
be dissolved, and less CO2 actually participates in the
replacement effect. This is also one of the reasons for the
high replacement factor and injection ratio in lignite. When
the same amount of CO2 is injected, the CO2 involved in the
displacement effect in lignite is lower than that in bitumi-
nous coal and anthracite. The bituminous coal adsorbs more
CH4 and can continue to replace CH4. On the long-term, the
displacement and replacement effect of medium and high
coal rank is better than that of low coal rank.

4. Conclusions

(1) In our experiments, it was found that as coal rank
decreased, separation factor first decreased and later
increased. Nevertheless, separation factor for the three
coal ranks were higher than 1. Results also indicated
that coal bodies presented a better adsorption capacity
for CO2 as compared with CH4. Herein, the replace-
ment factor in each coal sample displayed the same
trend as the separation factor. Thus, the order was Zij

ðanthraciteÞ > Zij ðligniteÞ > Zij ðbituminous coalÞ.
Also, the replacement factors of each coal rank were
higher than 1, and they increased with the increase in
pressure. This indicated that, as pressure increased, it
was easier for CO2 to replace CH4 from the coal sample

(2) The amount of displaced CH4 during displacement/
adsorption increased with the increase in pressure.
QZ of different coal rank samples followed the order
QZ (bituminous coal)>QZ (anthracite)>QZ (lig-
nite). With respect to injection ratio, decreasing
order was ƞ ðligniteÞ > ƞ ðanthraciteÞ > ƞ ðbituminous
coalÞ, where the injection ratio of bituminous coal and
anthracite increased as pressured values augmented.
In the case of lignite, injection ratio first increased and
subsequently decreased

(3) In the gas injection flooding process, CO2 adsorbed
in the micropores participated in the displacement
effect, instead of the CO2 dissolved in the organic
matter. Therefore, a considerable amount of CO2
did not contribute to CH4 replacement. On the long
term, the displacement and replacement effect of

medium and high coal rank is better than that of
low coal rank

Data Availability

All data included in this study are available upon request by
contact with the corresponding author.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (52174129) and Independent Research
Project of State Key Laboratory of Coal Resources and Safe
Mining, CUMT (SKLCRSM22X006).

References

[1] J. Yun, F. Xu, L. Liu, N. Zhong, and X. Wu, “New progress and
future prospects of CBM exploration and development in
China,” International Journal of Mining Science and Technol-
ogy, vol. 22, no. 3, pp. 363–369, 2012.

[2] F. Mu, W. Zhong, X. Zhao et al., “Strategies for the develop-
ment of CBM gas industry in China,” Natural Gas Industry,
vol. 2, no. 4, pp. 383–389, 2015.

[3] X. Xu, Z. Tao, Z. Zhang, and Y. Ren, “Discussion on develop-
ment direction of coalbed methane development technology in
China,” Energy and Energy Conservation, vol. 11, pp. 145-146,
2019.

[4] M. M. Manasi and K. P. Bhatu, “Sorption behavior of coal for
implication in coal bed methane an overview,” International
Journal of Mining Science and Technology, vol. 27, no. 2,
pp. 307–314, 2017.

[5] C. Zhang, S. Tu, and L. Zhang, “Field measurements of com-
paction seepage characteristics in longwall mining goaf,” Nat-
ural Resources Research, vol. 29, no. 2, pp. 905–917, 2020.

[6] H. Fang, S. Sang, S. Liu, and S. Liu, “Experimental simulation
of replacing and displacing CH4 by injecting supercritical
CO2 and its geological significance,” International Journal of
Greenhouse Gas Control, vol. 81, pp. 115–125, 2019.

[7] T. H. Yang, L. W. Chen, H. M. Yang, and B. Pei, “Experimental
study on the conversion process of promoting gas drainage
mechanism by CO2 injection,” Journal of Northeastern Univer-
sity (Natural Science), vol. 41, no. 5, pp. 623–628, 2020.

[8] L. Zhang, J. Li, J. Xue, C. Zhang, and X. Fang, “Experimental
studies on the changing characteristics of the gas flow capacity
on bituminous coal in CO2-ECBM and N2-ECBM,” Fuel,
vol. 291, p. 120115, 2021.

[9] M. Huang, L. Zhang, C. Zhang, and S. Chen, “Characteristics
of permeability changes in bituminous coal under conditions
of stress variation due to repeated mining activities,” Natural
Resources Research, vol. 29, no. 3, pp. 1687–1704, 2020.

[10] L. Zhang, M. Huang, J. Xue, M. Li, and J. Li, “Repetitive mining
stress and pore pressure effects on permeability and pore pres-
sure sensitivity of bituminous coal,” Natural Resources
Research, vol. 30, no. 6, pp. 4457–4476, 2021.

12 Geofluids



[11] L. Zhang, Z. Kan, J. Xue, M. Li, and C. Zhang, “Study on per-
meability law of intact and fractured coal under cyclic loading
and unloading,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 40, no. 12, pp. 2487–2499, 2021.

[12] Z. Kan, L. Zhang, M. Li, X. Yuan, and M. Huang, “Investiga-
tion of seepage law in broken coal and rock mass under differ-
ent loading and unloading cycles,” Geofluids, vol. 2021, Article
ID 8127250, 14 pages, 2021.

[13] C. Zhang and L. Zhang, “Permeability characteristics of bro-
ken coal and rock under cyclic loading and unloading,” Natu-
ral Resources Research, vol. 28, no. 3, pp. 1055–1069, 2019.

[14] C. Zhang, L. Zhang, Y. Zhao, and W. Wang, “Experimental
study of stress-permeability behavior of single persistent
fractured coal samples in the fractured zone,” Journal of
Geophysics and Engineering, vol. 15, no. 5, pp. 2159–2170,
2018.

[15] C. Zhang, S. Tu, and L. Zhang, “Analysis of broken coal per-
meability evolution under cyclic loading and unloading condi-
tions by the model based on the hertz contact deformation
principle,” Transport in Porous Media, vol. 119, no. 3,
pp. 739–754, 2017.

[16] C. R. Clarkson, “Application of a new multicomponent gas
adsorption model to coal gas adsorption systems,” SPE Jour-
nal, vol. 8, no. 3, pp. 236–251, 2003.

[17] J. E. Fitzgerald, Z. Pan, M. Sudibandriyo, R. L. Robinson, Jr,
K. A. M. Gasem, and S. Reeves, “Adsorption of methane, nitro-
gen, carbon dioxide and their mixtures on wet Tiffany coal,”
Fuel, vol. 84, no. 18, pp. 2351–2363, 2005.

[18] S. Bachu, D. Bonijoly, J. Bradshaw et al., “CO2 storage capacity
estimation: methodology and gaps,” International Journal of
Greenhouse Gas Control, vol. 1, no. 4, pp. 430–443, 2007.

[19] A. Busch, Y. Gensterblum, B. M. Krooss, and N. Siemons,
“Investigation of high-pressure selective adsorption/desorp-
tion behaviour of CO2 and CH4 on coals: an experimental
study,” International Journal of Coal Geology, vol. 66, no. 1-
2, pp. 53–68, 2006.

[20] Y. Katayama, “Study of coalbed methane in Japan,” in Proceed-
ings of United Nations International Conference on Coalbed
Methane Development and Utilization, pp. 238–243, Beijing,
1995.

[21] S. Tang, D. Tang, and Q. Yang, “Variation regularity of gas
component concentration in binary-component gas
adsorption-desorption isotherm experiments,” Journal of
China University of Mining & Technology, vol. 33, no. 4,
pp. 448–452, 2004.

[22] W. Liang, D. Wu, and Y. Zhao, “Experimental study of coal-
beds methane replacement by carbon dioxide,” Chinese Jour-
nal of Rock Mechanics and Engineering, vol. 29, no. 4,
pp. 665–673, 2010.

[23] L. Zhang, Z. Ye, M. Huang, and S. Chen, “Characteristics
of bituminous coal permeability response to the pore pres-
sure and effective shear stress in the Huaibei coalfield in
China,” Geofluids, vol. 2019, Article ID 5489051, 12 pages,
2019.

[24] Z. X. Zhang, G. F. Liu, X. D. Zhang, and X. Yang, “Adsorption-
disorption experiments of CH4 and CO2 with different consis-
tency,” Journal of China Coal Society, vol. 34, no. 4, pp. 551–
555, 2009.

[25] H. Yu, W. Fan, and M. Sun, “Study on fitting models for meth-
ane isotherms adsorption of coals,” Journal of China Coal Soci-
ety, vol. 29, no. 4, pp. 463–467, 2004.

[26] H. Yang and L. Liang, “Influence of CO2 on the replacement
effect of CH4 in coal of different metamorphic grade under iso-
baric diffusion,” Coal Geology & Exploration, vol. 46, no. 5,
pp. 55–59, 2018.

[27] G. Zheng, Experimental and Simulation Study on the Sorption,
Diffusion and Seepage Characters in Different-Ranked Coals,
China University of Geosciences, Beijing, 2012.

[28] X. Wang, Y. Wang, L. Zhang, and Y. Wang, “Research on CO2,
CH4 competitive adsorption, desorption and replacement
effect of high and low rank coal,” Unconventional Oil & Gas,
vol. 5, no. 3, pp. 46–51, 2018.

[29] X. Li, Z. Li, L. Zhang, J. Gao, B. Nie, and Y. Meng, “Pore struc-
ture characterization of various rank coals and its effect on gas
desorption and diffusion,” Journal of China Coal Society,
vol. 44, no. S1, pp. 142–156, 2019.

[30] L. Zhang, Z. Ye, M. Li, C. Zhang, Q. Bai, and C. Wang, “The
binary gas sorption in the bituminous coal of the Huaibei
Coalfield in China,” Adsorption Science & Technology,
vol. 36, no. 9–10, pp. 1612–1628, 2018.

[31] L. Zhang, C. Zhang, S. Tu, H. Tu, and C. Wang, “A study of
directional permeability and gas injection to flush coal seam
gas testing apparatus and method,” Transport in Porous
Media, vol. 111, no. 3, pp. 573–589, 2016.

[32] J. Milewska-Duda, J. Duda, A. Nodzeñski, and J. Lakatos,
“Absorption and adsorption of methane and carbon dioxide
in hard coal and active carbon,” Langmuir, vol. 16, no. 12,
pp. 5458–5466, 2000.

[33] P. J. Reucroft and A. R. Sethuraman, “Effect of pressure on car-
bon dioxide induced coal swelling,” Energy Fuel, vol. 1, no. 1,
pp. 72–75, 1987.

[34] C. R. Clarkson and R. M. Bustin, “The effect of pore structure
and gas pressure upon the transport properties of coal: a labo-
ratory and modeling study. 1. Isotherms and pore volume dis-
tributions,” Fuel, vol. 78, no. 11, pp. 1333–1344, 1999.

[35] M. Gu and X. Xian, “Application of Langmuir adsorption
equation,” Guangdong Chemical Industry, vol. 29, no. 2,
pp. 42–44, 2002.

[36] Z. Ye, Experiment Study on Gas Sorption, Gas Percolation and
Gas Injection Displacement of Bituminous Coal in Xutuan
Mine, China University of Mining and Technology, Jiangsu
Xuzhou, 2018.

[37] L. Zhang, T. Ren, N. Aziz, and C. Zhang, “Evaluation of coal
seam gas drainability for outburst-prone and high- CO2-con-
taining coal seam,” Geofluids, vol. 2019, Article ID 3481834,
14 pages, 2019.

13Geofluids


	An Experimental Study on CO2 Displacing CH4 Effects of Different Rank Coals
	1. Introduction
	2. Experimental Design for CO2 Replacement of CH4 Adsorbed on Coal Samples of Different Ranks
	2.1. Coal Samples and Experimental Equipment
	2.2. Experimental Scheme

	3. Experimental Results and Analysis
	3.1. Pure Gas Adsorption on Coal Samples with Different Ranks
	3.2. Comparison between Displacement Adsorption Capacity and Pure Gas Adsorption Capacity of Different Coal Ranks
	3.3. Separation Factor and Displacement Factor of Different Rank Coal Samples
	3.4. Displacement and Injection Ratio of Different Rank Coal Samples
	3.5. The Displacement Effect of Different Coal Ranks Samples

	4. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments



