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a b s t r a c t

This work was performed to address the effect of high-pressure CO2 exposure on methane and CO2

adsorption kinetics behavior on various rank coals. The adsorption kinetics curves of methane and CO2

on coal samples before and after CO2 exposure were measured under 45 �C and approximately 0.41 MPa.
The possible reasons for CO2 exposure dependence of adsorption kinetics of methane and CO2 were also
studied. The results show that CO2 exposure causes a decrease in both methane and CO2 diffusion-
adsorption rates on coals as indicated by both macropore and micropore apparent diffusion co-
efficients. The decreasing trend of diffusion-adsorption rate is more evident for CO2 than methane on
coals after CO2 exposure. Further investigations indicate that the effect of CO2 exposure on adsorption
kinetics of methane and CO2 is related to both surface chemistry and pore structure of coals. On the one
hand, pore structure analyses indicate that CO2 exposure causes a slight decrease in micropore and meso/
macropore of coals. On the other hand, CO2 exposure leads to a decrease in the oxygen-containing
functional groups mainly including carbonyl (eC]O) and carboxyl (eCOOH) of coals. The oxygen-
containing functional groups on coal surface benefit the diffusion and adsorption of CO2. However,
this effect is opposite for methane. Thus, it is concluded that the alterations of both pore structure and
oxygen-containing functional groups due to CO2 exposure contribute to the decrease of CO2 diffusion-
adsorption rate. With regard to methane, the influence of pore structure on adsorption kinetics
behavior is superior to the oxygen-containing functional groups, which accounts for the decrease of the
adsorption and diffusion rate. The design of practical CO2-ECBM process needs to consider the effect of
CO2 exposure on methane and CO2 diffusion and adsorption within coals.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Global warming issues caused by carbon dioxide (CO2), an
anthropogenic greenhouse gas (GHG), are increasingly aggravating,
which bring a series of negative effects to the natural ecosystem
balance and human sustainable development (Lindzen, 1997). It is
acknowledged that deep coal seams as a huge reservoir can store
CO2 in geologic time, which is considered as an effective way to
mitigate CO2 emissions (White et al., 2005). Coal is provided with
nce and Technology, No. 727
ity 650500, Yunnan Province,
complex pore morphology and special surface chemistry and thus
has strong ability to adsorb gas molecules especially under higher
reservoir pressure (Giroux et al., 2006; Green et al., 2011; Li et al.,
2015; Nie et al., 2015). Theoretical and experimental methods
have demonstrated that CO2 adsorption capacity on coal is superior
to methane. Thus, the coalbed methane resource can be recovered
when CO2 is injected and adsorbed on the coal matrix.

Hitherto, most investigations were carried out to study the
adsorption-desorption behaviors of methane and CO2 on coals
under the reservoir conditions (Clarkson and Bustin, 2000;
Mastalerz et al., 2004; Zhang et al., 2011b), displacement
behavior of coalbed methane recovered by CO2 injection (Prusty,
2008; Zhang et al., 2011c; Zhou et al., 2013), and coal matrix
swelling phenomenon induced by CO2 adsorption (Lin et al., 2008;
Mazumder and Wolf, 2008; Shi et al., 2014). It is necessary to point
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out that complex interactions existed between CO2 fluid and coal
under the optimum reservoir conditions due to the unique physi-
cochemical characteristics of the injected CO2 fluid and coal itself.
However, the studies on the complex interactions of CO2 fluid with
coal are relatively scarce. Both Kolak and Burruss (2006, 2014, Kolak
et al., 2015) and our previous work (Zhang et al., 2013a) found that
the injected CO2 was supercritical fluid at the optimum seques-
tration depth and was capable of mobilizing alkane and polycyclic
aromatic hydrocarbons (PAHs) dissociating in the macromolecular
structure of coal. Cao et al. (2011) found that high-pressure CO2
exposure caused an increase in the alkyl carbons and a decrease in
aromaticity for vitrain and fusain, nevertheless this trend was
opposite for clarain and bright clarain. Huang et al. (2014) reported
that hydrogen bonds would be formed between CO2 and the
oxygen-containing functional groups on coal surface based on
Density Functional Theory including dispersion correction (DFT-D)
calculation. Our previous work studied high-pressure CO2 exposure
dependence of methane and CO2 adsorption equilibrium behavior
on coals and demonstrated that high-pressure CO2 exposure led to
an increase in the maximum methane adsorption capacity by
3.45%e10.37% and a decrease in the maximum CO2 adsorption
capacity by 9.99%e23.93% (Wang et al., 2015). Hitherto, the study
related to the effect of CO2 exposure operated at low-pressure
ranging between 0.21 and 0.62 MPa on the adsorption rate of CO2
has been reported (Goodman et al., 2006); however, the influence
of high-pressure CO2 exposure on adsorption kinetics of methane
and CO2 on coals is still unclear. The CO2 injection rate andmethane
recovery efficiency of the practical CO2-ECBM is partly limited by
the ability of methane molecule and CO2 molecule to diffuse in the
coal seams (Lin et al., 2008; Siriwardane et al., 2009; Wong et al.,
2007). Thus, in our work, an effort was made to investigate the
effect of CO2 exposure on the adsorption kinetics of methane and
CO2 on coals and the possible mechanism was also discussed in
detail.

2. Experimental methods

2.1. Samples collection and preparation

Four coal samples collected from the main production areas of
coal resources in China were used in this study. To avoid the un-
desired physical and chemical changes due to the atmospheric
oxidation (Mastalerz et al., 2009), each coal sample was preserved
in a sealed plastic bag filled with inert helium before use. The
proximate analysis, the equilibrium moisture and the maximum
vitrinite reflectance coefficient designated as Ro,max of each coal
were performed in our previous research (Wang et al., 2015). Ac-
cording to the analysis results shown in Table 1, HB, SM and ED are
high-volatile bituminous coals, and YQ is classified as anthracite.

2.2. Exposure of coal to supercritical CO2 fluid

In this work, the interaction of high-pressure CO2 fluid with
coals was performed on a Model SFE-500 dynamic extraction
Table 1
Characteristics of each coal sample (Wang et al., 2015).

Sample HB

Place of origin Hulunbuir city
Ash (dried basis), wt% 13.26
Volatile matter (dried basis), wt% 35.40
Fixed carbon (dried basis), wt% 51.35
Equilibrium moisture, wt% 18.18
Ro max, % 0.77
system supported by Thar Process, Inc., U.S.A. The experimental
apparatus mainly comprised a pressure-charging unit, an extrac-
tion unit and a collection unit, as shown in Fig. 1. The pressure-
charging unit was able to generate high-pressure CO2 fluid up to
60 MPa by a P-series booster pump. The mass flow rate of CO2
injected from the pressure-charging unit into the subsequent
extraction unit could be regulated in the range between 0 and
30 g min�1. The interaction of CO2 with coal occured in the
extraction unit which was previously loaded with coal sample. An
automated back pressure regulator installed between the extrac-
tion unit and the collection unit was able to maintain constant
pressure of the extraction unit. The extract phase released from the
extraction unit could be gathered from the collection unit. Both the
extraction unit and the collection unit were equipped with a
heating jacket. The temperature of both the extraction unit and the
collection unit could be regulated within a range from the ambient
temperature to 150 �C. It was worth noting that Model SFE-500
extraction system was a dynamic process, and the extraction unit
and the collection unit could be treated as the CO2 injection well
and methane recovery production well of CO2-ECBM, respectively.
Therefore, the conclusion derived from the interactions between
CO2 and coal operated on the SFE-500 extraction system was
meaningful to the practical CO2-ECBM.

Prior to the interaction test, all coal samples were carefully
crushed and sieved to generate particles with size of 100e120mesh
and then dried at 105 �C for 24 h under vacuum condition.
100 ± 0.0005 g of each dry coal sample was weighed for the
interaction of CO2 with coal to meet the needs of subsequent
physicochemical analyses and adsorption kinetics test. The mass
flow rate of CO2 injection and the duration of the interaction pro-
cess were determined as 10 gmin�1 and 12 h, respectively. Previous
work showed that the optimum depth for geologic sequestration of
CO2 was around 800e1000 m (Orr, 2009), where the temperature
and pressure of the stored CO2 at this depth exceeded the critical
parameters of CO2, i.e. 31.05 �C and 7.38 MPa (Span and Wagner,
1996). Thus, the temperature and pressure of the interaction of
CO2 with coal were set as 45 �C and 12 MPa, respectively.
2.3. Adsorption kinetics test

In this work, volumetric method was used to measure the
adsorption kinetics of methane and CO2 on coals before and after
CO2 exposure. The operation temperature and pressure were 45 �C
and 0.41 MPa, respectively. The frequency of data record was set as
1 s.

Previous work found that the measuring precision of tempera-
ture and pressure significantly affected the adsorption test
(Sakurovs et al., 2009; Zhang et al., 2013b). Therefore, a natural
convection air oven with temperature control precision of 0.1 �C
(UNB500, Memmert GmbH & Co. KG, Germany), and pressure
transducers with a super precision of 0.05% of the full scale 20 MPa
(Super TJE, Honeywell International, Inc., U.S.A) were employed.
The detailed apparatus information and experimental procedures
could be found in the work of Wang et al. (2015). According to the
SM ED YQ

Yulin city Erdos city Yangquan city
10.20 4.31 19.42
31.47 30.96 8.92
58.34 64.73 71.68
9.73 11.93 5.31
0.88 0.93 2.62

Administrator
高亮



Fig. 1. Model SFE-500 dynamic extraction system.
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time-based experimental records of pressure and temperature, the
adsorption amounts of puremethane and CO2 corresponding to any
time (t) are calculated by:

DGSE ¼ 1
RmT

�
P2VRC

Z2
þ P1VV

Z1
� P3VRC

Z3
� P4VV

Z4

�
(1)

where GSE, i.e. the abbreviation of Gibbsian surface excess, is the
experimental adsorption data, mmol g�1; m is the mass of the coal
sample, g; T is the operation temperature, K; R is the universal gas
constant, 8.314 J mol�1 K�1. P1 and P2 are the initial pressures of
sample cell and reference cell, respectively, Pa; P3 and P4 are the
pressures of reference cell and sample cell corresponding to twhen
the adsorption occurs, respectively, Pa. VRC and VV are the volume of
the reference cell and the void volume of sample cell loaded with
coal sample calibrated by helium, respectively. Z1, Z2, Z3, and Z4 are
methane or CO2 compressibility factors corresponding to P1, P2, P3,
and P4 at temperature T, respectively. In this work, Wagner & Span-
EoS and Span & Wagner-EoS with superior predictive accuracy
were used to generate the compressibility factors (Z) of methane
and CO2, respectively (Wagner and Span, 1993; Span and Wagner,
1996). Prior to the adsorption kinetics test, all the samples before
and after CO2 exposure were entirely degassed under vacuum
condition at 105 �C overnight. Each adsorption test was performed
on 40 ± 0.0005 g of coal sample after drying process to study the
effect of CO2 exposure on the adsorption kinetics of methane and
CO2 on coals.

2.4. Pore structure characterization

Pore structures including micropore and meso/macropore were
analyzed in our previous work (Wang et al., 2015). Micropore
analysis by adsorption method using CO2 as molecular probe at
273.15 K was performed on ASAP 2020 (Micromeritics instruments,
U.S.A.). The micropore surface area and volume were obtained by
Dubinin-Radushkevich (D-R) model (Gathitu et al., 2009).

The meso/macropore structure of coal sample was also given by
ASAP 2020 (Micromeritics instruments, U.S.A.) using low
temperature nitrogen adsorption-desorption method. The nitrogen
adsorption and desorption isotherms at 77 K were collected at
relative pressures (P/P0) range between 0.005 and 0.995. The spe-
cific surface area and the pore volume of each sample were calcu-
lated using the Brunauer-Emmet-Teller (BET) model and Barrett-
Joyner-Halenda (BJH) model, respectively (Viete and Ranjith,
2007; Yang, 2003).

Prior to micropore and meso/macropore analyses, all the coal
samples before and after CO2 exposure were fully degassed under
vacuum for 12 h at 90 �C to effectively remove the residual gas and
moisture.

2.5. FTIR analysis

EQUINOX 55 FTIR spectrometer (Bruker Corp., Germany) was
used to determine the chemical properties of coals before and after
CO2 exposure. The dried spectroscopic pure potassium bromide
(KBr) carrier and coal samples were fully pulverized and mixed at a
mass ratio of 1:100, and then pressed into a pellet in a mold. The
pellets were dried for 24 h under vacuum condition to decrease the
contribution of water to the spectra. The spectra were obtained
with a resolution of 4 cm�1.

3. Modeling of adsorption kinetics

Hitherto, two types of models, i.e. the unipore diffusion model
and the bidisperse diffusion model, are available to describe the
fluid diffusion and adsorption behavior within the pore structure of
coal.

The unipore model using a single parameter, i.e. effective
diffusivity, assumed that the pore structure in the coal matrix was
homogenous, which meant that the pore width was consistent.
However, Gan et al. (1972), Yao et al. (2014) and Smith (1982)
pointed out that spherical shaped macrospheres and uniform mi-
crospheres were present inside the coal matrix. Therefore, the
unipore model failed to describe the gas diffusion behavior due to
the bidisperse nature of coal. On the contrary, numerous works
confirmed that the bidisperse diffusion model was successfully to
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Fig. 2. Absolute adsorption isotherms (Nabs) of methane adsorption on various coals.
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describe themethane and CO2 diffusion and adsorption on coal (Cui
et al., 2004; Ruckenstein et al., 1971; Smith and Williams, 1984).
Thus, the bidisperse diffusion model was selected to the adsorption
kinetics study in this work.

The simplified bidisperse model covers a fast macropore diffu-
sion stage at the beginning of the experiment and a much lower
micropore diffusion stage towards the end of the experiment
period (Pan et al., 2010).

The model form corresponding to the fast phase is (Ruckenstein
et al., 1971):

Nmacro

Nmacro;∞
¼ 1� 6

p2

X∞
n¼1

1
n2

exp

 
� Dmacron2p2t

R2macro

!
(2)

where Nmacro and Nmacro,∞ are the total amount of the diffusion gas
in themacropore corresponding to time t and the equilibrium state,
respectively, mmol g�1. Rmacro is the macropore radius, m, and
Dmacro is the macropore effective diffusivity, m2 s�1.

The slow step of micropore diffusion stage is expressed as
(Ruckenstein et al., 1971):

Nmicro
Nmicro;∞

¼ 1� 6
p2

X∞
n¼1

1
n2

exp

 
� Dmicron2p2t

R2micro

!
(3)

where Nmicro and Nmicro,∞ are the total amount of the diffusion gas
in the micropore corresponding to time t and the equilibrium state,
respectively, mmol g�1. Rmicro is the micropore radius, m, and Dmicro
is the micropore effective diffusivity, m2 s�1.

The entire diffusion process uptake is given by:

Nt

N∞
¼ Nmacro þ Nmicro

Nmacro;∞ þ Nmicro;∞
¼ b

Nmacro

Nmacro;∞þþ ð1� bÞ Nmicro
Nmicro;∞

(4)

where b defined as the ratio of the amount of gas adsorption in
macropore to the total adsorption is given by:

b ¼ Nmacro;∞

Nmacro;∞ þ Nmicro;∞
(5)

Substituting Eq. (2) and Eq. (3) into Eq. (4), the fitting parame-
ters could be generated by nonlinear curve fitting method.

It is necessary to mention that the actual amount of adsorption,
known as the absolute adsorption amount (Nabs), is used in
adsorption kinetics study.

The relationship between GSE and Nabs is given by:

Nabs ¼
GSE
1� rb

ra

(6)

where rb and ra are the bulk density of the adsorbate and the
density of the adsorbed phase, respectively. The adsorbed phase is
always regarded as a pseudo-liquid state (Clarkson et al., 1997; Do
and Do, 2003). Thus, the liquid densities of methane (0.421 g ml�1)
and CO2 (1.227 g ml�1) at the boiling point under the atmospheric
pressure are designated as ra of methane and CO2, respectively
(Harpalani et al., 2006; Siemons and Busch, 2007).

The bidisperse model is derived based on the assumption that
the adsorption system has given rise to isotherm exhibiting linear
shape (Ruckenstein et al., 1971). As shown in Figs. 2 and 3, all the
isotherms based on Nabs of methane and CO2 adsorption on coals
before and after CO2 exposure exhibit approximately linear feature.
Therefore, the bidisperse model can be applied to describe the
adsorption kinetics behavior in this work.
4. Results and discussions

4.1. Adsorption kinetics and the bidisperse model fitting

The raw pressure-versus-time of methane and CO2 adsorption
on coals before and after CO2 exposure at 0.41 MPa and 45 �C are
shown in the insets in Figs. 4 and 5, respectively. It can be found
that although the diffusion and adsorption processes of methane
and CO2 on coals take a long time to reach the equilibrium state, all
the pressure profiles show a rapid decrease within the initial 200 s
when the adsorption occurs and then the adsorption process ap-
proaches to the equilibrium state gradually.

As can be seen in Figs. 4 and 5, each bidispere model fitting
curve is well consistent with the experimental curve for both
methane and CO2 adsorption kinetics curves of coals before and
after CO2 exposure. It is also found from the bidispersemodel fitting
parameters listed in Tables 2 and 3 that the multiple correlation
coefficients (R2) of methane and CO2 adsorption kinetics on various
coals obtained from the bidisperse model are in the range of
0.8904e0.9883 and 0.9013e0.9696, respectively. Thus, the bidis-
perse model can well describe the adsorption kinetics of methane
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Fig. 3. Absolute adsorption isotherms (Nabs) of CO2 adsorption on various coals.
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and CO2 on coals before and after CO2 exposure.
Under the experimental conditions, the magnitude orders of

methane and CO2 apparent diffusion coefficient corresponding to
macropore and micropore (defined as Dmacro/Rmacro

2 and Dmicro/
Rmicro
2 , respectively) are 10�4-10�3 and 10�5-10�4, respectively,

which show a good agreement with the values reported from the
previous investigations (Pan et al., 2010; Bhowmik and Dutta,
2013). Previous analysis indicates that an adsorbate molecule
with the smaller kinetic diameter and larger adsorption energy has
the greatest ability to diffuse into the pores of various sizes of the
adsorbent (Cui et al., 2004). In comparisonwithmethane (0.38 nm),
the molecular kinetics diameter of CO2 (0.33 nm) is smaller (Shieh
and Chung, 1999). In addition, our previous study based on quan-
tum chemistry calculation shows that the Lennard-Jones (6e12)
potential well of CO2 is deeper than that of methane (Wang et al.,
2015). The above analyses may account for larger apparent diffu-
sion coefficient of CO2 than methane adsorption on the same coal
sample shown in Tables 2 and 3. The b value defined in the bidis-
perse model shown in Eq. (5) is relatively large, which is consistent
with the previous study (Clarkson and Bustin, 1999a; Pan et al.,
2010). The experimental coal samples have been crushed
(<100 mesh), and the intact pore, especially most macropore and
macropore cleat may be destroyed. Therefore, the large b value
means that a large number of gases are adsorbed not only in
macropore, but also in accessible pores including micropore.
Finally, it worth noting that CO2 exposure has an enormous impact
on the macropore and micropore apparent diffusion coefficients of
methane and CO2 in coal. Specially, except for the micropore
apparent diffusivity of methane, CO2 exposure causes a decrease in
both macropore apparent diffusivity and micropore apparent
diffusivity for methane and CO2 adsorption on each coal sample.
Moreover, the change of diffusivity of CO2 (18.03%e49.68% and
22.00%e96.49% for macropore apparent diffusivity and micropore
apparent diffusivity, respectively) due to CO2 exposure is greater
than that of methane (12.29%e45.11% and 33.33%e64.91% for
macropore apparent diffusivity and micropore apparent diffusivity,
respectively).

4.2. Mechanism of CO2 exposure dependence of adsorption kinetics

Some of the earlier investigations have reported that the prop-
erties of adsorbate and adsorbent affect the adsorption kinetics
behavior of methane and CO2 on coal (Charri�ere et al., 2010;
Gruszkiewicz et al., 2009; Busch et al., 2004). For a specific adsor-
bate, the pore structure and surface chemistry property of adsor-
bent play dominant roles in adsorption kinetics behavior.

The diffusion and adsorption of gas molecular in coal is assumed
to two stages with the bidisperse diffusion: surface diffusion in the
micropore and pore diffusion in the meso/macropore (Cui et al.,
2004; Wei et al., 2007). Thus, the pore structure of various coals
before and after CO2 exposurewas studied and the results are listed
in Table 4 (Wang et al., 2015). It can be found that both the meso/
macropore volume and the micropore specific surface area of the
coal after CO2 exposure are less than that of the raw coal except ED
coal. As reported by Clarkson and Bustin (1999b), pore volume
distribution can significantly affect gas transport of coal. Moreover,
Liu et al. (2015) also studied the effect of mesopore structure on the
methane diffusion coefficient and found that the effective diffusion
coefficient is proportional to the mesopore volume. Therefore, a
decrease of meso/macropore volume may explain why high-
pressure CO2 exposure leads to a decline of meso/macropore
diffusion coefficient of methane and CO2 adsorption on coal as
shown in Tables 2 and 3. With regard to the micropore structure
dependence of adsorption kinetics behavior, gas diffusion and
adsorption are mainly controlled by surface diffusion process
(Zhang et al., 2011a). Thus, it is reasonable that the effective
diffusion coefficient inmicropore is proportional to the surface area
of micropore. As can be seen in Table 4, the decreasing trend of the
surface area of micropore is found for the coals after CO2 exposure,
which accounts for the decline in micropore apparent diffusivity as
previously mentioned.

In addition, coal is abundant with functional groups mainly
including oxygen-containing functional groups, nitrogen-
containing functional groups and sulfur-containing functional
groups, etc. Among them, the oxygen-containing functional groups
are the most abundant species, which have great effect on the
adsorption performance of coal. Numerous investigations have
studied the effect of the oxygen-containing functional groups on
methane and CO2 adsorption on coal by using theory simulation or
experimental method. Lu et al. (2015) employed density functional
theory (DFT) and Grand Canonical Monte Carlo (GCMC) simulation
to investigate the effect of some oxygen-containing functional
groups (eOH, eCOOH) on the competitive adsorption of a binary
methane/CO2 mixture on carbon materials. They found that
oxygen-containing functional groups could enhance the selectivity
of CO2 over methane. Based on the results of molecular simulation,
Liu and Wilcox (2013) found that the oxygen-containing functional



Fig. 4. Experimental and bidisperse model fitting curves of adsorption kinetics of methane adsorption on various coals.
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Fig. 5. Experimental and bidisperse model fitting curves of adsorption kinetics of CO2 adsorption on various coals.
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Table 2
Bidisperse model fitting results of methane adsorption on various coals.

Sample State Dmacro/Rmacro
2 (s�1) Dmicro/Rmicro

2 (s�1) b R2

HB Before CO2 exposure 8.80 � 10�4 7.0 � 10�5 0.81 0.9883
After CO2 exposure 4.83 � 10�4 3.0 � 10�5 0.91 0.9186

SM Before CO2 exposure 1.33 � 10�3 3.0 � 10�5 0.86 0.8904
After CO2 exposure 8.70 � 10�4 2.0 � 10�5 0.89 0.8922

ED Before CO2 exposure 1.71 � 10�3 2.0 � 10�5 0.92 0.9216
After CO2 exposure 1.50 � 10�3 2.0 � 10�5 0.91 0.8982

YQ Before CO2 exposure 1.10 � 10�3 5.7 � 10�5 0.86 0.9685
After CO2 exposure 8.00 � 10�4 2.0 � 10�5 0.92 0.9525

Table 3
Bidisperse model fitting results of CO2 adsorption on various coals.

Sample State Dmacro/Rmacro
2 (s�1) Dmicro/Rmicro

2 (s�1) b R2

HB Before CO2 exposure 1.92 � 10�3 5.0 � 10�5 0.94 0.9547
After CO2 exposure 1.44 � 10�3 3.9 � 10�5 0.99 0.9558

SM Before CO2 exposure 2.73 � 10�3 8.0 � 10�5 0.94 0.9013
After CO2 exposure 1.84 � 10�3 5.0 � 10�5 0.95 0.9417

ED Before CO2 exposure 2.33 � 10�3 8.0 � 10�5 0.96 0.9326
After CO2 exposure 1.91 � 10�3 6.0 � 10�5 0.95 0.9477

YQ Before CO2 exposure 3.08 � 10�3 5.7 � 10�4 0.81 0.9550
After CO2 exposure 1.55 � 10�3 2.0 � 10�5 0.98 0.9696

Table 4
Micropore and meso/macropore parameters of coals before and after CO2 exposure (Wang et al., 2015).

Sample State Meso/macropore parameters Micropore parameters

SBET (m2 g�1)a Vt (cm3 g�1)b S (m2 g�1)c Vt (cm3 g�1)d

HB Before CO2 exposure 4.95 0.01589 162.49 0.03337
After CO2 exposure 5.21 0.01427 153.73 0.03206

SM Before CO2 exposure 5.42 0.00746 163.32 0.03100
After CO2 exposure 4.71 0.00619 153.32 0.02973

ED Before CO2 exposure 5.11 0.00676 134.15 0.02572
After CO2 exposure 5.15 0.00702 134.42 0.02560

YQ Before CO2 exposure 3.85 0.00612 173.39 0.03540
After CO2 exposure 3.60 0.00587 164.56 0.03312

a Brunauer, Emmett and Teller (BET) specific surface area.
b Single point adsorption total pore volume.
c Specific surface area obtained by Dubinin-Radushkevich (D-R) model.
d Total pore volume obtained by Dubinin-Radushkevich (D-R) model.
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groups led to an increase in the density of adsorbed CO2, especially
for carboxyl functionalized graphitic slit pores. However, the
oxygen-containing functional groups were not in favor of methane
adsorption. Hao et al. (2013) and our previous work (Wang et al.,
2015) reported that the oxygen-containing functional groups
could enhance CO2 adsorption but weaken methane adsorption on
coal based on the experimental data. The different role of surface
oxygen-containing functional groups on methane and CO2
adsorption behavior on coal is mainly related to the partial charge
distribution of the oxygen-containing functional groups (Liu and
Wilcox, 2012, 2013). The oxygen atoms on the coal surface exhibit
strong electronegativity, which have a high potential to donate
electrons to the neighboring electron-deficient gas molecular and
strengthen the interaction between CO2 and coal surface. For
methane adsorption, the oxygen-containing functional groups may
block pore entrance and reduce dispersive interaction of methane
with the pore surface of coal (Cuervo et al., 2008). The diffusion and
adsorption process of methane and CO2within the pore structure of
coal can be interpreted as a process of gas molecular adsorption
constantly on the coal matrix surface and transport within the coal
pores. Thus, the property and number of the sorption site may
affect the adsorption kinetics behavior of gas molecular in coal.
Thus, FTIR analysis was used to reveal the change of surface
oxygen-containing functional groups of the coal after CO2 exposure.
The measured FTIR spectra of coals before and after CO2 exposure
are shown in Fig. S1, Supplementary data (Wang et al., 2015).
Generally, the wave number ranging between 3100 and 3700 cm�1

is attributed to OeH stretching vibration. The spectra correspond-
ing to 2800e3000 cm�1 are assigned to aliphatic CeH stretching
vibration. The peak around wave number of 1600 cm�1 is assigned
to C]C stretching vibration of aromatic rings. The main oxygen-
containing functional groups including eC]O and eCOOH can be
found in the wave number ranging between 1500 and 1800 cm�1.
The peak around 1450 cm�1 is related to the bend vibrations of
eCH2 and eCH3. The out-of-plane aromatic CeH vibration is
observed between 700 and 900 cm�1. In addition, it has pointed out
that CO2 exposure leads to a decrease of total oxygen-containing
functional groups (Wang et al., 2015). In this work, the change of
several kinds of the oxygen-containing functional groups related to
methane and CO2 adsorption was determined. Numerous works
indicated that except hydroxyl (eOH), eC]O and eCOOH con-
tained in the selected region of 1800e1500 cm�1 as the main
oxygen-containing functional groups have a greater contribution to
gas adsorption behavior (Lu et al., 2015; Jin et al., 2014; Liu and
Wilcox, 2013). The 1800-1500 cm�1 region includes aromatic C]
C, aromatic ring stretch and oxygen-containing functional groups



Fig. 6. Curve-fitted FTIR spectra of oxygen-containing functional groups on various coals.
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Table 5
Assignment of peak position corresponding to wave number of 1800e1500 cm�1.

Peak no. Peak position (cm�1) Assignment

a 1565 Aromatic ring stretch
b 1615 Aromatic C]C
c 1644 Highly conjugated C]O
d 1683 Conjugated C]O
e 1704 COOH
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(eC]O, eCOOH). Based on the previous literature (Chen et al.,
2012; Geng et al., 2009), the 1800-1500 cm�1 is deconvoluted
into five peaks using PeakFit software. The curve-fitted spectra of
the raw and CO2-exposed coal samples are shown in Fig. 6. The
peak position and the relative abundance of oxygen-containing
functional groups are listed in Table 5 and Table 6, respectively.

As can be seen in Table 6, the relative abundances of the oxygen-
containing functional groups (C]O, -COOH) of the coals after CO2
exposure are less than that of the raw coals, which means that CO2
exposure leads to a decline of oxygen-containing functional groups.
The decrease in the oxygen-containing functional groups is prob-
ably due to the extraction effect or the chemical reaction between
supercritical CO2 fluid and coal. Further demonstration of this point
of view will be carried out in our future work. According to the
aforementioned effect of oxygen-containing functional groups on
methane and CO2 adsorption on coal, it can be concluded that the
decrease in oxygen-containing functional groups also contributes
to the reduced diffusion rate of CO2 in combination with the pore
structure. For methane adsorption, although the decrease in
oxygen-containing functional groups favors methane diffusion and
adsorption, the influence of oxygen-containing functional groups
may be inferior to the pore structure. Thus, the net result is that CO2
exposure causes a reduced diffusion rate of methane within the
coal structure.

In addition, as discussed in previous investigations (St. George
and Barakat, 2001), coal matrix swelling induced by CO2 seques-
tration may block the open channels and enhance the diffusion
energy barrier of micropore and macropore of coal. Thus, swelling
effect can also weaken the diffusion rate of fluid. Coal swelling is
significant at higher pressure (Anggara et al., 2014; Day et al., 2008;
Vishal et al., 2013). Therefore, under our experimental condition
(P ¼ 12 MPa), the decline of methane and CO2 diffusion rate
resulted from the coal matrix swelling cannot be ignored.
4.3. Implications for CO2 sequestration in deep coal seams

Great attention has been paid to the complex interactions of coal
and CO2 which is a supercritical fluid under coal reservoir condi-
tions. The coal property and pore structure play very important
roles in methane and CO2 transport and adsorption kinetics due to
the specific interactions of CO2 with coal. Based on the above
analysis, CO2 generally has a higher diffusion rate than methane for
the test coal samples, which manifests that there is a strong
Table 6
Relative abundance of oxygen-containing functional groups and aromatic structure, %.

Sample Highly conjugated
C]O

Conjugated C]O COO

* ** * ** *

HB 50.13 36.04 2.99 2.47 2.84
SM 37.74 33.98 5.00 4.42 5.66
ED 16.78 18.05 15.06 11.46 4.16
YQ 23.06 21.70 11.16 8.54 11.7

*before CO2 exposure. **after CO2 exposure.
selective transport of CO2 over methane. The selective transport of
CO2 is favorable for the implication of CO2 sequestration and
methane recovery in coal seams.

It is acknowledged that gas transport properties are important
for CO2 sequestration and coalbed gas recovery. Previous studies
have suggested that CO2 exposure affects the change of coal
property, which affects the diffusion behavior of methane and CO2
on coal. As shown by our results, CO2 exposure will decrease the
methane and CO2 diffusion and adsorption kinetics due to the
change of coal property. However, displacement of methane by CO2
injection is influenced bymethane and CO2molecular diffusion and
adsorption behavior. The strong decrease of methane and CO2
diffusion coefficient due to CO2 exposure may hinder CO2 seques-
tration and methane recovery in coal seams. Moreover, under the
reservoir conditions, the coal swelling resulted from the gas
adsorption can reduce the reservoir permeability, consequently
reducing the diffusivities, which is detrimental to the practical
implementation of CO2-ECBM.

For practical CO2-ECBM, CO2 injection mixed with an appro-
priate proportion of flue gas components (such as N2) instead of
pure CO2 is recommended to mitigate the adverse effect of CO2

exposure. Additionally, it is also reported that CO2 injection with a
proportion of N2 can mitigate the reduction in permeability of coal
seams due tomatrix swelling (Pini et al., 2009). Investigation on the
coalbed methane recovery by injection CO2/N2 mixture will be
performed to demonstrate this proposal.

5. Conclusion

In this work, four coals were chosen to address the effect of
high-pressure CO2 exposure on the adsorption kinetics of methane
and CO2 at the conditions of T ¼ 45 �C, and P ¼ 0.41 MPa. The
bidisperse model was applied to describe the diffusion behavior of
methane and CO2 on coal. The relevant conclusions can be sum-
marized as follows:

1) The bidisperse model can describe the diffusion behavior of
methane and CO2 on coals before and after CO2 exposure. 2)
Compared with the raw coal, there exists a significant decrease in
the diffusion rate of methane and CO2 on coals after CO2 exposure.
3) The results of the FTIR analysis show that the CO2 exposure has a
significant impact on the decrease of the oxygen-containing func-
tional groups. Moreover, pore morphology analyses show that the
meso/macropore volume and the micropore surface area of coal
after CO2 exposure decrease slightly. Additionally, at high pressure,
the coal swelling resulted from the gas adsorption can reduce the
coal permeability, which will drop the diffusivity. The above
mentioned factors may be responsible for the roles of CO2 exposure
on methane and CO2 diffusion behavior on coal. 4) Based on the
decrease of the diffusion coefficient from the CO2 exposure, it is
deduced that primarily injected high-pressure CO2 may hinder CO2
sequestration and methane recovery in the target coal seams. Thus,
the recommendation of injection of CO2 mixed with an appropriate
proportion of flue gas components, such as N2, instead of pure CO2
H Aromatic C]C Aromatic ring stretch

** * ** * **

e 31.90 30.05 12.14 31.44
3.93 33.97 37.43 17.63 20.24
4.73 28.92 39.82 35.08 25.94

4 11.42 28.54 29.67 25.50 28.67
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is of potential to enhance CO2 sequestration and methane recovery.
Further demonstration of this proposal will be carried out on the
study of coalbed methane recovery by injection CO2/N2 mixture.
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