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Abstract: The buried depth of a coal seam determines the temperature at which CO2 and coal
interact. To better understand CO2 sequestration, the pore structure and organic functional groups
of coal treated with different ScCO2 temperatures were studied. In this study, three different rank
coals were treated with ScCO2 at different temperatures under 8 MPa for 96 h in a geochemical
reactor. The changes in pore structure and chemical structure of coal after ScCO2 treatment were
analyzed using mercury intrusion porosimetry, attenuated total reflection Fourier transform infra-red
spectroscopy, fractal theory, and curve fitting. The results show that the enhancement effect of
ScCO2 on pore structure of coal becomes less significant as the increase of buried depth. In most
of the treated coal samples, the variation proportion of mesopores decreased and the variation
proportion of macropores increased. In the relatively higher rank coals, the degree of condensation
(DOC) of aromatic rings decreased after treatment with ScCO2. The DOC values showed a U-shape
relationship with temperature, and the aromaticity showed a downward trend with increasing
temperature. The chemical structural changes in the relatively lower rank coal sample were complex.
These findings will provide an understanding of mechanisms relevant to CO2 sequestration with
enhanced coalbed methane recovery under different geothermal gradients and for different ranks
of coal.

Keywords: FTIR spectroscopy; pore structure; supercritical carbon dioxide; geological sequestration;
coal rank

1. Introduction

Carbon dioxide capture and sequestration (CCS) is technically and economically feasible, and it will
be possible to reduce CO2 greenhouse gas emissions [1,2]. Geological storage as part of CCS is regarded
as the most effective method to store CO2 [3–5]. A large number of abandoned underground coal
mines and deep unmineable coal seams exist worldwide because of resource depletion, low production
capacity, and technical limitations. These mines are potential hosts for CO2 storage and filling material
consisting of a mixture of fine-fraction waste [6–8]. Compared to CH4, CO2 has higher adsorption
capacity and can be stored stably in coal reservoirs [9]. In addition, replacing the CH4 is conducive to
coalbed methane extraction and allows the energy resource in the coal seams to be utilized [10,11].
The potential release of significant quantities of CO2-enhanced coalbed methane (CO2-ECBM) has
caused widespread concern [5,12,13]. It is estimated that at present, closed mines in China still contain
about 42 × 109 tons of coal resources and nearly 500 × 109 cubic meters of unconventional gas [14].
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Therefore, it is necessary to make full use of abandoned mine resources and deep unmineable coal
seams to achieve CO2 sequestration [15].

Because most of the shallow coal seams in China have already been mined, the increased demand
for coal caused by economic growth has led to the mining of deeper coal seams. When the target
coal seam is deeper than 800 m, CO2 will become the supercritical state (31.06 ◦C, 7.38 MPa) [16].
The physical properties of CO2 such as density, viscosity, and diffusivity vary significantly, and there
are complex physical and chemical interactions between supercritical carbon dioxide (ScCO2) and
coal [17]. In terms of chemistry, as an organic solvent, ScCO2 extracts organic and inorganic matter
from coal and this significantly affects the contacts between coal particles resulting in the opening of
pores, and the macromolecular structure of the coal changes [18–21]. This affects the coal’s adsorptive
capacity [22,23]. Fourier transform infra-red spectroscopy (FTIR) is a non-destructive method of
detecting macromolecular structure of the coal, especially organic functional groups [24]. Zhang
et al. [25,26] found that the functional group intensities of coal weakened significantly after ScCO2

treatment, indicating that ScCO2 extraction occurred. These studies qualitatively judge the weakening
of the functional group intensities. Changes in the coal’s macromolecular structure were not considered,
which can be deeply semi-quantitative analyzed through curve-fitting. Physically, the coal’s structure
will be transformed and rearranged due to the changes in its pore structure, resulting in its mechanical
properties altered [27]. In addition, the coal matrix will swell because of the CO2 adsorption, which will
reduce the number and width of cracks and seepage channels in some coal reservoirs [28,29]. The effect
of the above on the fracture width (W) is expressed as follows [25]:

W = −W1 + W2 −W3 + W4, (1)

where W1 is external stress, W2 is CO2 injection pressure, W3 is adsorption expansion effect, and W4 is
ScCO2 extraction effect. The coal’s pore structure will change significantly, and this affects the CO2

storage capacity in the seam.
The coal’s burial depth determines the final temperature of the injected CO2. Some researchers

have shown that both coal reservoir permeability and gas adsorption/desorption are significantly
affected by temperature [30–34]. Several studies reveals that higher reservoir temperatures result in
bond breaks between gas molecules and coal’s surface [35–38]. Finally, after gas is released from the
coal, the gas adsorption capacity in the coal is reduced. Coal matrix swells due to CO2 adsorption,
and gas diffusion and seepage channels are reduced [29]. Therefore, temperature influences the pore
structure and the macromolecular structure of coal significantly, which needs to be discussed in detail.

Previous research has focused on changes in the pore structure of coal with different coal rank
after ScCO2 exposure. ScCO2 increased the macropore volume of coal accompanied by a reduction in
minerals, extraction of hydrocarbons, and weakening of mechanical properties. These experiments were
conducted at a single temperature. The properties of ScCO2 such as density, viscosity, and diffusivity
will change with the growing depth of the coal seams at different temperatures, and this may cause
different results from previous studies that have not considered the temperature change. To date,
the effects of temperature on coals affected by ScCO2 remain largely unreported in the literature.
More efforts are needed to understand the interactions between ScCO2 and coal [39].

In this study, mercury intrusion porosimetry (MIP), and attenuated total reflection Fourier
transform infra-red spectroscopy (ATR-FTIR) tests were used to determine the changes in the chemical
functional groups and physical pore structure of three bituminous coal samples under a range of ScCO2

temperatures. The structural parameters of coals were further discussed through curve fitting and
fractal theory, which are not commonly used in the previous studies. The aim of the study is to better
understand how ScCO2 at different temperatures affects the interaction between CO2 and different
rank coals. These results can guide further assessment of geological CO2 sequestration with enhanced
coalbed methane recovery.



Sustainability 2019, 11, 7180 3 of 16

2. Materials and Methods

2.1. Sample Collection

For this study, three coal samples from different mines were obtained, one from the Nanchuan
coal mine in Chongqing (NC) and one each from the Jincheng coal mine (JC) and the Datong coal mine
(DT) in Shanxi province. The general locations of the coal mines are shown in Figure 1. The vitrinite
reflectance (Ro) analyses were performed on an Axio Scope A1 (Carl Zeiss Instruments, Oberkochen,
Germany) following the standard ISO 7404-5:2009. The proximate analysis was carried out on a
proximate analyzer (Changsha Kaiyuan Instruments, Changsha, China) according to the International
Standard ISO 17246:2010. The analyses are shown in Table 1.
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Figure 1. Map of China showing the locations of the coal mines from which the samples were collected.
(A) Map of China; (B) Map of Shanxi province and Chongqing.

Table 1. Properties of the coal samples.

Sample Sampling Location Proximate Analysis (wt %)
Ro (%) Coal Rank

Mad Aad Vdaf FCad

NC Nanchuan, Chongqing 0.89 8.27 30.14 60.70 1.105 Bituminous Coal B
JC Jincheng, Shanxi 0.98 5.53 31.26 62.23 1.051 Bituminous Coal B
DT Datong, Shanxi 2.41 9.46 36.22 51.91 0.683 Bituminous Coal C

Note: Mad, moisture; Aad, ash; Vdaf, volatile matter; FCad, fixed carbon. daf = dry ash free. Nanchuan coal mine in
Chongqing (NC), Jincheng coal mine (JC), Datong coal mine (DT).

The coal samples were crushed, fully mixed, and sieved to a−3 mm grain size. For the experiments,
the samples were divided into two even parts (ScCO2 treated sample, untreated sample) for comparison.
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2.2. ScCO2 Treatment

The geothermal gradient of deep coal seams (>800 m) is generally 1–3 ◦C/hm. At present, the actual
mining depth of deep coal seams in China is up to 1500m, where the reservoir temperature is about
70 ◦C [34]. With the growing demand for deep mining (>1900 m), CO2 may be stored in deeper coal
seams at temperatures of up to 80 ◦C in the future. Thus, the test temperature in this experiment
was taken as 40–80 ◦C. In order to better compare the effects of temperature on three coal samples,
the experimental pressure was only set to 8 MPa according to the coalbed methane (CBM) logging
data [40]. The experimental parameters are listed in Table 2.

Table 2. Experimental conditions.

Sample Treated Time (h) Temperature (◦C) Pressure (MPa)

NC/JC/DT

- - -
96 40 8
96 50 8
96 60 8
96 70 8
96 80 8

The ScCO2 treatment experiments were conducted using a geochemical reactor that can simulate
CO2 injection into a coal reservoir. The experimental setup is illustrated in Figure 2. The system
consists of five main parts: a constant temperature water bath, a vacuum pump, a control panel and
pipeline system, a pressure gauge, and a compression and gas injection system.
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During an experiment, the saturating tank was first put into the constant temperature water bath
which was heated to the target test temperature and the coal sample was degassed by the vacuum pump
for 8 h. Then, the saturating tank was filled with CO2 via the ISCO pump (Teledyne ISCO, Lincoln, NE,
USA) (10 mL/min). The final pressure of the sample tank after filling was 8 MPa. Meng and Qiu [27]
concluded that changes of coal’s properties can be fully observed at 72 h. Liu et al. [19] proposed that
the reaction between ScCO2 and coal in the first 60 h is sufficient. In this study, the reaction time was
96 h to make sure of a sufficient reaction process. The experimental condition was maintained at the
target value listed in Table 2. After 96 h, the tank was slowly depressurized and the coal samples were
taken for subsequent testing.
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2.3. MIP Tests and Fractal Dimension Calculation(D)

The pore structure of the coal samples was performed using a Quantachrome PoreMaster-33
mercury porosimeter (Quantachrome Instruments, Boynton Beach, FL, USA). The pressure range of
the equipment is 0.14–231 MPa. MIP can determine the pore size distribution from 6.4 nm to 950 µm,
which is widely used for analyzing the pore structure of porous medium such as shale and coal.
The particle size of the coal sample used for MIP testing was 3–5 mm.

Fractal dimension can characterize the surface roughness and internal complexity of porous media.
Based on the fractal theory, the coal’s pore structure is further analyzed using the MIP data. The D
value can be calculated from the Equation (2) [41]:

ln V = (3−D) ln(P− Pt) + ln A, (2)

where V represents the cumulative intrusion volume of mercury (cm3/g); D denotes the fractal
dimension; P denotes the mercury pressure (MPa); Pt denotes the threshold pressure of mercury (MPa);
and A represents a constant.

2.4. Curve-Fitting Analysis of ATR-FTIR Spectra

The ATR-FTIR tests were performed using a Nicolet iS50 type Fourier infrared spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Thirty two scans per spectrum were collected at
a resolution of 4 cm−1 over a scanned range of 650–4000 cm−1. The air spectrum was used as a
background for each sample. The particle size of the coal sample used for ATR-FTIR testing was 74 µm.

Each spectrum is made up of multiple superimposed functional peaks. It is difficult to
distinguish the position and the proportion of the absorption peaks in different regions. In order
to better analyze the functional groups, the spectra were divided into three regions that have been
used by other researchers for semi-quantitative analysis. These regions are aliphatic structures
(3000–2800 cm−1), oxygen-containing structures (1800–1000 cm−1), and out-of-plane aromatic C-H
structures (900–700 cm−1) [24]. The peaks were assigned following the work by Painter et al. [42] The
peak analysis was performed using Peakfit V4.12 software (SeaSolve Software, Inc., San Jose, CA, USA).
Based on the shape of the bands, the spectra were fitted by a combination of Gaussian and Lorentz
functions [24,43].

Semi-quantitative parameters, “L”, “I”, and “DOC” (identified in Table 3 and described in the
following sections) were obtained via curve-fitting of the FTIR spectra in order to investigate the coal’s
chemical properties.

Table 3. Infrared indexes from ATR-FTIR spectra used to investigate the structure of hydrocarbons in
the coal [44].

IR Index Band Region (cm−1) Index Meaning

L A2925/A2950 Aliphatic chain length/Degree of branch chain
I A700-900/A2800-3000 Aromaticity

DOC A700-900/A1600 Degree of condensation (DOC) of aromatic rings

3. Results and Discussion

3.1. MIP Analyses

3.1.1. Variations in Pore Volume

The pore volumes of the coal specimens have been divided according to the aperture classification
method proposed by B.B Hodot [45], i.e., micropores (<10 nm), minipores (10–100 nm), mesopores
(100–1000 nm), and macropores (>1000 nm). This method is widely used in China [25,46,47]. In this
study, pores are divided into four parts (total pores, macro-, meso-, and micro+minipores). The volumes
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of different types of pores were calculated according to the cumulative amount of mercury injected in
each aperture. The variation proportion in each pore size class after ScCO2 treatment was calculated
by Equation (3).

Variation proportion = (Vtreatment −Vraw)/Vraw × 100%, (3)

where Vtreatment is pore volumes of ScCO2 treated coal sample; Vraw is pore volumes of untreated
coal sample.

Figure 3a–c shows all the variation proportion of total pores in the treated samples are positive.
This indicates that ScCO2 increases the pore size of coal. Given that water existed in the raw coal, CO2

dissolved in water formed carbonic acid during ScCO2 exposure [48,49]. Jiang et al. [50] found that
crystal water was released from clay minerals after ScCO2 treatment. Previous studies have shown that
some carbonate minerals are dissolved and some hydrocarbons are extracted and washed away by the
gas or water after ScCO2 treatment [23,26]. The chemical reactions are listed in Equations (4) and (5).
Apparently, many pores originally separated by minerals and hydrocarbons become continuous pores.
Theoretically, CO2 is adsorbed in the coal seam while CH4 is replaced simultaneously. These continuous
pores are conducive to CH4 desorption and flow. Therefore, CO2 could enhance coalbed methane
recovery and can be stored in the coal seam [26].

CO2 + H2 O↔ H 2CO3 ↔ H+ + HCO−3 , (4)

CaCO3 + H+ + HCO−3 ↔ Ca2+ + H2O + CO2, (5)
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The total pore volume in the samples treated with ScCO2 at 40 ◦C is almost the largest pore volume
of all the temperatures tested. After ScCO2 treatment, the total pore volume of the NC, JC, and DT
samples increased by 284%, 73%, and 96%, respectively. These results indicate that treatment at 40 ◦C
has a great influence on the expansion of the seepage channels and the pore structure. The variation
proportion of total pores decreases with as temperature increases. In conclusion, as the increase of
buried depth, the enhancement effect became less significant. This is because temperature influences
the supercritical fluid density. Under the same pressure, the density of ScCO2 decreases as temperature
increases, and the solubility of ScCO2 decreases [50,51].

As seen in Figure 3, the value of variation proportion less than zero is defined as a “negative
growth” region. The variation proportion of mesopores change is negative in almost all cases and
the variation proportion of macropores change is always positive. It may be that the transformation
of micro- and minipores to the mesopores is less complete than the transformation of micro-, mini-,
and mesopores to macropores. Regardless of temperature effects, the increase in macropores is
consistent with previous research [19,27,52]. The difference in the results of other pores is due to the
complexity of coal’s pore structure.

3.1.2. Variations in Fractal Dimension (D)

The mercury injection curves are divided into three stages (Figure 4a) using the fractal divisions
of mercury injection curves proposed by Liu et al. [19]. The stages A and B represent the microfissures
(48.86–187.7 µm) and microcracks (8.428–48.86 µm) of the coal samples filled with mercury in the
low-pressure injection process. Stage C shows the mercury enters the pores (9.61 nm–14.76 µm) in the
high-pressure injection process. As described in Equations (2) and (3), the D value is obtained [41].
Figure 4b–d gives the ln(V) vs. ln(P-Pt) for fractal dimension analysis. The D values (D1, D2, D3)
represent the fractal dimension of these three stages (A, B, C) of each coal sample, respectively. A larger
D value indicates a rougher and more irregular surfaces [53].
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As shown in Figure 5, the results show that most D1 values are lower at higher ScCO2 treatment
temperatures, indicating that the complexity and surface roughness of microfissures gradually decrease
with increasing temperature. D2 values are all between 2.8 and 3.0, which show that the microcracks
are more complicated. After ScCO2 treatment, D2 values decrease, indicating that ScCO2 treatment
reduces the complexity of microcracks. D3 values fluctuate greatly because stage C reflects the
compression process at high pressure [54,55]. The blue dashed lines in Figure 5 marks the smaller
D values, which represents a less complex pore structure. According to previous research, the coal
surface becomes smoother after extraction effect of ScCO2 [12,23,56]. The ScCO2 reduced the DT coal’s
pore structure complexity (the fractal dimension) when the coal was treated at higher temperatures of
70 ◦C and 80 ◦C, but the fractal dimension of the NC and JC coals appeared to exhibit an opposite
trend at 50 ◦C and 70 ◦C, and 60 ◦C and 80 ◦C, respectively. It can be inferred that the higher the coal
rank, the lower the favorable temperature range for ScCO2 to reduce pore complexity.Sustainability 2019, 11, x FOR PEER REVIEW 8 of 16 
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3.2. ATR-FTIR Analyses

The ATR-FTIR spectra from the treated and untreated coal samples at different temperatures are
shown in Figure 6. The sample’s infrared spectra are similar, but the intensities of the absorption peaks
are different. This indicates that the amounts and composition of those structures in the three coal
samples differ. The peaks for the –OH groups (3600–3100 cm−1) and oxygen-containing structures
(1800–1000 cm−1) in the DT coal are higher than those peaks in the NC and JC coals. In addition,
the aromatic C–H stretching vibration peak (3100–3000 cm−1) from the DT coal is lower than that peak
from the other two coals. The aliphatic hydrocarbon content (represented by the 3000–2800 cm−1 peak)
increases with the decreasing coal rank. The 1306 cm−1 absorption peak is not present for the DT coal
sample. The peak’s disappearance is related to the chemical and physical structural changes caused
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by a coalification jump [57,58]. The absorbance of the NC and JC samples in the aromatic structure
reflectance range (900–700 cm−1) is greater than that of the DT sample. The organic functional group
intensities weakened after ScCO2 treatment, indicating that some chemical changes must have taken
place, such as organic molecule extraction. The oxygen-containing functional groups were reduced
after ScCO2 exposure. The reduction of organic substances results in the transformation of open micro-
and mesopores near the macropores into macropores. The peak fitting results for the NC coal sample
after ScCO2 treatment at 40 ◦C and 8 MPa are shown in Figure 7. The errors of parameters extracted
from ATR-FTIR spectra are within ±5%.Sustainability 2019, 11, x FOR PEER REVIEW 9 of 16 
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3.2.1. Variations in Aromaticity

The “I” IR index represents the intensity of aromatic structures relative to aliphatic structures [24].
Figure 8 shows the I (aromaticity), L (aliphatic chain length), and degree of condensation (DOC) of
aromatic rings indexes and shows that the NC and JC coals contain more aromatic hydrocarbons than
aliphatic hydrocarbons. However, the DT coal contains more aliphatic hydrocarbons, and this means
that the aliphatic hydrocarbons content increases gradually as the coal rank decreases. The I-values for
the NC and JC samples show a general downward trend with increasing temperature but the changes in
DT coal sample I-values is more complicated. Previous research has shown that low-rank coal is excited
more by ScCO2 treatment than high-rank coal, and that coal rank affects the aromatic and aliphatic
hydrocarbon content of the coal [18,23]. Aliphatic structures were easier to be mobilized than aromatic
structures. CO2 is a non-polar molecule. According to the similar phase dissolution-relationship,
CO2 is easier to chemically react with non-polar bonds or weakly polar bonds. Small aliphatic
molecules are bonded with some weak noncovalent bonds, such as hydrogen bonds or other even
weaker interactions. More aliphatic hydrocarbons in DT coal is responsible for more complex chemical
reactions in lower rank coal, such as dissociation reactions, addition reactions, polyaddition reactions,
or substitution reactions [59]. In addition, lower rank coal may be more sensitive to temperature and it
is easier to react with ScCO2 than higher rank coal. This is the reason why the distribution of DT coal
I-values is relatively irregular. The chemical reactions that may occur in ScCO2 and coal are listed in
Equations (6)–(8).

CH3–CH3 → CH3CH2·+ ·H, CH3CH2·+ ·CH3 → CH3CH2–CH3, (6)

nCH2 = CH2 → [CH3–CH3]n, (7)

CH3CH3 → 2CH3, CH3CH2–CH3 → CH3CH2·+ ·CH3,
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CH3CH2–CH2CH3 → 2CH3CH2, (8)

(CH3)2CH–CH3 → (CH3)2CH·+ ·CH3, (CH3)3C–CH3 → (CH3)3C·+ ·CH3,
Sustainability 2019, 11, x FOR PEER REVIEW 11 of 16 

 

Figure 8. Graphs of IR indexes of the coal samples. (a–c), I and DOC; (d–f), percentage of different 
aliphatic hydrocarbon groups and change in L. See text for a description of the IR indexes. 

3.2.2. Variations in the DOC of Aromatic Rings 

Figure 8 clearly shows that the DOC of aromatic rings increases as coal rank increases. The DOC-
values for the NC and JC samples are much higher than the DT DOC-values. Liu et al. [59] also found 
that the DOC-values decrease after ScCO2 treatment, but the reason was not given in the literature. 
The U-shape relationship between temperature and DOC is also clear in Figure 8. According to the I-
values, the relative contents of aliphatic and aromatic hydrocarbons changed after ScCO2 treatment. 
Thus, changes in the coal’s macromolecular structures cause the DOC-values to decrease. The DOC-
values increase in the 60–80 °C range due to the molecular activation energy decreases and the 
intermolecular collision intensifies at higher temperatures. At 80 °C, the aliphatic side chains in the 
NC and JC coals are shorter, resulting in relatively compact structures with small spaces between the 
aromatic clusters [61]. At 80 °C, the DOC-values are higher than they are at lower temperatures.  

The DOC of the aromatic rings increases as coal rank increases, resulting in a denser coal 
skeleton. Changes in the coal skeleton cause the coal to be compacted [62,63]. Therefore, an increase 
in the DOC-values indirectly results in the compaction of the coal bulk. After ScCO2 exposure, the 
decrease in the DOC-values indicates a relatively loose coal structure due to the extraction of the 

Figure 8. Graphs of IR indexes of the coal samples. (a–c), I and DOC; (d–f), percentage of different
aliphatic hydrocarbon groups and change in L. See text for a description of the IR indexes.

The hydrogen free radical (·H) resulted from cross-link breakage can be substituted by CHx,
and the aromatic–CHx (Ar–CHx) and aliphatic–CHx forms (Equation (6)). The formation of C–C
cross-links is a polyaddition reaction (Equation (7)). In addition, the free radical (·C) can be formed
by the chemical bond of CHx under acid environment and heating condition [60]. This is the bond
dissociation reaction of CHx (Equation (8)).

3.2.2. Variations in the DOC of Aromatic Rings

Figure 8 clearly shows that the DOC of aromatic rings increases as coal rank increases.
The DOC-values for the NC and JC samples are much higher than the DT DOC-values. Liu et al. [59]
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also found that the DOC-values decrease after ScCO2 treatment, but the reason was not given in the
literature. The U-shape relationship between temperature and DOC is also clear in Figure 8. According
to the I-values, the relative contents of aliphatic and aromatic hydrocarbons changed after ScCO2

treatment. Thus, changes in the coal’s macromolecular structures cause the DOC-values to decrease.
The DOC-values increase in the 60–80 ◦C range due to the molecular activation energy decreases and
the intermolecular collision intensifies at higher temperatures. At 80 ◦C, the aliphatic side chains in the
NC and JC coals are shorter, resulting in relatively compact structures with small spaces between the
aromatic clusters [61]. At 80 ◦C, the DOC-values are higher than they are at lower temperatures.

The DOC of the aromatic rings increases as coal rank increases, resulting in a denser coal skeleton.
Changes in the coal skeleton cause the coal to be compacted [62,63]. Therefore, an increase in the
DOC-values indirectly results in the compaction of the coal bulk. After ScCO2 exposure, the decrease
in the DOC-values indicates a relatively loose coal structure due to the extraction of the polycyclic
aromatic hydrocarbons, the aliphatic hydrocarbons, and the aromatic hydrocarbons. Fu et al. [64]
reported that an increase in the DOC of aromatic rings favors CH4 adsorption. Therefore, the decrease
in the DOC-values after ScCO2 treatment favors CH4 desorption.

3.2.3. Variations in Aliphatic Chain Length and Aliphatic Hydrocarbon Content

The “L” value is the ratio between the CH2 and CH3. This represents the length or degree of the
aliphatic side chains. Figure 8d–f shows the changes in the L-value and the percentage of aliphatic
hydrocarbon groups in the treated and raw coal samples. The L-value of untreated coal samples
increases with coal rank. The macromolecular structure of these samples is dominated by –CH2.
This indicates that straight chains and alicyclic structures with few branches exist in the aliphatic
hydrocarbons of the coal samples [60].

The trend of the NC and JC aliphatic chain lengths changes is basically the same. This is
because they belong to the same coal rank. The fluctuation of the L-values indicates that at different
temperatures, the aliphatic hydrocarbon side chains not only break and fall off, but the hydrocarbons
also undergo different degrees of addition and polyaddition reactions. An example of cross-linked
cluster generation can be found in the work by Carstro-Marcano et al. [65].

At 80 ◦C, the NC and JC chain lengths decrease by 58.89% and 50.38% respectively, which may be
because the higher temperature encourages the side chains to fall off the –CH2 groups. The L-values of
DT coal treated with ScCO2 are higher than the L-value of the untreated DT coal sample (except for the
DT coal treated at 40 ◦C). The percentages of –CH2 and –CH3 in the DT coal generally decrease as the
treatment temperature increases, but the decrease in –CH2 is less than –CH3. There are no obvious
changes in the functional subgroups (–CH3, –CH2, and –CH) obtained from the aliphatic structures
represented by the 3000–2800 cm−1 band. The changes that take place in the different coal samples at
different ScCO2 treatment temperatures are complicated. This complexity arises from the complex
chemical properties of ScCO2 fluids and coals.

In addition, under the pressure exerted by the surrounding rock, the functional groups and side
chains in the coal may break and generate free radicals. These free radicals adhere to the cracks
and internal surfaces in the coal and can combine with O2 to form CO [66]. Mazumder et al. [67]
have shown that there is a high probability that coal and CO2 will react to form CO when CO2 is
stored in coal seams. The newly generated CO, the aliphatic and aromatic hydrocarbons, and the
polycyclic aromatic hydrocarbons in the coal matrix extracted by the ScCO2 are biologically toxic.
These substances dissolved in gas and water will enter the coal seams, the rock formations, and the
groundwater surrounding the coal seam and will become environmental hazards [23,68].

The functional groups and the coal’s internal structure changed after ScCO2 treatment indicating
that chemical reactions occurred. Furthermore, the chemical changes and degrees of structural change
in the three samples were not the same because the samples were not of the same rank. The changes
in the macromolecular structure that took place in the relatively higher rank coals at different ScCO2

treatment temperatures were relatively simple but the changes in the relatively lower rank coal were
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more complex. Research has shown that ScCO2 extracted more organic material from low rank coal
than it extracted from high rank coal. [10,23,68] CO2 Storage in low-rank coal seams will have more
environmental issues. Additional research should be done on low-rank coal–ScCO2 reactions.

4. Conclusions

In this study, MIP test, fractal theory, ATR-FTIR test, and curve fitting were conducted on three
coal samples to understand the effects of supercritical carbon dioxide (ScCO2) treatment on the pore
structure and functional groups in the coal at different temperatures. The conclusions were drawn
as follows:

(1) The cumulative pore volume of the three coal samples treated with ScCO2 increases significantly.
In most of the treated coal samples, the variation proportion of mesopores decreases and the
variation proportion of macropores increases. Compared to the untreated coal samples, the total
pore volumes in samples treated with ScCO2 at 40 ◦C (the NC, JC, and DT samples) increased by
284%, 73% and 96%, respectively. In general, compared to the treatment at any other temperature,
the pore structure of coal develops better when the ScCO2 is 40 ◦C. The variation proportion of
total pores decreases with increasing temperature. In conclusion, as the buried depth increased,
the enhancement effect of ScCO2 became less significant.

(2) The ScCO2 reduced the DT coal’s pore structure complexity (the fractal dimension) when the coal
was treated at higher temperatures (70 ◦C and 80 ◦C), but the fractal dimension of the NC and JC
coals appeared to exhibit an opposite trend in the 50◦C and 70 ◦C, and 60◦C and 80 ◦C. The higher
the coal rank, the lower the favorable temperature range for ScCO2 to reduce pore complexity.

(3) When measured by FTIR, the hydrocarbon functional group IR peaks from the three ScCO2-treated
coal samples are lower than the peaks from the untreated samples because the ScCO2 extracted
some hydrocarbons. The structural parameters of the coal samples were classified using three IR
indexes: L (aliphatic chain length), I (aromaticity), and degree of condensation (DOC) of aromatic
rings. These indexes were obtained by curve fitting. After treatment with ScCO2, the I-values for
the NC and JC coals decreased when the temperature is increased. The DOC-values of those two
samples are lower and the DOC-values follow a U-shape curve with temperature. The decrease
in the DOC-values indicates a favorable desorption of CH4. However, no regular patterns in the
IR index data for the DT coal sample were apparent, implying that the changes in the relatively
lower rank coal during ScCO2 treatment are more complex. The changes in aliphatic chain lengths
in the NC and JC coal samples are consistent. Almost all of the L-values of the ScCO2-treated coal
sample (DT) are higher than the L-values of untreated samples.

Both CO2 sequestration and CO2-ECBM are affected by many factors. In this study, only the effects
of ScCO2 on coal at different temperatures were investigated. Further effort is needed to investigate
the effects of ScCO2 on coal under different water contents in our next work.
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