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The role of maceral compositions (vitrinite and inertinite) in the adsorption characteristics of coal has not been fully understood in
terms of energy. In this study, using a microcalorimeter, the adsorption heat of maceral compositions for methane is directly
measured for five groups of Chinese coal samples with different coal ranks. The results show that the adsorption heat of the
maceral concentrates varies with increasing coal rank, but for the same coal sample, the vitrinite concentrates have a higher
adsorption heat than the inertinite concentrates. Furthermore, the adsorption heat of both vitrinite and inertinite concentrates is
highest at the long-flame coal stage. This finding indicates that the coalification and maceral compositions have significant
effects on the adsorption heat of coal for methane. It is observed that although the inertinite concentrates have a larger pore
volume, they are less microporous than their rank equivalent vitrinite concentrates, resulting in lower adsorption heat.
Furthermore, it is revealed that the adsorption heat of both vitrinite and inertinite concentrates is primarily correlated to

the content of oxygen-containing functional groups and aliphatic hydrocarbons.

1. Introduction

Coalbed methane (CBM, also known as gas in coal mines) is
a type of unconventional gas resource but is also a hazardous
gas in underground coal mining and a greenhouse gas. CBM
has a greenhouse effect that is 20 times that of carbon diox-
ide. Motivated by the coalbed methane exploitation, as well
as the need to improve the environment, gas storage and
transport in coal seams have received considerable attention
and continue to be an intense research topic [1, 2]. Unlike a
conventional gas reservoir, most gas in coal seams is
originally adsorbed on the porous coal matrix, rather than
being stored as a free gas. The gas adsorption capacity of coal
is one critical issue for the estimation of a coalbed methane
reservoir, coalbed methane production, and carbon dioxide
sequestration with enhanced CBM recovery [3]. As a result,
the study of adsorption characteristics of coal has been an
ongoing and important research area in this field [4, 5].
Over recent decades, extensive theoretical and experi-
mental research has been performed on gas adsorption by

coal, most of which focused on the effects of physical and
chemical properties of coal (such as maceral and mineral
composition [6], pore structure [7], and functional group
content [8]) and experimental conditions (such as tempera-
ture [9], pressure [10], adsorbates [11], and moisture [12]).
For example, Jian et al. [13] investigated the coal samples at
the vitrinite reflectance of 0.24~0.65% using mercury porosi-
metry and isothermal adsorption. It was observed that the
coal rank was not the main factor affecting the adsorption
capacity of coal, while the change of the micropore volume
had a significant influence on the adsorption capacity. In
addition, coal that has a large specific surface area and is rich
in aromatic structure has a high adsorption capacity with
methane. Wang et al. [14] studied the adsorption isotherms
under low temperature conditions. These researchers’ results
indicated that the low temperature inhibited the migration of
methane in coal seams but could improve the adsorption
capacity of coal for methane. With a method combining
SEM-EDS and infrared thermal imaging, Feng et al. observed
the meso structures with different maceral compositions and
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the methane distribution and evolution characteristics in coal
[15, 16]. Pini et al. [17] conducted theoretical and experimen-
tal investigations on the adsorption isotherms for carbon
dioxide, methane, and nitrogen and observed that the
adsorption capacity of coal decreased with the increase of
vitrinite reflectance. Based on an overview of these refer-
ences, it was observed that the adsorption volume is usually
used to describe the adsorption characteristics of coal for
methane. However, the experimentally measured adsorption
volume is actually the total volume of gas adsorbed into the
pore structure, which includes the adsorbed gas, as well as
the free gas, while the theoretically calculated adsorption
volume largely depends on the choice of adsorption models
and corresponding assumptions [17, 18]. It has been reported
that the Langmuir model underestimates the sorption
capacity in coal by approximately 30% at 15MPa [19]. As a
result, the adsorption volume has certain limitations for
characterizing the adsorption capacity of coal for methane.
Conversely, gas adsorption by coal is essentially the
interaction between the molecular structure of coal and gas
molecules, which is normally an exothermal process. The
heat of adsorption is an inherent property of the adsorption
process, reflecting the energy state of gas molecules on the
surface adsorption field of coal. Thus, adsorption heat can
be used to characterize the adsorbent material energeti-
cally and is needed to provide basic data for developing
new theories of adsorption equilibria and kinetics [20].
In the literature, there have been several studies examin-
ing the adsorption heat accompanying adsorption process.
Nodzenski [21] calculated the isosteric heats of sorption
methane and carbon dioxide on hard coal using the thermal
sorption equation of the virial form. Billow et al. [22] intro-
duced the method for calculating the isosteric adsorption
heat using the Clausius-Clapeyron equation. Chikatamarla
and Crosdale [23] calculated the isosteric heats of methane
on dry Australian coals based on the Langmuir and BET
isotherm models. From a modified Dubinin-Radushkevich
model, Day et al. [4, 24] estimated the adsorption heat of
carbon dioxide on coal under supercritical conditions. In
addition, using the molecular simulation method of quantum
chemistry, Jiang et al. [25] and Chen et al. [26] calculated the
adsorption heat of methane on coal. Tang et al. calculated the
heat of adsorption of methane in such geomaterials as coal
and shale by considering the contribution of the adsorbed
volume and real gas behavior [27, 28]. In conclusion, the
adsorption heat in these studies was calculated by modeling
the adsorption isotherms on the basis of molecular simula-
tion. However, the accuracy of molecular simulation is signif-
icantly influenced by the selection of the chemical structure
model of coal and potential function of the force field [29].
In addition, most estimates of the adsorption heat made from
adsorption equilibrium data are subject to potential uncer-
tainty due to the widely varying estimates of model parame-
ters [4]. For example, determining the adsorption heat from
the BET isotherms has been criticized because this model
assumes that the adsorption heat is constant during the
monolayer adsorption but drops to zero after the monolayer
is completed [24]. The calculation of mixture heats from
extension of the Clapeyron equation is impractical [30].
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Compared with the calculation method of adsorption
heat as mentioned above, the method of calorimetric
measurement for determining adsorption heat of coal for
methane has received little attention. However, it is very nec-
essary to perform calorimetric adsorption experiments
because the calculation method of adsorption heat hardly
takes into account the energetic heterogeneity of coal [20].
To date, there have been few studies on this subject. Glass
and Larsen [31] directly measured the isosteric heat of
adsorption of various sorbates onto coal using an inverse
chromatographic method. Taraba [32] measured the adsorp-
tion heat of gas onto coal when studying the competitive
adsorption of methane and carbon dioxide. More recently,
Zhou et al. [33] studied the effects of coal functional groups
on the adsorption microheat of coalbed methane using a
C80 microcalorimeter.

Despite the significant effects of the coal type on gas
adsorption by coal, no agreement has been reached on how
the maceral compositions are correlated to the adsorption
capacity of coal for methane [34]. Most studies agree that
vitrinite-rich coals have a greater methane adsorption capac-
ity than inertinite-rich coals at the same rank [35]. However,
others have found poor or no correlation between adsorption
capacity and maceral compositions [4, 36, 37]. To better
clarify this confusion on the possible correlation between
maceral compositions and methane adsorption capacity, in
this study, the effects of maceral compositions on the adsorp-
tion characteristics of coal for methane are investigated in
terms of adsorption heat by use of the calorimetric measure-
ment method. The maceral concentrates with different coal
ranks are prepared by the hand picking and density frac-
tion methods and then are characterized by multipoint
Brunauer-Emmett-Teller (BET) measurement and Fourier-
transform infrared spectroscopy (FTIR spectroscopy). The
correlations between the adsorption heat of maceral concen-
trates and corresponding pore structure and coal functional
groups are discussed in detail.

2. Materials and Methods

2.1. Collection of Coal Samples. Six groups of coal samples
were collected from Chinese coal mines. The geological
information of coal seams from which the samples were col-
lected is shown in Table 1, and the physical parameters of the
collected coal samples are listed in Table 2. Coal sample
numbers 1 to 5 were used to investigate the effects of maceral
compositions of coal on methane adsorption heat, while
number 6 sample was used to compare the isosteric heat of
adsorption calculated from adsorption isotherms with that
obtained from calorimetric heat. According to the National
Standard GB/T 5751-2009 [38], the coal ranks of coal sample
numbers 1 to 5 are long-flame coal, fat coal, coking coal,
lean coal, and anthracite, respectively. Coal samples were
hermetically sealed in bags at 5°C.

2.2. Separation and Preparation of Maceral Concentrates.
Coal macerals refer to the basic compositions identified by
optical microscopy, primarily including organic macerals
and inorganic macerals. According to the genetic type,
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TaBLE 1: Geological information of coal seams where the samples were collected.

Coal number Sampling position Coal field Geological formation

Number 1 Coal seam numbers 2-3 in Yuejin Coal Mine Yima Yima formation of the middle Jurassic system

Number 2 Coal seam number 24 in Shanjiaoshu Coal Mine Panxian Longtan formation of the upper Permian system

Number 3 Coal seam number 3 in Renjiazhuang Coal Mine Ningdong Shanxi formation of the lower Permian system

Number 4 Coal seam number 9 in Jinjia Coal Mine Panxian Longtan formation of the upper Permian system

Number 5 Coal seam number 2 in Baijigou Coal Mine Helanshan Yanan formation of lower Jurassic system

Number 6 Coal seam number 3 in Chengzhuang Coal Mine Qinshui Shanxi formation of the lower Permian system

TaBLE 2: Physical parameters of the collected coal samples.

Coal number Mass (kg) R (%)

Proximate (%)

Coal quality indices Coal rank

o,max Y Ay Vad FCoy V gar (%) G (%) Y (mm)
Number 1 3.6 0.59 782 2512  27.85 3921 41.53 27.6 — Long-flame coal
Number 2 2.9 1.12 1.01 8.3 31.57 59.12 34.81 92.1 29.8 Fat coal
Number 3 3.1 1.46 6.03 9.13 29.58 55.26 34.87 84.47 13.7 Coking coal
Number 4 4.2 2.11 091 13.42 8.66 77.01 10.11 3.2 — Lean coal
Number 5 3.8 2.86 1.27 5.67 8.9 84.16 9.56 — — Anthracite
Number 6 3.4 2.37 0.72 13.88 7.54 77.86 8.83 — — Anthracite

organic macerals can be further divided into vitrinite, inerti-
nite, and exinite, among which certain physical differences
can be observed. The first difference is their densities. In gen-
eral, the density of inertinite is the largest, while the density
of exinite is the smallest. The second difference is their mor-
phology under the microscope. The morphologies of vitri-
nite, inertinite, and exinite under the immersion reflection
microscope are shown in Figure 1. Since the adsorption
capacity of vitrinite and inertinite is much greater than
that of exinite [35, 36], this paper only focuses on vitrinite
and inertinite.

2.2.1. Method of Separation and Enrichment. The separation
and enrichment methods of coal macerals is based on the
physical differences of macerals, such as hand picking and
density fractionation. In this study, the hand picking and
sieving are used for the preliminary separation of coal
macerals, and the method of density fractionation is applied
for further enrichment.

(a) Hand picking. Macroscopic compositions of coal
refer to the basic unit of coal that can be distin-
guished by the naked eye, which can be divided into
vitrain, clarain, durain, and fusain. The gloss of four
macroscopic compositions is gradually weakened.
After the coal sample was cracked by a hammer, mac-
roscopic compositions were separated and collected
on the basis of the differences of coal color and gloss.
In general, vitrain and clarain are rich in vitrinite,
while durain and fusain are rich in inertinite.

(b) Sieving. Since the brittleness and the Hardgrove
Grindability Index (HGI) of vitrain are lower than
those of fusain [39], the vitrinite gathers in large coal
particles and can be easily broken into pieces, while
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FiGure 1: Coal maceral compositions of coal.

the inertinite gathers in small coal particles and can
be easily broken into powder. Thus, the larger
particle size helps to obtain vitrinite concentrates of
higher purity. Otherwise, the particle size should be
as small as possible in order to obtain inertinite
concentrates of higher purity. Considering that too-
small particles will affect the subsequent experiments,
a mesh of 60~80 (0.2~0.25 mm) particle size of the
coal samples was used in this study.

(c) Density fractionation. The principle of density frac-
tionation is based on the density differences of vitri-
nite and inertinite. Coal samples of certain particle
size were added into the heavy liquid of different den-
sities and were separated by the centrifugal method.
The main apparatus for density fractionation consists
of an electronic balance, KJLXCD-4004L centrifugal
precipitation machine, drying oven, and liquid densi-
meter. Carbon tetrachloride and benzene were used
as the heavy liquid. Finally, the vitrinite and inertinite



concentrates were obtained through the processes of
sampling, centrifugation, filtration, and drying.

2.2.2. Method of Detection and Analysis. After the maceral
concentrates were prepared by the separation and enrich-
ment as described above, the method of counting pixels
was used to quantitatively determine the content of each
maceral composition. First, the sample was labeled with
a plurality of grids. While moving the microscope lens
to the grid nodes, the cross-center of the lens was
observed. If the cross-center was located on certain coal
particle, this grid was assumed to be an available point.
Furthermore, the maceral composition of this coal parti-
cle represented the maceral composition of the current
grid. According to the National Standard GB/T 8899-
2013 [40], more than 500 available points should be
recorded in order to accurately measure the content of
maceral compositions. The main procedure of this method
is described as follows:

(a) Preparing the slice of maceral concentrates: Unsatu-
rated polyester resin, curing agent, and promoter
were mixed in the volume ratio of 100:4:4. Maceral
concentrates and binder were mixed in the mass ratio
of 10:7. The two mixtures were blended and poured
into a cold plastic mold.

(b) Polishing the slice: An automatic polishing-grinding
machine was used to polish the slice. After being
polished, the slice was washed by water and then
cleaned by an ultrasonic cleaner.

(c) Counting pixels under a microscope: The polished
slice was placed on the microscope stage, and a drop
of oil was dripped on the surface of the polished slice
such that the slice object was immersed in oil. The
focal length was adjusted so that the coal macerals
could be clearly observed. After that step, more than
500 available points were measured according to the
method of counting pixel, and the data were auto-
matically recorded by a VB computer program.

2.3. Experimental Method

2.3.1. Determination of Adsorption Heat of Coal for Methane.
The adsorption heat of methane on maceral concentrates was
directly measured using a C80 microcalorimeter produced by
Setaram Company in France. The microcalorimeter consists
of a host and a gas-circulating pool that has an inlet for gas
intake and an outlet for gas discharge. The testing tempera-
ture ranges from room temperature to 300°C, and its control
accuracy is +0.001°C with a resolution of 0.1 uw. Further-
more, the gas-circulating pool is surrounded inside by more
than 400 pairs of thermocouples to measure the heat flux
from the circumferential direction.

The experimental temperature and ambient pressure
in both sample and reference vessels were set to 15°C
and 0.101 MPa, respectively. The effects of the particle
size, quantity of coal samples, and the gas flow rate
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were taken into account to measure the adsorption heat
more accurately.

(a) Size of coal samples: By repeated tests, a particle size
of 60~80 mesh was used in this study.

(b) Quantity of coal samples: If the quantity is too
small, the gas cannot fully adsorb onto the coal. If
the quantity is too large, the programmed sample
temperature may deviate from the environmental
temperature, resulting in large experimental errors.
Considering the capacity of the sample cell and
the above factors, 2.5g of coal samples was used
in the current experiment.

(c) Gas flow: To guarantee sufficient methane adsorp-
tion, the gas flow was set to 30 mL-min " in consider-
ation of the experimental accuracy and efficiency.

Furthermore, coal samples may adsorb other gases
when they are exposed to air, which affects the accuracy
of methane adsorption experiment. Thus, the vacuum-
pumping system was used to extract these other gases
from the vessels and coal matrix before the test. The
vacuum pumping took one hour off after eight hours
extracting and this working pattern repeated three times,
and, namely, the total time of vacuum pumping was
approximately 24 hours. Next, methane was injected into
the gas circulating pool.

2.3.2. Determination of Coal Functional Group Types
and Contents

(a) Fourier-Transform infrared spectroscopy: The infra-
red spectroscopy experiments were carried out on a
VERTEX 80v Fourier-transform infrared spectrome-
ter which was produced by Bruker Corporation in
Germany. The scanned area was 400-4000 cm ™" with
a resolution of 4cm™". To obtain accurate infrared
spectrograms, coal samples used in the experiment
were smaller than 200 mesh (<76 um) and were
dehydrated for 24 hours. The coal samples were
prepared by the KBr disc technique. Pulverized
coal was mixed with KBr in the ratio of 1:180
(the total weight is 0.1g). A KBr disc (0.1g) was
used as a blank background.

(b) Types and contents of surface functional groups:
The type and content of functional groups on mac-
eral concentrates were obtained by the qualitative
and semiquantitative analysis of the infrared spec-
trograms. First, according to the peaks on the infra-
red spectrograms, the major functional groups was
determined by comparing the attribution of absorp-
tion frequency of the coal molecules with the coal
molecular structure. The overlapped peaks could be
separated by the peak resolution function, such as
the OMNIC software. Then, the content of func-
tional groups was analyzed qualitatively by calcu-
lating the peak areas for the functional groups.
The semiquantitative analysis of the infrared
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spectrograms is based on the Lambert-Beer law,
which is given as [41]

A(v)=1g —— =K(v)bg, (1)

where A(v) is the absorbance, K(v) is the absorbance coeffi-
cient, b is the thickness of coal sample, ¢ is the concentration
of coal sample, and T(v) is the percent transmittance.

2.3.3. Aided Tests

(a) Pore characteristics of maceral concentrates: The
pore structure of coal samples was characterized by
the method of low temperature liquid nitrogen
adsorption, which was carried out on a nitrogen
adsorption-desorption spectrometer (BET) produced
by Japanese BEL Company. The pressure range is
0~133 KPa with a resolution of 1.6 x 10~° Pa.

(b) Proximate analysis: The proximate analysis including
water (M, 4), ash (A,,), volatile (V,,), and fixed car-
bon (FC,;) was carried out on an SDTGAS5000
automatic analyzer produced by the Chinese Sande
Company. According to the National Standard GB/
T 5751-2009 [38], the type of coal can be determined
by the dry ash-free basis volatile (V,), caking index
(G), and maximal thickness of the plastic layer (Y).

(c) Mean maximum reflectance of vitrinite: The
determination of the mean maximum reflectance of
vitrinite (R, .» %) in the coal samples was per-
formed in compliance with the National Standard
GB/T 6948-2008 [42] and was recorded by an Axio
Imager microscope produced by the Carl Zeiss
Foundation Group.

3. Results and Discussion

The adsorption of gas molecules on coal surface is definitely
accompanied by the changes of energy. Compared with the
adsorption capacity characterized by the adsorption iso-
therms, the adsorption heat of gas on coal can reflect the
adsorption capacity in terms of energy. In this section, based
on a comparison between isosteric heat of adsorption calcu-
lated from adsorption isotherms and that obtained from
calorimetric heat, we mainly focus on how the coalification
and maceral compositions of coal affect the adsorption heat
of coal for methane.

3.1. Isosteric Heat of Adsorption and Calorimetric Heat of
Adsorption of Methane. The isosteric heat of adsorption
is defined as the difference of partial molar enthalpy in
the gas phase and the excess partial molar enthalpy in
the adsorbed phase [43]. The isosteric heat of adsorption
can be derived from the Clausius-Clayperon equation as
follows [43, 44]:

dlnP g
dT ~ RT*

(2)
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FIGURE 2: Adsorption isotherms of methane at different

temperatures.

where g is the isosteric heat of adsorption, R is the gas con-
stant, T is the absolute temperature, and P is the pressure.
Integrating both sides of (2), (2) can be expressed as

lnP=§+c, (3)

where k is the slope of the straight line for InP-1/T, and it can
be calculated as follows:

_ st
k= (4)

According to (4), g, can be obtained as follows:
gy = —kR. (5)

Taking number 6 coal sample as an example (Table 1),
the adsorption isotherms for methane at different tempera-
tures are shown in Figure 2. Based on Figure 2, the relation-
ship between pressures (logarithms) and molar adsorption
amounts in adsorption process and the corresponding fit-
ting equations of InP-n are shown in Figure 3, where # is
the molar adsorption amount, in mmol/g. According to
Figure 3 and those fitting equations of InP-n, the relationship
between InP and 1/T under the conditions with different n
can be obtained, as shown in Figure 4. The slope of each
fitting line of InP-1/T for different molar adsorption amounts
and corresponding isosteric heat of adsorption based on (5)
are shown in Table 3.

On the other hand, the adsorption heat of coal for
methane measured by C80 microcalorimeter is integral
adsorption heat. According to the definitions of isosteric heat
of adsorption and integral adsorption heat, the relationship
of them can be expressed using the following [45]:

_dQ
s = %’ (6)

where Q is the calorimetric heat of adsorption, in J/g.
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According to (6) and the calorimetric heat of adsorption
in the adsorption process, the isosteric heat of adsorption can
be calculated using the following:

(7)

Q-Quy Q- Q,-)
+ .
n

i~ i iy — 1

qst—i =0.5x (

For the number 6 coal sample, the calorimetric heat of
adsorption for methane measured by C80 microcalorimeter
in the adsorption process is shown in Figure 5. According
to Figure 5 and (7), the isosteric heat of adsorption obtained
from measurement using C80 microcalorimeter is shown
in Table 4.
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TaBLE 3: Slope of each fitting line of InP-1/T and corresponding
isosteric heat of adsorption obtained from adsorption isotherms.

Molar adsorption amount Isosteric heat of adsorption

Slope

(mmol/g) (kJ/mol)
0.1 -2138.6 17.78
0.2 -2221.1 18.47
0.3 -2303.5 19.15
0.4 -2385.9 19.84
0.5 -2468.4 20.52
0.6 —-2550.8 21.21
0.7 -2633.3 21.89
0.8 -2715.7 22.58
0.9 -2798.1 23.26

1 —-2880.6 23.95
2204l
=} >

g : 1
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FIGURE 5: Calorimetric heat of adsorption for methane measured by
C80 microcalorimeter.

TaBLE 4: Isosteric heat of adsorption obtained from measurement
using C80 microcalorimeter.

Molar adsorption amount Isosteric heat of adsorption

(mmol/g) (kJ/mol)
0.139 19.01
0.188 19.25
0.258 19.66
0.310 19.96
0.350 20.27
0.430 20.72
0.468 21.09
0.532 21.35
0.689 22.46
0.880 23.68

According to Tables 3 and 4, a comparison between
isosteric heat of adsorption calculated from adsorption iso-
therms and that obtained from measurement using C80
microcalorimeter is shown in Figure 6. It is found that there
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FiGure 6: Comparison between isosteric heat of adsorption
obtained from adsorption isotherms and that obtained from
calorimetric heat.

is just a little difference between them, and they have a
same change trend. So the adsorption heat measured using
C80 microcalorimeter is reliable and can be used to make
more analysis.

3.2. Purity of Maceral Concentrates for Different Coal Ranks.
In general, the densities of vitrinite, inertinite, and exinite
change with the rank of coal. Even though the degree of
metamorphism is the same, the densities of coal samples
from different regions may be different from each other.
Therefore, when the maceral concentrates were prepared,
we needed to determine whether the purity met the experi-
mental requirements. If the experimental requirements are
satisfied, the heavy liquid of this density is used for further
separation and enrichment. Otherwise, the density of heavy
liquid is adjusted, and the following steps are repeated until
the desirable purity of maceral concentrates is obtained:
separation and enrichment, preparation of powder coal
slice, polishing, and microscope observation.

Using the heavy liquid of different density intervals, the
purity of vitrinite and inertinite concentrates for five coal
samples is shown in Table 5, where VC represents vitrinite
concentrates and IC represents inertinite concentrates. For
the number 1 coal sample, the VC with a purity of 90% and
IC with a purity of 93% were obtained after using two density
intervals, respectively. The heavy liquids with three different
density intervals were used to concentrate the number 2
coal sample. The purity of number 2 VC in the density
interval of 1.26~1.28g/cm® is the highest (86.9%), while
the purity of number 2 IC in the density interval of
1.45~1.50g/cm’ is the highest (82.4%). For the number 3
coal sample, the purity of VC reached 91.4% in the density
interval of 1.28~1.30 g/cm’, while the highest purity of IC
is 87.8% in the density interval of 1.45~1.55g/cm” which
is slightly higher than that in the density intervals of
1.40~1.45g/cm® and 1.55~1.65g/cm’. For the number 4
coal sample, the VC with a purity of 95.2% was obtained

in the density interval of 1.28~1.30 g/cm’, and the IC with
a purity of 97.4% was obtained in the density interval of
1.45~1.55g/cm®. Such high-purity samples satisfied the
experimental requirements, and no further separation and
enrichment continued. For the number 5 coal sample, the
purity of VC reached a higher value in both the density inter-
vals of 1.26~1.28 g/cm’ and 1.28~1.30 g/cm®. The purity of
IC is only 79.3% in the density interval of 1.40~1.45g/cm’.
After the density of heavy liquid increased to the interval of
1.45~1.50 g/cm’, its purity increased to 84% accordingly.
However, when the density of heavy liquid further increased
to the interval of 1.50~1.60 g/cm’, the purity of IC decreased
to 63.6%, and the percentage of minerals increased from 3.2%
to 30%. This finding is observed because when the density of
heavy liquid is too large, many coal gangue and other
minerals are also concentrated in the product.

3.3. Adsorption Heat of Different Maceral Concentrates for
Methane. Figure 7 shows the flux of methane adsorption heat
released from the VC and IC of different coals. As shown in
Figure 7, the heat flux goes up quickly at the beginning of
the methane adsorption and later decreases gradually until
the equilibrium of adsorption. Additionally, Figure 8 shows
the adsorption heat of VC and IC for methane in terms of
energy per unit mass of coal. As shown in Figure 8, the
adsorption heat of vitrinite concentrate for methane is always
greater than that of the inertinite concentrate for all five coal
samples, indicating that the adsorption capacity of vitrinite
concentrate is larger than that of the inertinite concentrate.
This result agrees well with that of Li et al. [46], who observed
that the coal surface with a higher content of vitrinite seems
to have a faster adsorption rate and higher affinity with
methane. This finding also agrees with that of Crosdale
et al. [35], who found that in most cases, vitrinite-rich coals
have a greater adsorption capacity than their inertinite-rich
equivalents. Furthermore, the adsorption heat of maceral
concentrates for methane varies with the increasing coal
rank. The maximum values of adsorption heat of vitrinite
and inertinite concentrates for methane were reached at
the long-flame coal stage (number 1 coal sample, R, .. =
0.59%), which were determined to be 6.19]/g and 4.76]/g,
respectively. The minimum values of 0.19]/g and 0.05]/g
were reached at the lean-coal stage (number 4 coal sample,
Ry max =2.11%) for the adsorption heat of vitrinite and
inertinite concentrates, respectively.

It can also be seen from Figure 8 that in the bituminous
coal stage (i.e., 0.59%<R, .., <2.11%), the adsorption heat
of inertinite concentrates for methane decreased monotoni-
cally and reached a minimum at the lean-coal stage, while
the adsorption heat of vitrinite concentrates for methane
fluctuated with the increase of coal rank. In contrast, from
the bituminous coal stage to the anthracite stage (i.e.
2.11%<R, . < 2.86%), the adsorption heat of inertinite
concentrates for methane monotonically increased, and
the adsorption heat of vitrinite concentrates has a similar
trend. Overall, the adsorption heat of maceral concentrates
for methane first decreases with the increasing coal rank,
reaching the lowest value at the lean-coal stage, and then
increases at the anthracite stage. This indicates that the
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TasLE 5: The purity of maceral concentrates by using heavy liquid of different density intervals.

Sample name Density interval (g/cm”)

Vitrinite (%)

Percentage of macerals

Inertinite (%) Exinite (%) Minerals (%)

1.26~1.28 89.6 6.6 3.2 0.6
Number 1 VC

1.28~1.32 90 4.1 1.7 4.2

1.40~1.45 8 87.4 0.7 39
Number 1 IC

1.45~1.55 2.5 93 0 4.5

1.24~1.26 83.1 11.3 4.7 0.9
Number 2 VC 1.26~1.28 86.9 8.7 3.5 0.9

1.28~1.32 81.7 13.3 3 2

1.40~1.45 17.6 78 0.6 3.8
Number 2 IC 1.45~1.50 13.5 82.4 1.8 2.3

1.50~1.55 11.4 78.9 2.1 7.6

1.26~1.28 87 9.2 3.8 0
Number 3 VC

1.28~1.30 914 6.7 1.7 0.2

1.40~1.45 11.7 86.8 1.6 0.8
Number 3 IC 1.45~1.55 8.6 87.8 2.1 1.5

1.55~1.65 9.3 82.3 1.5 7.9
Number 4 VC 1.28~1.30 95.2 14 34 0

1.40~1.45 7.9 89.5 1.8 0.8
Number 4 IC

1.45~1.55 1.3 97.4 0 1.3

1.26~1.28 92.3 5.6 2.1
Number 5 VC

1.28~1.30 94.7 4.5 0.8

1.40~1.45 18.7 79.3 1.4 0.6
Number 5 IC 1.45~1.50 11.2 84 1.6 3.2

1.50~1.60 5.5 63.6 0.9 30

coalification has significant effects on the adsorption heat of
maceral concentrates for methane.

3.4. Correlation between the Adsorption Heat and the Pore
Structure of Coal. It is generally understood that high poros-
ity provides great access into the internal microporosity
where most of the gas adsorption occurs [4]. Thus, the pore
structure of the coal matrix is closely related with the adsorp-
tion capacity of coal for methane and is expected to partly
account for the variations of the adsorption heat of different
maceral concentrates.

The changes of the average pore size and total pore
volume are shown in Figure 9. From Figure 9(a), it can be
seen that the minimum and maximum average pore sizes of
vitrinite and inertinite concentrates for five coal samples are
1.26 nm and 9.69 nm, respectively. According to the pore size
classification by Cai et al. [7], pores whose size is less than
10nm belong to micropores. Therefore, the micropores
account for the largest percentage of pore size for the maceral
concentrates. In addition, with the increase of R, .., the
variations of average pore size for the inertinite concentrates
and vitrinite concentrates have the same trends. In contrast,
the variation of total pore volume of vitrinite concentrates
does not coincide with that of inertinite concentrates, as
shown in Figure 9(b). In particular, the total pore volume
of inertinite concentrate for the number 1 coal sample

reaches 0.0152 mL/g, which is almost 15 times the total pore
volume of its rank equivalent vitrinite concentrates.

According to the geological genesis of coal macerals, the
vitrinite is mainly formed by the gelatification of wood fiber,
while the inertinite is primarily formed by the fusinization of
fibrous tissue of plants. The fusinite contains a large number
of pores as shown in Figure 10, which explains why the total
pore volume and average pore size of inertinite concentrates
are greater than those of vitrinite concentrate. As illustrated
in Table 5, the purity of inertinite concentrates for five coal
sample has little difference, but their pore parameters shown
in Figure 9 make a great difference, indicating that although
the inertinite concentrates contain abundant fusinite, there
are great differences in the pore structure of fusinite for
different coal ranks.

An interesting paradox can be found by comparing the
results obtained from Figures 8 and 9(b). It has been under-
stood that the larger pore volume corresponds to a stronger
adsorption capability of coal for methane [4, 46]. From
Figure 9(b), it is clearly observed that the total pore volume
of inertinite concentrates is larger than that of vitrinite con-
centrates, indicating that the inertinite concentrates should
adsorb more methane than their rank equivalent vitrinite
concentrates. As a result, the adsorption heat of inertinite
concentrates for methane should be higher than that of
vitrinite concentrates. However, the opposite conclusion is
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FiGurg 7: Curves of flux of methane adsorption heat released from maceral concentrates of coal sample numbers 1 (a), 2 (b), 3 (c),
4 (d), and 5 (e).



10
7.5 T T T T
6.19
6.0 1 B
G
5 454\ 1
= 4.76
= g Rk :
g
& 30 - ) . . . . . . :2.74
2
el
< 241
1.5 4 b
Number 1 Number 2. Number 3 0.0 Number 5
0.0 + ! ! Number 4 ! o
0.5 1.0 1.5 2.0 2.5 3.0
R max (%)
= VC
- IC

FiGure 8: Curves of adsorption heat for maceral concentrates of
different coals.

12 T T T T

Average pore size (nm)

Number 5
0+ T T T T o—

Number 1 Number 2 Number 3 . Number 4

0.5 1.0 1.5 2.0 2.5 3.0
Ro,max (%)

"

vC
IC

¢

1.6 x 1072 -

1.2%x 1072 -

8.0x 1073 A

Total pore volume (ml/g)

40%x1073 1

0.0 FasrerT Number 2 Nurhber 3 Number 4 T
0.5 1.0 1.5 2.0 2.5

Nuniber 5
3.0

Ro max (%)

= VC
- IC

()

FIGURE 9: Curves of average pore size (a) and total pore volume (b)
for maceral concentrates.

Geofluids

Figure 10: Morphology of fusinite under a microscope.

drawn from Figure 8, where the adsorption heat of the
vitrinite concentrates is higher than that of the inertinite con-
centrates. This abnormal phenomenon may be caused by the
following two factors. (1) At low pressures, gas adsorption by
coal has traditionally been assumed as a surface monolayer
coverage with the Langmuir adsorption model [24, 47].
Although the total pore volume of inertinite concentrates is
larger than that of vitrinite concentrates, the inertinite
concentrates are more macroporous and less microporous
than their rank equivalent vitrinite concentrates, which
results in smaller specific surface area and less adsorption
heat of inertinite concentrates accordingly. (2) The type
and content of surface functional groups of vitrinite and
inertinite concentrates are quite different, which could
lead to the differences of adsorption heat between vitri-
nite and inertinite concentrates, as is discussed in the
next subsection.

Furthermore, to investigate the correlation between the
adsorption heat of maceral concentrates and corresponding
pore parameters, the comparison of the maximum heat flow,
adsorption heat, and the pore parameters are illustrated in
Figure 11. It is shown that with the increase of R, the
variation of adsorption heat with pore parameters of vitrinite
concentrates is notably different from that of inertinite
concentrates. For the case of vitrinite concentrates, from
the long-flame coal (number 1 coal sample, R =0.59%)
to coking coal stage (number 3 coal sample, R, ... = 1.46%)
(i.e., the low- and medium-coal rank), the adsorption heat
decreases with the increase of total pore volume and average
pore diameter. In other words, the pore parameters are neg-
atively correlated with the adsorption heat. However, from
the coking coal (number 3 coal sample) to anthracite stage
(number 5 coal sample, R, .. =2.86%) (i.e., the medium-
and high-coal rank), the pore parameters show a positive
correlation with the adsorption heat. For the case of inertinite
concentrates, the pore parameters are positively correlated
with the adsorption heat on the whole.

Additionally, there are regional influences on the
porosity of coals [48]. Both coal sample numbers 2 and 4
were collected from Panxian Coal Field, so VC and IC of
these two samples have very similar value of the total pore
volume (Figure 9), which leads to very small differences
between the adsorption heat of vitrinite and inertinite con-
centrates of sample numbers 2 and 4 (Figure 8). Moreover,
the flow rate of methane gas in coal samples is controlled
by the porosity of coal, so Figure 11 also shows that with

0,max
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F1GURE 11: Correlation between the adsorption heat and the total pore volume of VC (a) and IC (b) and the average pore diameter of VC (c)

and IC (d), respectively.

the increase of the pore parameters, the maximum heat flow
during adsorption goes up.

3.5. Correlation between the Adsorption Heat and the Surface
Functional Groups. For a further understanding of the factors
influencing methane adsorption and the differences between
the adsorption heat of vitrinite and inertinite concentrates,
the type and content of chemical functional groups on the
surface of maceral concentrates were determined by infrared
spectroscopy, which directly affects the adsorption heat
of maceral concentrates for methane via the adsorption
potential of methane molecules on the coal surface.
Figure 12 shows the peak areas for the surface functional
groups together with the adsorption heat of vitrinite and
inertinite concentrates. Typical functional groups mainly
include the aliphatic hydrocarbons (-CH,/-CH,—/=CH)
and aromatic structures (C=C) and oxygen-containing
functional groups (-OH, ~-COOH-, -COO-, -C-0O-, and
C=0). The content and distribution of surface functional
groups for vitrinite and inertinite concentrates of the same
coal sample differ greatly from each other. For the vitrinite
concentrates, as shown in Figure 12(a), the oxygen-
containing functional groups and aromatic structures domi-
nate the content and distribution of functional groups. With

the increase of R, ..., the total content of various functional
groups in vitrinite concentrates exhibits a downward trend,
reaching the minimum value at the lean coal stage (number
4 coal sample, R .. =2.11%), and then an upward trend
for aromatic structures at the anthracite stage (number 5 coal
sample, R, ... =2.86%). The number 1 coal sample has the
highest and balanced distribution of different functional
groups. Particularly, the number 4 coal sample has the lowest
aliphatic hydrocarbons and aromatic structures, while the
number 5 coal sample has the lowest oxygen-containing
functional groups. On the other hand, for the inertinite
concentrates, as shown in Figure 12(b), the oxygen-
containing functional groups are predominant for most coal
samples (number 1, number 3, and number 5). The oxygen-
containing functional groups in the low-rank coal is the
highest (number 1 coal sample, R =0.59%), but it
decreases with the increase of R, .. The content of
aliphatic hydrocarbons in the medium-rank coal is the
highest (number 2 coal sample, R, .. =1.12%), but it is
lower in the other coal samples. Overall, for five different
coal samples, the content of oxygen-containing functional
groups in the vitrinite concentrates has few differences
from that in the inertinite concentrates, but the content
of aliphatic hydrocarbons and aromatic structures in the

0,max
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F1GURE 12: Correlation between the adsorption heat and the surface functional groups of vitrinite (a) and inertinite (b) concentrates.

vitrinite concentrates is significantly higher than that in
the inertinite concentrates.

The adsorption of methane by coal is physical absorption
and depends on an intermolecular force. Larger intermolecu-
lar forces and larger molecular polarity of the functional
groups of coal are associated with a greater adsorption poten-
tial, stability of adsorption, and adsorption heat [49, 50]. In
general, oxygen-containing functional groups influence the
adsorption heat via the adsorption potential of methane
molecules, and the adsorption heat of oxygen-containing
functional groups which have stronger polarity is greater
than that of other functional groups [33]. Aromatic nuclei
and methane molecules are both nonpolar molecules with
polar bonds, so the adsorption heat of aromatic structures
is very small. While the aliphatic hydrocarbons are polar
molecules, their intermolecular forces associated with meth-
ane are larger than those of aromatic nuclei [33]. Accord-
ingly, the adsorption heat of aliphatic hydrocarbons for
methane is greater than that of aromatic nuclei. However, if

the aromatic condensed nuclei have side chains with other
types of functional groups, the adsorption heat of aromatic
structures increases accordingly.

The variations of adsorption heat of maceral concentrates
for different coal samples are closely related with the type and
content of typical functional groups. As shown in Figure 12,
it is shown that the variation tendency of adsorption heat of
both vitrinite and inertinite concentrates for methane is pos-
itively correlated to the content and distribution of oxygen-
containing functional groups and aliphatic hydrocarbons.
The long-flame coal (number 1 coal sample, R, .., = 0.59%)
has the highest content of oxygen-containing functional
groups; thus, the value of adsorption heat is maximum. With
the increase of R, ... the content of oxygen-containing
functional groups and aliphatic hydrocarbons decreases,
which results in a decline of adsorption heat of both vitrinite
and inertinite concentrates for methane. For the lean coal
(number 4 coal sample, R, ., = 2.11%), the adsorption heat
is minimum with the lower content of total functional



Geofluids

groups. From the lean-coal stage (number 4 coal sample)
to the anthracite stage (number 5 coal sample, R, .. =
2.86%), the adsorption heat of maceral compositions of
coal has an obvious increase with few changes of the con-
tent of oxygen-containing functional groups and aliphatic
hydrocarbons. This is because both the total pore volume
and the average pore size increase significantly (Figure 11).
Additionally, for the same coal sample, the peak areas of
oxygen-containing functional groups and aliphatic hydrocar-
bons for vitrinite concentrates are larger than those for
inertinite concentrates. This result suggests that the contents
of oxygen-containing functional groups and aliphatic hydro-
carbons in the vitrinites may dominate the adsorption heat of
coal for methane.

4. Conclusions

The objective of this study is to investigate the effects of
maceral composition of coal on the adsorption heat of meth-
ane on coal and further deepen our understanding of the
adsorption theory of coalbed methane. To this end, five
groups of Chinese coal samples with different coal ranks were
collected to prepare the vitrinite and inertinite concentrates.
The adsorption heat of maceral concentrates for methane
was directly measured by the method of calorimetric mea-
surement. The main findings of this study are summarized
as follows.

(1) For all coal samples, the adsorption heat of vitrinite
concentrates for methane is higher than their
rank equivalent inertinite concentrates. Further-
more, the adsorption heat varies with the increasing
coal rank. The highest adsorption heats of vitrinite
and inertinite concentrates are achieved at the long-
flame coal stage, which are approximately 6.19]/g
and 4.76]/g, respectively. The lowest adsorption
heats of vitrinite and inertinite concentrates are
achieved at the lean coal stage, which are 0.19]/g
and 0.05]/g, respectively.

(2) For the vitrinite concentrates, the total pore volume
and average pore size are negatively correlated with
the adsorption heat at the low- and medium-coal
ranks, but a positive correlation is observed at the
medium- and high-coal ranks. For the inertinite
concentrates, the total pore volume and average pore
size are positively correlated with the adsorption heat
as a whole.

(3) The type and content of surface functional groups for
vitrinite and inertinite concentrates are quite differ-
ent. Overall, the adsorption heat of both vitrinite
and inertinite concentrates is primarily correlated to
the content of oxygen-containing functional groups
and aliphatic hydrocarbons.

(4) For the same coal sample, the peak areas of oxygen-
containing functional groups and aliphatic hydrocar-
bons for vitrinite concentrates are larger than those
for inertinite concentrates. That is, the fundamental
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reason of the fact that the adsorption heat of vitrinite
concentrates for methane is higher than their rank
equivalent inertinite concentrates.
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