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Microstructure and its influence on CH, adsorption
behavior of deep coal”
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In this paper we investigate the influence of microstructure on the CH,4 adsorption behavior of deep coal. The coal

microstructure is characterized by N, adsorption at 77 K, scanning electron microscopy (SEM), Raman spectroscopy, and

Fourier transform infrared spectroscopy (FT-IR). The CH4 adsorptions are measured at 298 K at pressures up to 5.0 MPa by

the the volumetric method and fitted by the Langmuir model. The results show that the Langmuir model fits well with the

experimental data, and there is a positive correlation with surface area, pore volume, Ip /I, and CHy adsorption capacity.

The burial depth also affects the methane adsorption capacity of the samples.
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1. Introduction

At present, the exploitation of methane associated with
coal is limited to the under-drainage of mining gas in order to
ensure the safety of mining.!!! One of the most important rea-
sons for this outcome is the low permeability of the coal, >3]
which is an essential factor for coalbed methane (CBM) recov-
ery determined mainly by the coal fracture system. [+~

Coal is a polymeric material with a complicated porous
structure. There have been many studies focusing on CHy
adsorption on coal, and considerable research has exam-
ined the relationship among CHy4 adsorption capacity, coal
characteristics,[®! geologic and hydrologic properties.[*!0]
The inherent property of coal, which determines the total
gas adsorbed under reservoir conditions, and the character-
istics of CHy adsorption on coal affect CBM migration and
recovery.l'!) The adsorption capacity of coal is influential.
Moreover, the roles played by the location and coal struc-
ture are also influential.[!>~14] The amount of methane which
can be physically adsorbed by coals is usually represented as
a function of methane pressure, temperature, rank, maceral
composition, and moisture content. Apart from those param-
eters, it is essential to take into account the variations in ad-
sorption capacity of the coals as a function of burial history.

One of the factors controlling methane capacity is the
burial depth. Different depths may result in large variations

in pore structure,!>! composition, and degree of graphitiza-
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tion. In short, the changing burial depth of the reservoir can
result in differences in the adsorption capacity of coal. Thus,
CBM exploration should focus on finding the balance between
gas extraction and burial depth.[1%)

It is important to understand the effect of burial depth

1.7:17-191 Currently, there is lit-

on the microstructure of coa
tle work about the effects of microstructural properties on the
CH,4 adsorption capacity of coal. Therefore, in this work, we
examine the effect of microstructure of coal on CHy4 adsorp-
tion behavior. The microstructural properties, including pore
structure, degree of graphitization, and composition are used
to analyze the variation in the adsorption capacity, from which

the adsorption characteristics of deep coals are obtained.

2. Experiment
2.1. Sample preparation

Six bituminous coals, collected at burial depths from
500 m to 1500 m from Datong coal field in Shanxi province
(China), were selected as samples. Proximate analysis and ul-
timate analysis for the coals are given in the following Table 1
and Table 2, respectively. The coal samples were crushed into
particles with size fraction of 60—-80 mesh. The as-prepared
coal particles were dried in an oven overnight at 383 K and
stored in sealed plastic containers. The samples were respec-
tively referred to as Coal-1, Coal-2, Coal-3, Coal-4, Coal-5,
and Coal-6.
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Table 1. Proximate analyses of the samples (air-dried basis, wt%).

Sample Location Depth/m Fixed carbon Ash Volatile matter Moisture
Coal-1 1# 705 58.23 21.21 17.88 2.68
Coal-2 1# 1156 59.90 25.89 11.20 3.01
Coal-3 2# 550 70.35 6.82 19.61 3.22
Coal-4 2# 1362 73.08 13.65 9.59 3.68
Coal-5 3# 601 69.01 8.50 18.98 3.51
Coal-6 3# 978 75.18 7.58 14.19 3.05

Table 2. Ultimate analyses of coal samples.

Sample C/% H/% N/% S/% O*/%  O/C ratio
Coal-1 6342 494 <05 <10 30.14 0.475
Coal-2 7132 5.39 1.79 2.79 18.71 0.262
Coal-3 7714 515 <05 <10 1621 0.210
Coal-4 8216 534 240 3.69 6.41 0.078
Coal-5 80.54 442 <05 442 10.12 0.126
Coal-6  79.62 5.02 248 3.71 9.17 0.115

*calculated by difference.

2.2. Characterization

The textural characterization of coal was based on N,
adsorption/desorption isotherms, determined at 77 K with
a NOVA1000e surface area and pore size analyzer (Quan-
tachrome Company). Samples were degassed at 383 K for
14 h prior to the analysis. The surface area was calculated by
the NLDFT method; the micropore (< 10 nm) volume and the
pore size distribution were determined by density functional
theory (DFT) equation. 13201

Surface scan-

morphology was investigated by

ning electron microscopy (SEM) (JEOL/EO JSM-5900
microscope).[!1:21:22]
The Raman spectrum measurements on coals were con-

ducted with a Raman microspectrometer (Renishaw System

InVia) in which an argon laser was used as the excitation
source (A = 514.5 nm). The spectra were recorded in the
wave number range of 400 cm~!-4000 cm~! with a typical
exposure time of 2 s.12324]

FT-IR analysis of samples was performed on a Nicolet
DXC20 FTIR spectrometer.[?>-27]

The proximate analysis was investigated by a GF-A6 au-
tomatic proximate analyzer (Hebi Celestica Instruments Co,
Ltd).["" The ultimate analysis of samples was performed on a

CARLO ERBA 1106 elemental analyzer (Italy). The oxygen

content was calculated by difference.

2.3. CHy adsorption measurement

The CHy4 adsorption isotherms were measured by the vol-
umetric method by using a gas adsorption apparatus designed
by the Northwest Research Institute of Chemical Industry
(NWRICI), China.!"!! The schematic arrangement is shown in
Fig. 1. Before the measurement, the coal was dried at 383 K
in a vacuum oven for at least 12 h, and then 5 g of the sample
was immediately placed into the adsorption cell and degassed
for about 3 h. The measurements were conducted at pressures

up to 5.0 MPa at 298 K.

vent

digital
display
system

7
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______________________

Fig. 1. Schematic arrangement of the experimental setup. V: needle valve, P: pressure transducer.
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3. Results and discussion

3.1. Pore structure characteristics

The pore structure, including the surface area, pore vol-
ume, pore size distribution, and the surface morphology, is
the key reservoir parameter, which directly affects the CBM

(111 Based on the knowledge of the nature of coal

production.
and its pore system, N, adsorption/desorption, combined with
SEM, could characterize the pore structure. [>°!

In Table 3 the textural parameters for the coal samples
are summarized. The pore size distributions are presented in
Fig. 2. As shown in Table 3, the burial depth can change the
coal texture, but neither the relationship between surface area
and depth, nor the relationship between pore volume and depth
is very noticeable. The sample Coal-1 has a larger surface area
than others, and possesses the greatest pore volume within 1
to 10 nm size range. Sample Coal-2 has the lowest surface
area and pore volume throughout the microporous range. The
Coal-4, Coal-5, and Coal-6 have similar pore size distributions
with a broad peak within a range of 2.5 nm to 10 nm. How-
ever, the pore size distributions of the Coal-1 and Coal-3, each
of which possesses a great number of micropores, are very dif-
ferent from those of the other samples. The Coal-2, having a
lower carbon content value of 63.42%, possesses a small num-
ber of micropores.

Table 3. Pore surface areas and pore volumes obtained by N, adsorp-
tion analyses of the coals.

Surface area, Pore volume, DFT

Sample

NLDFT/(m?/g) /(1073 cm?/g)
Coal-1 1.591 5.295
Coal-2 0.424 0911
Coal-3 0.968 3.188
Coal-4 0.508 1.460
Coal-5 0.520 2.086
Coal-6 0.635 2.603

—a— ] 44
——2 <45
—~v3 > 6

dV/cm?nm—1.g—1!

Pore width/nm

Fig. 2. Pore size distributions obtained by applying the DFT equation.

Figure 3 shows the SEM micrographs of coal samples.
There is little difference in the surface morphology between
samples Coal-2 and Coal-4, whose surfaces are smooth com-
pared with those of the other samples. The surface morpholo-
gies of Coal-1, Coal-3, Coal-5, and Coal-6 look spongy com-
pared with those of Coal-2 and Coal-4, indicating that the mi-
croporosity is well developed due to the large burial depth.
The different burial depths result in different pore structures

and degrees of graphitization.

Fig. 3. SEM images of Coal-1 (a), Coal-2 (b), Coal-3 (c), Coal-4 (d),
Coal-5 (e), and Coal-6 (f).

3.2. Proximate and ultimate analysis

The proximate and ultimate analyses of the coal samples
are shown in Table 1 and Table 2, respectively. Each sample
contains a certain quantity of volatiles. The proximate analy-
sis results show that there is a difference between the samples.
At the same location, the composition of coal is changed; and
the content of volatile matter decreases as the burial depth in-
creases, while the variation trend of fixed carbon content is
reversed.

The ultimate analysis results show that at the same loca-

tion, the increase in depth leads to the decreases in oxygen
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content and the O/C ratio. The reduced amount of oxygen is
involved in the formation of graphite-like structure. As illus-
trated in Fig. 4, the O/C ratio of the samples is negatively cor-
related to the burial depth. Different burial depths would result
in large variations in temperature and gas pressure, which can
promote the coalification process to some extent, and the num-
ber of oxygen groups decreases with the coal rank increasing.
Thus, the increase in depth leads to the decreases in oxygen

content and the O/C ratio within a range of burial depths.
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Fig. 4. O/C ratio versus burial depth.

3.3. Raman spectroscopy

The Raman spectra, characteristic of highly oriented car-
bon materials, provide averaged information about a large
number of randomly distributed microcrystallites. Two bands
appear in the first-order region (1000 cm~'-2000 cm™'):
a prominent G band at ~ 1580 cm~ !, attributed to a per-
fect graphite structure, and the D band (disordered) at ~
1350 cm ™.
(2000 cm~'-3000 cm™!) presents a composite G’ band that

The second-order region of the Raman spectra

occurs at ~ 2820 cm ™!,

Figure 5 shows the Raman spectra measured for the coal
samples, and Table 4 presents positions and intensities of the
Raman bands. It is clear that the G band is higher than the D

band and at the same location, the relative intensity of D band

decreases with burial depth increasing. Coal-3 has a better
developed G band. The drop of the D band relative intensity
indicates an improvement in the crystallite orientation of the
sample. Therefore, graphite-like structures dominate over tur-
bostratic structures in the samples.!?*! The results in Table 4
confirm that the increase of depth slightly improves the struc-

tural order of the materials.
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Fig. 5. Raman spectra for the coal samples.

Bands in the second-order region of the Raman spectrum
are only observable in highly oriented carbon materials. Be-
cause of the heterogeneity of the samples studied, the particles
that exhibit the G’ band doublet should serve as an indication
of the degree of crystallite order./?*! The relevant Raman pa-
rameter, Ip /I, which has already been mentioned to account
for the degree of structural order, also confirms the significant
improvement (Ip /I values of Coal-1, Coal-2, Coal-3, Coal-4,
Coal-5, and Coal-6 are 0.753, 0.529, 0.677, 0.608, 0.676, and
0.670, respectively). The samples each undergo a solid-state
type of graphitization in the stage of the coalification process.
Basic structural units are arranged around the walls of pores,
which flatten progressively as the depth increases. Thus, the
evolutions of degree of graphitization and the crystallinity of

these materials are mainly affected by the depth.

Table 4. Positions and intensities of the Raman bands measured for the studied materials.

D band G band G’ band
Sample
Pp/em™! Ip Pg/em™! I Pg/em™! I

Coal-1 1366.2 2101.3 1590.0 2791.1 2818.0 540.5
Coal-2 1360.0 1813.6 1598.0 3426.7 2824.4 709.7
Coal-3 1360.0 2821.6 1584.5 4166.3 2820.6 1378.1
Coal-4 1367.7 1094.3 1596.5 1799.3 2814.2 474.6
Coal-5 1358.5 2554.1 1595.0 3776.4 2821.8 1096.0
Coal-6 1357.0 1378.3 1580.0 2057.7 2820.6 650.2
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3.4. FT-IR analysis

FT-IR spectra for samples are shown in Fig. 6. The sam-
ples exhibit similar FT-IR spectra, suggesting that they have
similar structures and functional groups. A strong absorption
band appears at around 3400 cm™! that is assigned to ~OH
stretching. However, this peak is more pronounced in Coal-3,
suggesting the presence of more —OH groups. The adsorption
peaks are observed at 2900 cm~!-3000 cm ! and 1670 cm ™'
1760 cm™! attributed to ~-COOH group vibrations. The peak
appearing at 1000 cm~'=1200 cm™! can be attributed to es-
ters, such as those in ethers, phenols, and hydroxyl groups.
Shoulder bonds at low wavenumbers (830, 760, 670 cm’l)
may be related to out-of-plane bending modes. It is suggested
that the changes in the intensities of the bands appearing be-
tween 1300 cm™! and 900 cm™! are due to oxygen surface
groups and structure containing oxygen species mainly of a

discrete nature.

Coal-5

Coal-1

WG\[N\N

Coal-3

Transmittance/%

4000 3000 2000 1000

Wavenumber /cm~!

Fig. 6. FT-IR spectra of the studied samples.

The —OH radicals exist mainly in the terminal group
and side chain; they are active and can be easily changed
in the coalification process. In the coal, the —OH radicals
exist in the polymeric structure, which would facilitate the
formation of hydrogen bonds. As depth increases, both the
aliphatic C—H stretching transmittance bands (3000 cm™!—
2920 cm™!, 1450 cm~!) and the hydrogen-bonded —OH trans-
mittance band (3400 cm~!) of the coal decrease and those of
the aromatic ring increase.[?%-7!

The 1600-cm~! band is also observed to decrease as
depth increases. Because this band is believed to be a polar
substituent on the aromatic rings (such as —OH), the decrease,
coupled with the decrease of the 3400-m~! band (hydrogen-
bonded —OH), suggests the disappearance of phenol —OH

groups from aromatic structures in the coals.

3.5. CH4 adsorption

The CH4 adsorption data exhibit the isotherms of charac-
teristic type-I behavior, classified by the International Union of
Pure and Applied Chemistry (IUPAC). The Langmuir model
is used to fit the data, and the fitting parameters are summa-
rized in Table 5. The results show that Langmuir equation fits
the experimental data well, and the coals in the Datong area
have moderate adsorption capacities (Table 5), with Langmuir
parameter, a, ranging from 0.352 mmol/g to 0.853 mmol/g.
Here, a can be regarded as the maximum adsorption capac-
ity, which represents the saturation adsorption capacity for

methane adsorbed over the coal.
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Fig. 7. CHy adsorption isotherms obtained by applying the Langmuir
model at 298 K and the solid line for the data obtained from the Lang-
muir model.

Table 5. Langmuir parameters of equilibrium isotherms.

Sample a/(mmol/g) b/MPa~!
Coal-1 0.853 0.295
Coal-2 0.352 0.378
Coal-3 0.777 0.294
Coal-4 0.425 0.388
Coal-5 0.571 0.324
Coal-6 0.683 0.301

Measurements of CHy adsorption capacity show that the
adsorption capacity at low pressure substantially increases
with the increasing of pressure and the subsequent plateau is
due to saturation of adsorption capacity. The Coal-1 has the
highest CH4 adsorption capacity, while the sample Coal-2 pos-
sesses the lowest one.

The relationship between Langmuir maximum adsorption
capacity, a and surface area is presented in Fig. 8(a). As a gen-
eral trend, a is approximately proportional to the surface area
of the samples. The positive relationship is observed between
pore volume and a as shown in Fig. 8(b), which is consistent

with the previous results.!'!l In general, coals with the higher
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surface area and pore volume, has a greater CH4 adsorption
capacity.>!?! In Fig. 8(c), it appears that the O/C ratio does
not exert a significant influence on the adsorption capacity of
the coals, indicating that the O/C ratio is not a controlling fac-
tor for the CH4 adsorption. This may be attributed to the dif-
ference in pore structure and composition among the samples.
Figure 8(d) shows that the CH4 adsorption capacity increases
with the value of I /I increasing. Figure 8(e) shows that the
maximum adsorption constant, ¢, first increases with depth in-
creasing, then passes through a maximum and then decreases
at greater depth.

Pore structure is the essential factor to affect CH4 adsorp-

tion capacity of coal. However, other microstructural proper-

ties, including surface morphology, degree of graphitization,
are all related to the stability of pore structure.

Variation in the burial depth can lead to the difference
in microstructure, thus resulting in variation in CHy adsorp-
tion capacity. Adsorption capacity is an inherent feature of
coal. Methane results from gas generation, migration, and
accumulation processes, and is dependent on the burial his-
tory of the coal seams. Methane emission of coal seam in-
creases with the increase of burial depth, and variation of
pore structure of coals with depth illustrates the cause of this
phenomenon.?®-321 Thus CH, adsorption capacity is deter-

mined by the burial depth to some extent.
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Fig. 8. Langmuir maximum adsorption capacity, a related to (a) surface area, (b) pore volume, (¢) O/C ratio, (d) Ip/Ig, and (e) depth.

4. Conclusions

Variation in burial depth leads to the microstructural
changes, including pore structure, degree of graphitization,
and composition. The microstructural properties are used to
analyze the variation in CHy adsorption capacity. The results
show that Langmuir model fits well with the experimental
data, and there are positive correlations among surface area,
pore volume, Ip /I and CHy4 adsorption capacity. In addition,
the burial depth can affect the CH4 adsorption capacity of the
coals, i.e., methane sorption capacity of coal seams can be cal-
culated as a function of burial history.

Coal seams with high adsorption capacity can be charac-
terized by the small content of methane migration. Since the
permeability of coal is low, the outburst of methane would take

place for the joint exploitation of coal and CBM, which will

be dependent on further investigation on finding the balance

between gas extraction and burial history.
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