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Variations in Adsorption of Two Step Solvent Extracted Vitrain and Their Coal Crystallites
Response

Run CHEN, Youyang WANG, Zhiyang WANG

Abstract: Adsorption capacity and crystallite characteristics of raw vitrains collected from western Guizhou and eastern Yunnan and their step extracted residues were
analysed; the possible geochemical mechanism of methane adsorption on coal crystallite was discussed. The results show that the step extraction changes methane
adsorption capacity on sample, and the change direction and magnitude depend on the coalification degree. The extraction also depolymerizes the coal crystallite. It is
found that it has a synchronous relationship between the percent change of adsorption and the percent depolymerization of coal crystallite. It is suggested that the second
coalification jump plays a key role on the percent change of methane adsorption and the percent depolymerization of crystallite. The crystallite depolymerization is an

important reason that methane adsorption percent changes.
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1 INTRODUCTION

Coalbed methane (CBM) is sourced from the organic
matter through biogenic and/or thermogenic processes
and stored in coal seams with absorbed state, in
comparison to the reservoirs of the conventional nature
gas. The reservoirs of the coal seams have low
permeability and high porosity, which make CBM
adsorption and desorption on coal become a key issue in
coalbed methane geology research [1, 2].

To date, plenty of researches have been carried out in
gases adsorption on coal to serve CBM exploration &
development or outburst of gas in coal mine. Methane
adsorption capacity in coal is controlled by coal rank,
maceral composition (maceral and ash content) and
moisture content [3-9]. Coal rank appears to be the most
significant control on methane adsorption capacity to the
point that it complicates the relationship between methane
adsorption capacity and maceral composition. There is a
positive relationship between methane adsorption
capacity and rank. There appears to be a negative
relationship between methane adsorption capacity and ash
content [10], implying that ash content is not an important
control factor of methane adsorption capacity. Published
data show bright coal has higher gas adsorption capacity
than dull coal because of more micro pores with high
surface areas in vitrinite than inertinite [11]. Low
bituminous extracted residue has stronger methane
adsorption than that of the raw coal because of the higher
surface area [12]. Microporosity of vitrinite increases with
coal rank, which is the reason that methane adsorption
capacity increases with the rank [6, 7]. Moisture content
of a coal has shown to have a negative impact on methane
adsorption capacity of coal [13-15].

However, the relationship between gas adsorption
and coal crystallite has not been well investigated. In
order to find the coal crystallite change impact on
methane adsorption capacity, two step solvent extraction,
methane isothermal adsorption and X ray diffraction
techniques were applied.

2 SAMPLES AND EXPERIMENTS

Coal samples were collected from the Permian of
western Guizhou and eastern Yunnan (Figure 1). All
samples were collected from the native structure belt, and
the coal rank is among low to high bituminous coal (Tab.
1). In order to eliminate the influences of the sediments
and parent materials, vitrinites were separated and
collected by hand firstly, and then pulverized to <35 mesh
to enrich vitrinites using heavy liquid flotation method
until the vitrinite content above 85% (Tab. 1).

Table 1 Maceral and mineral of vitrain

Sample Romax Maceral and mineral (%)
(%) | vitrinites | exinites | inertinites | minerals
Haitian 0.73 95.54 0.97 291 0.58
Tucheng 1.04 87.42 3.56 8.54 0.48
Yuni 1.28 85.77 0.38 11.39 247
Lingyuan | 1.53 89.67 0.19 9.37 0.76
Jinjia 2.06 93.95 - 5.68 0.38

Solvent extraction experiments were carried out in
Soxhlet extractor under sonic oscillation condition at
room temperature; CS, was used as the first step
extraction solvent, and then benzene was used as the
second step extraction solvent for the first extracted
residue.

The high pressure isothermal adsorption tests were
carried out using a Laboratory Isotherm Adsorption
System (Mode: IS-100, TerraTek Inc, USA) at 30 °C, and
each test included 6 different pressures. Approximately 80
g of each sample was dried for the adsorption test.

The samples for XRD (about 5 g) were crushed and
sieved to obtain particles of <200 mesh in diameter and
then dried in a desiccator at 80 °C for 12 h. All samples
were demineralized to avoid the interference of mineral
matter in coal before subjecting them to X-ray diffraction
(XRD). An aliquot of homogeneous sample (about 1 g)
was weighed into a Teflon beaker and first digested by 10
mL of HCI three times (10 wt %). Following each
digestion, the solution was evaporated on a hot plate
(about 60 °C) until a final volume of 1-3 mL. Then,
distilled water was added to rinse the sample, and the
supernatant was removed after 10-30 min of precipitation.
Then the rinsed sample was mixed with 10 mL of
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concentrated HF (50 wt %) to remove silicate minerals.
The resulting solution was concentrated by distilling (~60
°C) to reach a final volume of 1-3 mL, and 5 mL of
concentrated HCI and 5 mL of concentrated HF were
added and evaporated to dryness. Finally, the digested
solution was boiled 2 times with distilled water. The
demineralized coal was dried in an oven (80 °C).
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Figure 1 Locations of the collected coal samples

3 RESULTS AND DISCUSSIONS
3.1 Adsorption Capacity of Raw and Extracted Vitrains

Many studies about gases adsorption on coals have
been carried out and several models have been conducted

Table 2 The Langmuir constants of raw

to characterize the adsorption and desorption behaviours,
such as the Langmuir equation [16], BET model [17], DA
and DR models [18].

In this study, the Langmuir equation is used to
describe the adsorption equilibrium of samples:

y =P (1)
R +p
where: V' is the volume of methane adsorption at

equilibrium conditions (cm’/g), p is the system methane
pressure (MPa), V| is the Langmuir volume at standard
state with a pressure of 101 kPa and the temperature of
273.15K (cm3/g), and Py is the Langmuir pressure (MPa).

Methane adsorption isotherms of the raw vitrains and
their solvent step extracted residues are shown in Figure
2, and the Langmuir constants are given in Tab. 2.

Fig. 2a shows that the volume of methane adsorption
on Haitian vitrain extracted residues is larger than that of
the raw vitrain at the same pressure, and the volume of
methane adsorption on the second step extracted residue
is the largest at the same pressure. It indicates that solvent
step extraction increased methane adsorption capacity on
Haitian vitrain, and the adsorption capacity increased with
extraction step on Haitian vitrain.

vitrains and their extracted residues

Sample Raw coal First step extracted residue Second extracted residue
P Vi(cm’/g) | P.(MPa) Vi(cm®/g) P(MPa) Vi(cm®/g) Pi(MPa)
Haitian 14.99 5.19 21.8 5.52 17.89 5.35
Tucheng 22.12 4.26 24.05 3.53 18.69 3.93
Yuni 25.86 2.77 25.23 2.75 17.91 2.20
Lingyuan 27.46 2.60 27.33 2.83 25.52 3.06
Jinjia 28.87 3.00 27.89 2.82 21.79 3.29
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Figure 2 Adsorption isotherms of the raw and its extracted vitrains

The volumes of the first and the second step extracted
residues of Tucheng vitrain adsorbed methane are larger
and lesser than that of the raw vitrain at the same

pressure, respectively (Fig. 2b). It indicates that methane
adsorption capacities on the first extracted residue and the
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second extracted are higher and lesser than those of the
raw vitrain.

The volumes of the entire of the first and the second
step extracted residues of other vitrains adsorbed methane
are lesser than those of their raw vitrains, and the volume
of methane adsorption on the second step extracted
residue is the least at the same pressure condition (Fig. 2¢
-2e).

In order to further investigate the evolution of the
percent change of methane adsorption capacity on vitrain
step extracted residue to coal rank, Py; and Pp; are defined
by the following equations:

V-V,

By =i =N 009 )
Lr

Py, =B 00, (3)
fir

where: Py; is the percent change of /1 of the i step vitrain
extracted residue (%), V1; and Vy, is the V. of methane
adsorption on the i step extracted residue and the raw
vitrain(cm®/g), respectively; Pp; is the percent change of
Py of the i step vitrain extracted residue (%), Pr; and Py,
is the Py of methane adsorption on the i step extracted
residue and the raw vitrain (MPa), respectively.

50 -
40 - —a— First step extraction
r —e— Second step extraction
@ 30F
< L
5 o
éﬂ 10}
o 0 ; \\ \\\\\\\
% | \ — T .
5 -0 \ A
=%} \. /
20 h /
\\\\ / .
301 @ N
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
06 08 10 12 14 16 18 20 22
Romax(%)
20l
- [ &
15} —
_ 10 .
QN—I -
o
o -
jo)
&h
£
£ or .
g -10F
B 5L | —m— First step extraction
L | —@— Second step extraction
20k
_25 L 1 1 1 1 1 1 1 1
06 08 10 12 14 16 18 20 22

R (%)

0,max

Figure 3 Plots of the percent change of Langmuir constants to coal rank

Fig. 3 shows that the V| percent changes of the first
step extracted residues are positive and negative before
and after the second coalifiaction jump (Rymax = 1.3%),
respectively. The 7} percent changes of the second step

extracted residues are negative except that of Haitian
vitrain residue. The Pp percent changes of two step
extracted residues to coal rank have no obvious regularity.
It is clear that methane adsorption capacity on vitrain
extracted residues not only depends on the extractions of
organic solvents, but is also controlled by the coalification
degree.

3.2 Crystallite of raw coal and extracted residue

The structural parameters of coal crystallite,
including the space between aromatic layers (dyp,), the
lateral size (L,), the stacking height (L.) and the stacking
layer (N), are determined using the conventional Scherrer
equations:

A

dyy =———— 4

%27 25in G, @

1842 5)
! By, cos b,

. 0.894 ©)
¢ By, €08 Gy,

L
don

where, 4 is the wavelength of the radiation used, B and
Boo, are the full width at half-maximum of the (10/) and
(002) peaks, and Oy, and 6Oy are the corresponding
scattering angles or peak positions. The crystallites of raw
vitrains and their extracted residues are shown in Tab. 3.

To study the percent change of the coal crystallite by
solvent extractions, P, Prai, PLci and Py; are defined by
the following equations:

_ (dogai —dooar)

. x100% (8)
002r
L.—L
P = i =La) 1009 9)
P, =(LciL_—Lcr)x100% (10)
cr
Py; :(Ni];&xm% (11)

T

where, Pm; is the percent change of dy, of the i step
vitrain extracted residue (%), doo; and dggy; is the dgy, of
the 1 step extracted residue and the raw vitrain (nm); Py,
is the percent change of L, of the i step vitrain extracted
residue (%), L, and L, is the L, of the i step extracted
residue and the raw vitrain (nm), respectively; Py is the
percent change of L. of the i step vitrain extracted residue
(%), L and L, is the L, of the i step extracted residue and
the raw vitrain (nm), respectively; Py; is the percent
change of N of the i step vitrain extracted residue (%), N,
and N, is the N of the i step extracted residue and the raw
vitrain, respectively.
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Table 3 Crystallite structural parameters of samples

Sample Raw coal First step extracted residue Second extracted residue
dopy (nm) | L. (nm) | L, (nm) N dopy (nm) | L. (nm) | L, (nm) N dopy (nm) | L. (nm) | L, (nm) N
Haitian 0.3842 1.0342 | 2.0371 | 3.6170 0.3851 1.0282 | 2.0325 | 3.6620 0.3863 1.0275 | 2.0304 | 3.6410
Tucheng 0.3531 1.4659 | 2.0457 | 5.0480 0.3548 1.451 2.0438 | 4.9950 0.3561 1.4483 | 2.0409 | 5.0450
Yuni 0.3518 1.6439 | 2.2137 | 5.6320 0.3537 1.6266 | 2.2110 | 5.5660 0.3549 1.6218 | 2.2085 | 5.5710
Lingyuan 0.3475 1.7683 | 2.1483 | 6.0410 0.3489 1.7525 | 2.1452 | 5.9850 0.3501 1.7506 | 2.1404 | 5.9120
Jinjia 0.3443 2.0092 | 2.1742 | 6.8220 0.3451 1.9981 | 2.1675 | 6.7530 0.3459 1.9967 | 2.1596 | 6.6570
The results show that the crystallites of vitrain and —0.7%, respectively (Fig. 4b - 4c). The percent

extracted residues have significant change after the
extractions. Compared to the raw vitrains, the spaces
between aromatic layers (dyp) of vitrain extracted
residues are increased, and the largest increase magnitude
is about 0.8% after the second step extraction (Fig. 4a).
The stacking height and the lateral size of vitrain
extracted residues are reduced, and the largest reduced
magnitude after the second step extraction is about —1.4%
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change of the sticking layers of vitrain extracted residues
is between 1.2% to —2.4%, and no obvious rule (Fig. 4d).
The percent changes of structural parameters of
crystallites indicate that the crystallites of vitrain are
depolymerized by the first step extraction CS,) and the
depolymerization of crystallites is aggravated by the
second step extraction (benzene).
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Figure 4 Plots of the percent change of coal crystallite to coal rank

With the coal rank increasing, the percent change of
dooz and L, increases, and the percent change of L, reduces
before the second coalification jump; and the percent
change of dyy, and L, decreases, the percent change of L,
increases after the second coalification jump. It means
that the depolymeterizations of the crystallites of vitrain
extracted residues were controlled by the coalification
degree and the extraction step.

3.3 Relationship between Adsorption Capacity and Coal
Crystallite

Compared the ¥ percent changes with the percent
changes of the crystallites by solvent extractions; it
appears a synchronous relation. With the percent change
of dy, increasing, the percent change of ¥ of extracted
vitrain residue decreases (Fig. 5a). With the percent
change of L., L, and N increasing, the percent change of
V1 of extracted vitrain residue increases (Fig. 5b - 5d).
The results indicate that organic solvent extractions
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depolymerize coal crystallites to weak methane
adsorption capacity on extracted vitrain residues.

In this study, we also noticed that a positive
relationship appears between the percent change of V.
and the percent change of the crystallites of partial vitrain
extracted residues before the second coalification jump. It
is contrary to the negative correlation between adsorption
capacity change and coal crystallite depolymerization. We
think it may be because the soluble organic matter
composition and functional groups change during the
process of coalification. Published studies show that the
reaction of the crack of oxygen-containing functional
group is main form at the early stage. With coal rank
increasing, the reaction turns to aromatics branched chain
cracking, then to bituminous larger molecules crack
during the stage of the coal-generated hydrocarbon
process [19-23].

The transformation of the chemical reaction shows
that the functional groups of coal are different during the
coal-generated hydrocarbon process before and after the
second coalification jump. At the same time, an
investigation has shown that the carboxyl is the optimum

space for methane adsorption in coal, and hydrocarbon
molecules, with the functional groups of methyl and/or
methylene, competitive adsorbed on coal crystallites with
methane [24, 25]. Based on those, the changes of methane
isothermal adsorption and coal crystallites may be
influenced by the organic material composition and the
functional groups of coal under the control of
coalification degree before the second coalification jump
is conducted, which is worthy of further investigation.

4 CONCLUSION

The step extractions of CS, and benzene change the
Langmuir constants of 5 vitrains, and the change direction
and magnitude of Langmuir constants depend on the
coalification degree. CS, extraction enhances and reduces
methane adsorption capacity on vitrain extracted residue
before and after the second coalification jump,
respectively. Benzene extraction reduces methane
adsorption capacity on vitrain extracted residue except for
Haitian vitrain extracted residues.
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Figure 5 Plots of the percent change of ¥, to the percent change of crystallite

The step extractions of CS, and benzene make coal
crystallite depolymerized. The depolymerisation of vitrain
crystallite to coal rank increases and decreases before and
after the second coalification jump, respectively. It
indicates that the depolymerization of vitrain residue also
depends on the coalification degree.

The second coalification jump plays a key role in the
percent changes of methane isothermal adsorption
capacity and the coal crystallite. A synchronous response
appears between the percent change of adsorption
capacity and the depolymerization of vitrainl crystallite.

Vitrain crystallite depolymerization by solvent extraction
is the important reason why the volume of methane
adsorption capacity on vitrain extracted residue reduces.

The percent changes of methane adsorption capacity
and vitrain crystallite are in positive correlation in a few
vitrain extracted residues before the second coalification
jump, which may be influenced by the organic material
composition and the functional groups of coal under the
control of coalification degree before the second
coalification jump, which is worthy of further
investigation.
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