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Abstract

In order to investigate the influence of coal macerals on biomethane production, two types of coal samples were collected
respectively from Malan mine in Gujiao and Shaqu mine in Liulin, Shanxi. The vitrinite, inertinite and liptinite were separated by
the methods of hand picking and float-and-sink test. Meanwhile, biomethane production experiments using the raw coal samples,
vitrinite-rich coal samples, inertinite-rich coal samples as substrates were carried out in the laboratory. Finally, the fourier transform
infrared spectrometer (FTIR) was used to analyze the relationship between the macerals and biomethane production. The results
show that vitrinite-rich coal samples have the largest biomethane production followed by raw coals samples and inertinite-rich coal
samples. Vitrinite-rich coal samples have the highest contents of aliphatic hydrocarbon and lowest degree of aromatization, while
inertinite-rich coal samples have the least contents of aliphatic hydrocarbon and highest degree of aromatization. Therefore, the
contents of aliphatic hydrocarbon and aromatization degree in coal with different macerals are important indicators of influencing
the biomethane production potential.
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1. Introduction characteristics (e.g., pore, fracture) surfactants,
external chemical solvent (e.g., acetate, carbonate,

Coalbed methane (CBM) development N,N-dimethylformamide), H./CO,, water flow, trace
provides access to clean energy, reduces coal mine gas elements (e.g., iron, cobalt, nickel), some

disasters and cuts back on greenhouse gas (GHG) intermediates (e.g. fatty acids) and microbial

emissions. Reduction of GHG is of great importance
to China’s fulfillment of its promises on emission
reduction for the Paris Agreement which went into
effect November 2016. Biomass waste rich in
carbohydrates, such as buffalo manure, orange peel
and straw, can be used to produce biomethane based
on anaerobic fermentation theory (Carotenuto et al.,
2016; Calabro et al., 2017; Fersiz et al., 2017
Vasmara and Marchetti, 2016). As an important
component of coalbed methane resources, biomethane
may also be generated through the anaerobic
fermentation process of the indigenous bacteria with
coal as the substrate. The formation of biomethane is
simultaneously affected by numerous factors such as
temperature, pH, coal particle size, coal rank, reservoir

communities (Colosimo et al., 2016; Fallgren et al.,
2013; Flores, 2014; Gilcrease and Shurr, 2007; Green
et al., 2008; Guan, 1990; Guo et al., 2014; Guo et al.,
2017; Moore, 2012; Papendick et al., 2011; Penner et
al., 2010; Stragpo¢ et al., 2011; Su et al., 2011;
Susilawati et al., 2013; Ulrich and Bower, 2008; Wang
et al., 2015; Xia et al., 2012).

Previous research evidenced that maceral groups
have different properties in physical properties (e.g.,
hardness, color, gloss, density) and chemical
properties (e.g. element content, molecular structure,
chemical functional groups and antioxidant)
(Mastalerz and Bustin, 1993a; Van Krevelen, 1961).
The 3C-NMR results ever confirmed that long chain
alkyl group and short chain of -CH; and -CH exist in
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the vitrinite group and keep a relatively higher
aliphatic carbon content, whereas the inertinite group
consist of more aromatic carbon (Sun et al., 2003; Xie,
2002). High-resolution  transmission electron
microscopy (HRTEM) study shown that with an
increase in coal rank, the average length of the basic
structural unit (BSU) and the average number of
condensed aromatic rings of vitrinite would increase
(Zhao et al., 1995). Infrared spectroscopy is often used
to characterize the chemical structure of the macerals
in coal (Brenner, 1984; Guo et al., 1996; Ibarra et al.,
1994, 1996; Kister et al., 1990; Lin and Ritz, 1993a,
b; Mastalerz and Bustin, 1993a, 1993b, 1996; Mazzeo
and Joseph, 2007; Millais and Murchison, 1969;
Morga, 2010; Rochdi and Landais, 1991; Sun, 2005;
Tschamiler and Ruiter, 1966; Walker and Mastalerz,
2004). Within the three maceral groups, liptinite
generally exhibits the lowest aromaticity, the longest
aliphatic chains having the least amount of branching.
In contrast, inertinite shows the highest aromaticity
and degree of condensation of aromatic domains.
Vitrinite generally exhibits intermediate
characteristics between liptinite and inertinite (Chen
and Zhang, 2012; Duan et al., 2004; Guo and Bustin,
1998; Shu et al., 1996). Wang et al. (1992) combines
FTIR and electron paramagnanetic resonance(EPR) to
find that the aliphatic substituent group and chelate
guinone group contents in the vitrinite are higher that
of semivitrinite and inertinite, the free radical
concentration of vitrinite, semivitrinite and inertinite
is 3.87 x 10 spins/g, 18.98 x 10'® spins/g, and
40.10x 10'® spins/g respectively, free radicals in
vitrinite belong to small oxygen-bearing aromatic ©
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In this paper, two types of coal samples were
collected respectively from Malan mine in Gujiao and
Shagumine in Liulin, Shanxi and the relationship
between the functional groups in the macerals and
biomethane production were test in the laboratory.
The research results provide theoretical support for the
optimization of field test area.

2. Materials and methods
2.1. Coal samples

Fresh chunk coal samples were collected from
Malan mine in Gujiao, and Shaqu mine in Liulin,
Shanxi follow the (Fig. 1). When the coal sample was
grasped, it was quickly sealed in a glass pot with
prepared reducing agent and desiccant. Table 1 shows
the sample information and proximate analysis results.

2.2. Methanogenic bacteria

The indigenous bacteria were cultured from fresh
mine water. The water was collected with sterilized
plastic drum in the underground and then quickly
sealed and transported to the lab, and stored in the
refrigerator at 4 °C. The following culture medium
was used for bacterial enrichment.

(@) Tace element solution, triglycolamic acid 1.5
g, MnSO42H,O0 05 g, MgSOs7H,O 3.0 g,
FeSO4-7H,0 0.1 g, NaCl 1.0 g, CoCl,-6H,0 0.1 g,
C&Clz-ZHzO 0.1 g, CUSO4'5H20 0.01 g, ZnSO4-7H20
0.1 g, HsBO3 0.01 g, AIK (SQO4)2 0.01 g, NiCl,-6H,0
0.02 g, NazMoO4 0.01 g per liter of distilled water.
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Fig. 1. Map showing location of Malan mine and Shaqu mine in Shanxi (black triangle), China’s capital (red pentagon),
and nearby major cities in China (white circle)
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Table 1. Geological information and proximate analysis of the coal samples

Sample source Coal seam Ade Proximate analysis Reflectance
P g Aad% Aad% Aad% %

Malan mlne in No.2 E. Permlan-Talyuan 508 8.85 2724 110
Gujiao Formation

Shaqu_ mine in No.4 E. Permlan-_ShanX| 2931 209 8.32 151
Liulin Formation

M, moisture; V, volatile matter; A, ash yield; ad, air dry basis; daf, dry and ash-free basis

(b) Methanogens enrichment medium
1.0 g NH.CI, 01 g MgCl-6H0, 04 g
KoHPO4:3H20, 0.2 g KH2PO4, 0.2 g NasS, 2.0 g
NaHCOs3, 0.001 g C12H7NO4, 0.5 g C3H/NO:S, 2.0 g
HCOONgag, 2.0 g CH3COONa, 1.0 g Yeast extract, 0.1
g tryptone and 10 mL trace element solution per liter
of fresh mine water.

2.3. Separation of macerals

The macerals were separated by the method of
hand picking and float-and-sink test. Coal samples
were sieved by a pulverizer and standard sieve to the
effect that 90% of the particles are between 0.1 and
0.5mm in size and the rest are smaller than 0.1mm.
Then, the maceral compositions were separated with
the ZnCl; specific gravity liquid following the Chinese
National Standard GB/T478 (2008) (Chen, 2012;
Zhou, 2013), aiming at obtaining the vitrinite-rich and
inertinite-rich coal samples.

The separated maceral compositions were
repeatedly rinsed and filtered until there was no
precipitation of silver chloride despite the addition of
silver nitrate. After that, the samples were dried and
prepared into polished powder coal following the

Chinese National Standard GB/T 16773 (2008). The
maceral compositions and mineral frequencies were
acquired using the Axioskop 40 Pol polarizing
microscope following the Chinese National Standard
GB/T 8899 (2013). The vol.% of each maceral
(excluding the minerals) are shown in Table 2. The
results of ultimate analysis are shown in Table 3.

2.4. Experiment setup

The methanogens was enriched and cultured
according to the preparation method of culture
medium. Triangular flasks with the volume of 250mL
were used as the reaction bottle and the gas collector.
The bottles were sealed with rubber stoppers and
sealing films. The gas was collected by water
displacement and the gas production was calculated by
the volume of water in the collector.

The experimental device is shown in Fig. 2.
Each sample (Table 2) of 20g was weighed and added
with 200mL of mine water after 4d of enrichment.
Two parallel experiments were conducted for each
sample and the average value was taken. Meanwhile,
a blank control experiment with only the culture was
set.

Table 2. Quantitative statistics of macerals in coal samples (% vol.)

Sample number Samples _ Quantitative'st.atistics .
Vitrinite Inertinite Liptinite
ML-R Raw Malan coal 78 18 4
ML-V Vitrinite-rich Malan coal 85 12 3
ML-I Inertinite-rich Malan coal 64 32 4
SQ-R RawShaqu coal 74 18 8
SQ-V Vitrinite-rich Shaqu coal 85 9 5
SQ-1 Inertinite-rich Shaqu coal 62 24 14
Table 3. The ultimate analysis of different samples

Sample number Cuat% Haai% Odat% Ndat% Sdat%
ML-R 90.39 4.69 2.82 0.48 1.63
ML-V 88.23 5.33 3.89 0.39 2.16
ML-I 89.92 421 4.02 0.39 1.45
SQ-R 91.20 451 3.30 0.46 0.53
SQ-V 87.38 5.30 6.53 0.17 0.63
SQ-1 90.35 4.22 4.36 0.49 0.58
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The biomethane generation device was sealed and
relocated within an incubator at 35°C for 60 days.

the gas sampling port

coal sample
i reacted liquid

distilled water - —

reaction bottle gas collecting bottle water collecting bottle

Fig. 2. Schematic diagram of biomethane generation device
2.5. Analysis method

Methane was quantified using a gas
chromatograph  (Agilent 7890 GC; Agilent
Technologies Inc., Santa Clara, CA, USA) equipped
with a Carbonplot chromatographic column (60 m x
320 ym x 1.5 um) and a 200 °C TCD detector. The
injection volume was 0.5 mL a 1-mL airtight with a 1-
mL airtight syringe.

The AVATAR360 Fourier Transform Infrared
Spectrometer was used to analyze the functional
groups of samples (Thermo Fisher Scientific K.K.,
Yokohama, Japan). The instrument used a high-
brightness ceramic light source, high-efficiency
optical components, and a high-sensitivity DLAYGS
detector. The scan range is 400 to 4000 cm?, the
number of scans is 32, and the resolution is 4. Before
the test, 100 mg of potassium bromide reagent and 1
mg sample was added into the agate mortar. The
mixture was grinded to powder and moved into a
mold, then the mold was placed on the tabletting
machine with 90 kg pressure for about 5 min, and the
mixture was compressed to 0.1~1 mm translucent
flake for testing.

3. Results
3.1. Biomethane production

The gas compositions was measured after 60
days. Biomethane production is obtained by
multiplying the total biogas production with methane
concentration. The biomethane production for each
sample in the Fig. 3 has been subtracted from the blank
sample. Biomethane production effect of the samples
from Malan mine was analyzed according to Fig. 3(a).
Vitrinite-rich Malan coal sample (ML-V) has the
largest CH4 production of 83.89 pmol-g. Raw Malan
coal sample (ML-R) produced 50.53 pmol-g?, while
the inertinite-rich Malan coal sample (ML-1) only
generated 4.79umol-g’? methane. Fig. 3(b) shows the
biomethane yield of the samples from Shaqu mine,
obviously, vitrinite-rich Shaqu coal sample(SQ-V) has
the largest CHs production of 45.75 pmol-g?
compared to raw Shaqu coal sample (SQ-R) and
inertinite-rich Shaqu coal sample (SQ-I). Samples
separated from Malan mine and Shaqu mine shown an
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interesting phenomenon that vitrinite-riched coal
samples(ML-V, SQ-V) have a higher methanogenic
capacity than raw coal samples(ML-R, SQ-R) and
inertinite-riched coal samples(ML-I, SQ-I).
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Fig. 3. CHaproduction of samples from Malan mine and
Shaqu mine

3.2. Analysis of the chemical functional groups in the
macerals

The peak area was obtained by Gaussian fitting to
compare the variation characteristics of the functional
groups (Fig. 4). Table 4 shows the assignment and area
of the functional groups in the FTIR spectrum of
samples with different proportions of macerals.

Combined with previous studies (Brown and
Lander, 1960; Solomon and Carangelo, 1982;
Solomonand and Carangelo, 1988; Ibarra et al., 1994;
Ibarra and Moliner, 1994; Li et al., 2011; Yu et al.,
2012), this paper describes the chemical functional
groups of samples with the following parameters: the
aromatic degree (f.), the aliphatic hydrogen
enrichment parameters (H: and Hy), the aliphatic chain
structure parameter (T).

The calculation method is as follows:

A. aromatic degree (f,) (Egs. 1-3)

fa=1-Ca/C (1)
Ca/C = [(Hay/H) - (H/C)]/(Ha/Ca) 2

C.1/C - ratio of aliphatic carbon to total carbon
H,,/H - ratio of aliphatic hydrogen to total hydrogen
H/C - ratio of total hydrogen to total carbon ;
H,/Cy - ratio of aliphatic hydrogen to aliphatic
carbon, generally taking 1.8 for coal
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Fig. 4. Fitting charts of the peaks in the FTIR spectrum of coal samples with different macerals (a) Raw Malan coal,
(b) Vitrinite-rich Malan coal, (c) Inertinite-rich Malan coal, (d) Raw Shaqu coal, () Vitrinite-rich Shaqu coal,

(f) Inertinite-rich Shaqu coal

Table 4. The assignment and area of the peaks in the FTIR spectrum of coal samples with different maceral components
(Painter et al., 1981, Painter et al., 1985; Wang and Griffith, 1985; Petersen et al., 2008)

Assignment Stretching vibration | Stretching vibration Antisymmetric. Symmetrical bending
. . . deformation vibration . .
of aliphatic of aromatic of aliphatic vibration
CH2z and CH3s c=C CH aﬁd CH of aliphatic CHs
(A2800-3000) (A1600) Af 3 (A13s0)
sample (A1430-1460)
number 2800~3000 cm'! 1595~1605 cm? 1430~1460 cm? 1370~1385 cm™!
ML-R 977.355 89.021 386.333 227.557
ML-V 969.650 33.118 105.283 60.813
ML-I 970.414 88.625 155.792 102.253
SQ-R 219.902 34.728 65.472 42.759
SQ-V 209.880 24.006 46.297 29.908
SQ-I 96.027 44.323 63.095 49.203
Hy = Ay /ay 3) A,3g0 - peak area of symmetrical bending vibration of

H_; - content of aliphatic hydrogen
Aa - the peak area of aliphatic hydrogen, taking the
value of A;500-3000;
aal - the extinction coefficient, taking the value of 744
cmt

B. aliphatic hydrogen enrichment parameters (H;
and H,) (Eqg. 4)

{ Hy = Azg00-3000/A1600
HZ = (A2800—3000 + A1430—1460 + A1380)/A160(0)

4
Asg00-3000 - Peak area of stretching vibration of
aliphatic CH; and CHj;
Aig00 - Peak area of stretching vibration of aromatic
C=C;
Ai430-1460 - P€AK area of antisymmetric deformation
vibration of aliphatic CH, and CHg;

aliphatic CHg;

C. aliphatic chain structure parameter (T) (Eq. 5)

®)

f. represents the degree of aromatization; H, and H,
represents the content of aliphatic hydrocarbon. T
represents the length of aliphatic chain.

- the greater the value of H; or H, the higher the
aliphatic hydrocarbon content.

- the higher value of the T reflects that more CHs is
contained and the lower degree of branching, because
the CHgs has shorter length of chain branch than CHo.
The calculation results of relevant parameters are
shown in Table 5.

T = Aj1380/A1430-1460
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Table 5. Infrared structural parameters of samples
with different proportions of macerals

Aliphatic Aliphatic
Sample Aromatic hyfjrogen chain
number degree enrichment structure

parameters parameter

fa Hi H> T

ML-R 0.9035 | 10.9789 | 17.8749 0.5890
ML-V 0.9022 | 29.2786 | 34.2939 0.5776
ML-1 0.9036 10.9497 | 13.8613 0.6563

SQ-R 0.9785 6.3321 | 9.4487 0.6531
SQ-V 0.9784 8.7428 | 11.9172 0.6460
SQ-I 0.9905 2.1665 | 4.7002 0.7798

4. Discussion

The vitrinite-riched coal samples have shown
the highest biomethane production, when inertinite-
riched coal samples make the lowest(Fig.3). The
major differences among the six types of samples
(ML-R, ML-V, ML-I, SQ-R, SQ-V, SQ-I) are that
they have different content of macerals. The content
ratio of vitrinite to inertinite (V/1) in ML-R, ML-V,
ML-I, SQ-R, SQ-V, SQ-I separately are 4.11, 6.83,
2.03, 3.98, 9.27 and 2.54. Comparing the ML-R, ML-
V, ML-I, it can be seen that the biomethane production
would increase when the V/I increases. The same
trend exists in the SQ-R, SQ-V, SQ-I.

We believe that the differences of content and
property of vitrinite and inertinite groups may have a
significant effect on the biomethane generating
capacity of the six samples. In addition, the liptinite
possess a particularly low content in the coal
compared to the other two macerals and did not exhibit
the potential of biomethane in our experiment, So it
would not consider as the key factor to biomethane
generation. According to the aromatic degree( fa ),
aliphatic hydrogen enrichment parameters (Hi and Hy)
and aliphatic chain structure parameter ( T) (Fig. 5),
the differences of chemical structure of the six
samples were analyzed. By contrasting the samples
from Malan coal(ML-R, ML-V, ML-I), the inertinite-
rich coal sample(ML-1) has the highest f, and vitrinite-
rich Malan coal sample (ML-V) has the lowest f, ; the
inertinite-rich coal sample(ML-I) has the lowest H;
and H and the vitrinite-rich Malan coal sample (ML-
V) has the highest Hi and Hy; the inertinite-rich coal

sample (ML-I) has the highest T and the vitrinite-rich
Malan coal sample (ML-V) has the lowest T. It
indicates that the ML-V has the lower aromatization
degree, higher content of aliphatic hydrocarbon and
longer chain than ML-I.

The property of fa, Hi, H2,and T of ML-R is
in the middle of ML-V and ML-I. Comparing the fa ,
Hi1, Hz,and T of samples from Shaqu coal(SQ-R, SQ-
V, SQ-I), it also can be concluded that SQ-V has the
lower aromatization degree, higher content of
aliphatic hydrocarbon and longer chain than SQ-I. The
higher ratio of CHg /(CHa+C=C) usually reflects the
higher hydrocarbon generating potential in coals
(Chen et al., 2012). Inertinite usually has a higher
degree of aromatization, condensation and loss of
heteroatoms (e.g., oxygen, sulfur, and nitrogen) than
vitrinite, which may have resulted in a decrease in
bioavailability (Robbins et al.,, 2016; Scott and
Glasspool, 2007; Taylor et al., 1998). As a result, it
has been assumed that coals of higher rank are less
bioavailable due to the increase of aromaticity and
condensation and will produce less methane than coals
of lower rank (Fallgren et al., 2013; Strapo¢ et al.,
2011).

So we think that the difference of fa, Hi, H»
and T which reflect the aromatization, content of
aliphatic hydrocarbon and the length of chain
branching influence the biodegradation of samples by
methanogens and caused to the different biomethane
production.

5. Conclusions

The biomethane generation and FTIR
characteristic of samples from Malan and Shaqu mine
were test in the laboratory, results show that vitrinite-
rich coal samples make the higher biomethane yield
than inertinite-rich coal samples and raw coal samples,
when the samples were handled from the same coal
mine.

Meanwhile, the vitrinite-rich coal samples have a
higher content of aliphatic hydrocarbon and lower
aromaticity than inertinite-rich coal samples by
comparing the factors of f, , Hi, Hz and T. This
indicates that the difference of macerals in coals
would make a significant influence to the increase of
biomethane resources in the coal bed.

1.04 (a

0.8+

0.6+

0.4

The aromatic degree

0.2

00 Z

® 00
-V ML-l SQ-R SQ-V SQ-I 2

[}
. T 0.8
w7 H1 % c
NV Hy s 0.7

(=3

g 0.6 7

o 054

>

-
% 044
£
@ 034
ey
L 024
=

g
s

"ML-R MLV MLl SQ-R SQ-V SQ-I

Fig. 5. (a) The aromatic degree (fa) of different samples, (b) The aliphatic hydrogen enrichment parameters (H: and Hz) of
different samples, (c) The aliphatic chain structure parameter (T) of different samples
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