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ABSTRACT: Biogas production was conducted using samples from
different coal beds and laboratory-domesticated microbes to investigate
the effect of the addition of benzoic acid on biogas production.
Furthermore, the response properties of produced organic substances at
different gas production stages were analyzed with ultraviolet—visible
(UV—Vis) spectroscopy and three-dimensional fluorescence spectroscopy.
The results showed that adding benzoic acid significantly enhanced the
microbial gas production with different rank coals. Obvious spectroscopic
differences were observed in the gas production effects and liquid-phase
composition across varying rank coals. The UV—vis spectroscopy findings
indicated that soluble organic matter gradually increased in molecular
weight during gas production, leading to increased aromatization and an
increase in aromatic ring substituents with hydrogen and oxygen functional
groups. Fluorescence spectroscopy revealed changes in protein-like substances during gas production, indicating the involvement of
humic acid-like substances from coal in microbial gas production. The results of the fluorescence index supported the biological
origin of humic acid during the gas production process. Benzoic acid augmentation promoted biogas production in different coal
grades, and distinct differences were observed in the organic spectral properties during gas production, suggesting that the metabolic
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pathways of the same microbes acting on different coal grades vary.

1. INTRODUCTION

Coal biogas production is an active process driven by a series of
microorganisms that degrade, transform, and generate methane
from the organic matter present in coal under anaerobic
conditions." Middle- and low-rank coals, such as lignite and
long-flame coal, exhibit characteristics of high moisture, ash,
volatile content, low calorific value, and a high content of humic
acid. Due to these properties, the direct combustion of these
coals is less beneficial. Nonetheless, their organic material,
containing oxygen and side-chain functional groups, offers a
suitable substrate for the production of microbial biogenic gas.”
Dissolved organic matter (DOM) within middle- and low-rank
coals possesses various reactive groups, including hydroxyl,
carboxyl, amino, and aromatic rings. It displays high mobility
and reactivity and plays a crucial role by being transferred into
the liquid phase during biogas generation mediated by
microorganisms.”" The exact mechanism of methane formation

products during biogas formation to gain insight into the
potential metabolic mechanisms of anaerobic degradation. For
instance, Omar et al.” observed significant variations in the
concentration of alkanes and palmitic acid in the C22—C36
range during the biogas formation process of sub-bituminous
coals. Chen et al.® reported the importance of volatile fatty acids
and long-chain alkanes in coal biogenic gas formation.
Highlighting the significance of volatile organic acids (C2 +
C7), Liu et al.” characterized over 30 intermediates involved in
coal biogenic gas production. Coal biogas production is affected
by various factors such as microbial species, temperature, pH,
coal maturity, and nutritional substrates. Robbins et al.'’
observed that the lower coal maturity enhanced biogas
production, correlating with higher concentrations of low-
molecular-weight acids (C2 + C7 abundance), which was
closely associated with changes in the abundance of specific
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Table 1. Results of Coal Proximate Analysis and Coal Ultimate Analysis”

Samples  Mad (%) Aad (%)  Vdaf (%) FCad (%) Cdaf (%)
S 1.32 20.20 13.70 69.60 92.60
X 2.31 12.74 22.72 67.87 87.90
N 17.52 21.53 48.79 31.20 71.59

“ad (air-dry) base, daf (dry ash free) base.

Hdaf (%)  Odaf (%)  Sdaf (%) Ndaf (%)  Calorific value (MJ kg™")
3.75 1.11 1.30 1.24 2892
3.13 2.40 0.81 1.03 26.09
5.54 20.65 0.94 1.35 20.67

microbial taxa. These variations were closely associated with
changes in the abundance of special microorganisms capable of
degrading these acids and alcohols. Jones et al."" demonstrated
that the addition of nutrients or microorganisms to coal seams
lacking coalbed methane production could stimulate gas
production. It has been suggested that the addition of small-
molecule nutrient substrates, such as micronutrients favorable
for the growth of methanogenic bacteria, significantly enhances
the gas production capacity.'” Notably, benzoic acid, a common
degradation product of humic acid found in lignite, has been
reported to improve the yield of biogas with lignite when added
to culture media.'> However, the precise mechanisms by which
benzoic acid affects coal biogas production and the accumulated
intermediates still remain unclear.

The technique of three-dimensional fluorescence (3D
fluorescence) is frequently employed for the qualitative and
quantitative analysis of organic compounds due to its strong
selectivity, rapid analytical speed, easy sample pretreatment, and
nondestruction of the sample structure.'”'® Furthermore, the
fluorescence spectrum analysis can be used to determine the
distribution, composition, and source of DOM transferred to the
liquid phase during coal degradation based on the peak position,
number, and fluorescence intensity.'® In order to explore the
initial connection between the generation of biogas and the
changes in organic matter and coal rank differences, biogas
production simulation experiments were conducted using coals
of different ranks in two types of culture media: one with the
addition of benzoic acid and another without. The aim of these
experiments was to further investigate the effects of different coal
types and addition of benzoic acid on gas formation and changes
in organic matter. By offering essential data, it hopes to
underline the mechanism of the biogas formation process, thus
making a valuable contribution to the field of biogenic coalbed
methane (CBM) production.

2. MATERIALS AND METHODS

2.1. Methanogenic Microorganisms and Culture
Media. The methane-producing microorganisms used in
these experiments were previously cultivated and domesticated
in our earlier research.'” These microorganisms exhibited
impressive capabilities in the degradation of coal and the
production of gas. For the cultivation of these microorganisms,
two modified media were employed. The first medium,
designated as medium I (add benzoic acid group), had the
following composition per liter: benzoic acid: 0.2 g, yeast
extract: 1.5 g, K;HPO,: 2.9 g, KH,PO,: 1.5 g, NH,Cl: 1.8 g,
MgCl,: 0.4 g, and 1 mL each of trace elements and vitamins. The
second medium, medium II (no benzoic acid group), shared the
same composition as medium I, except that it did not include
benzoic acid. To meet the nutritional requirements of the
microorganisms, the trace elements and vitamins in the media
were g)grepared according to established literature recommenda-
tions.

2.2. Coal Sample Collection and Analysis. The three coal
samples used in this study were obtained from the no. 3 coal

seam of Shanxi Jincheng Sihe Mine (sample no. S), the no. 4 coal
seam of Shanxi Taiyuan Xishan Mine (sample no. X), and the
no. S coal seam of Shenhua Nortel Shengli Open-pit Coal Mine
in Inner Mongolia (sample no. N). Upon transport to the
laboratory, the fresh coal samples were promptly crushed and
sifted. Subsequently, they were dried to a constant weight at
room temperature and subjected to coal proximate analysis
(GB/T 30732-2014) and coal ultimate analysis (GB/T 31391-
2015) following national standards. The results are shown in
Table 1. The coal proximate analysis results indicated that Sihe
coal (S) is anthracite, Xishan coal (X) is bituminous, and Inner
Mongolia coal (N) is lignite.

2.3. Biogas Production Experiments with Different
Rank Coals. Coal samples from three different coal beds were
utilized as substrates for the biogas production experiments. A
specific experimental protocol was adopted: 9 g of coal was
combined with 225 mL of either medium I or medium IT'in a 500
mL anaerobic bottle. The mixture was sterilized at 120 °C for 20
min before cooling to room temperature. Following this, 100
pug/L vitamins and 0.25 g/L cysteine were added to an anaerobic
bottle in the anaerobic glovebox (DG1000, DWS, UK). Next, 45
mL of microbial broth was inoculated, and the bottles were
sealed with butyl rubber plugs and aluminum caps. The
experiment was conducted at a constant temperature of 35 °C
for 70 days.

The experimental design included six groups: S1 (Sihe coal +
benzoic acid), S2 (Sihe coal), X1 (Xishan coal + benzoic acid),
X2 (Xishan coal), N1 (Inner Mongolia coal + benzoic acid), and
N2 (Inner Mongolia coal). Each group differed based on the
type of coal and whether or not benzoic acid was present in the
medium. Two additional control groups (CK1 and CK2) were
also created by inoculating microorganisms without coal
samples. In the first group, benzoic acid was added, while the
medium in the second group remained free of benzoic acid. All
experiments were performed in triplicate, and the results were
averaged. Gas samples were collected at regular intervals
throughout the incubation period and analyzed using gas
chromatography (78904, Agilent, USA) to determine the
composition of the biogas produced during the anaerobic
incubation. The chromatographic analysis conditions are
described in the literature.'”*’

2.4. UV-Vis and Fluorescence 3D Spectroscopy of
Dissolved Organic Matter Formed during Biogenic Gas
Production from Different Rank Coals. During the
biological gas production process, liquid samples (10 mL
each) were taken from the anaerobic flask every 10 days and
subjected to ultraviolet and fluorescence 3D spectroscopy. The
samples were filtered through a 0.45 pm microporous filter
membrane before being frozen at —20 °C for preservation and
analysis. Using a UV—Vis spectrophotometer (UV-4820), we
measured the UV absorption spectra of the samples within the
range of 200 nm—400 nm. This allowed us to calculate various
ratios, including E250/E365, E240/E420, E253/E203, and
E253/E220, which provided information on the molecular
structure of the dissolved organic matter.”’ We also used a
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Figure 1. Variation curves of gas components and contents in the biogenic gas production process of coal of different ranks: (a) H,, (b) CH,, (c) CO,,

and (d) total gas production.

fluorescence spectrophotometer (HI-TACHIF-7000) to meas-
ure the 3D fluorescence spectra of the samples. The analyzing
conditions included a 150 W hernia lamp as the light source, a
photomultiplier tube (PMT) set at 700 V, and diffraction grating
monochromators for both excitation and emission. The slit
width was maintained at 10 nm, the scanning speed was 1200
nm/min, and the wavelength ranges for both excitation and
emission were 200 nm—400 and 240 nm—600 nm, respectively.
The step size was set to 2 and 5 nm for excitation and emission,
respectively. The response time was automatic, and ultrapure
water served as a blank to correct for Raman scattering from the
water. Data were analyzed and processed using Origin software
(Version 9.1, OriginLab Corp.)

2.5. Calculation of the Fluorescence Integral Using the
Fluorescence Area Integration Method. The 3D fluo-
rescence spectra were segmented into five regions based on
excitation/emission wavelength combinations.”> These sub-
stances corresponded to each region as shown in the reference.”
The fluorescence intensity at specific wavelengths depends on
the concentration of fluorophores present. MATLAB 2022
software was used to perform the region integration (FRI)
calculation, which computes the specific fluorescence region
integration volume (®,), representing the cumulative fluo-
rescence intensity of organic matter with similar properties. The
formula for calculating ®; is as follows:

q)i = / / Ilex,lemcu'excu'ex

However, since the areas of the segmented regions were

(1)

unequal, the interpretation of the volume integral for each region
across the entire data set was influenced by the differing areas of
the regions. Therefore, it is proposed that this effect can be
mitigated by normalizing the area of each region separately.

16171

5
z,‘=1 Si

S (2)
Here, S; represents the area of region i and MFi is termed the

multiplicative factor. The volume integral of the corrected
region i is denoted as

D = ® x ME

ME =

3)

The fluorescence integral for each region was calculated using
the MATLAB 2022 program.

2.6. Fluorescence Index Calculation. The fluorescence
index (FI) is defined as the ratio of the spectral intensity at an
excitation wavelength of 370 nm with an emission wavelength in
the range of 450 nm—500 nm. FI was utilized for the assessment
of humus.**

3. RESULTS AND DISCUSSION

3.1.Changes in Gas Components and Contents during
Biogas Production from Different Rank Coals. Figure 1
shows biogas production from three types of coal. The analysis
of total gas production and its production trend reveals a distinct
cycle consisting of three stages: a rapid period (5—20 days), a
peak period (20—50 days), and a stabilization period (50—75
days). Notably, the highest gas occurs in the early stages,
followed by a subsequent decrease, particularly in the later stages
(Figure 1d). Similar studies have shown that during rapid
periods of characterization by high organic carbon content in
nutrient sources, there was an ensured availability of small
organic molecules consumed by microorganisms.”> The
consistently observed stabilization period in all studies
examining coal bioconversion to methane can be attributed to
the depletion of nutrients and the initial decline in coal
dissolution. The inhibition of gas production was due to the
generation of inhibitory compounds, such as volatile fatty acids

https://doi.org/10.1021/acsomega.4c09883
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Figure 2. Variation curves of UV spectra in the process of coal biogas production from different rank coals: (a) CK1, (b) CK2, (c) S1, (d) S2, (e) X1,
(f) X2, (g) N1, and (h) N2.

or heavy metals. The inhibition of gas production may be caused
by the generation of inhibitory compounds, such as volatile fatty

The concentration of hydrogen (H,) remains relatively stable
throughout the entire incubation period. However, the blank

acids or heavy metals.” control group (CK2) exhibits the highest H, content during the
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initial incubation period (0—10 days), reaching 1.1% (Figure 1).
Furthermore, all samples exhibited a decreasing trend in H,
production from 0 to 20 days, followed by a plateau from 20 to
60 days and a gradual increase after 60 days (Figure 1a). This can
be attributed to the early-stage microorganism primarily
utilizing small molecular compounds from the culture medium
and coal to produce H,. As the available small molecular
compounds became limited, the H, content did not exhibit a
significant rapid increase. Moreover, it is hypothesized that
methanogens utilize H, produced in the reaction system to
synthesize the final product CH,, thus consuming H,. It is
suggested that the methanogens in the entire reaction system
predominantly follow the acetic acid or methyl nutrient
pathway.”” After 60 days, the macromolecular compounds in
the coal were utilized by the previous fermentation and
hydrogen—acetic acid-producing microorganisms to synthesize
more H,. The slow decrease in the amount of methane produced
during this period further indicated that the methanogens in the
system were not predominantly of the hydrogen-nutrient type.
This further suggests that the addition of benzoic acid may
influence the metabolic pathway of gas production. Peak gas
production has been significantly prolonged, and it increased
significantly following the addition of benzoic acid, indicating
that the microbial community in the fermentation group with
benzoic acid was more active. This enhancement in microbial
activity increased the capability of small molecular acids to
convert into biomethane, leading to increased gas production.”®

Analysis of changes in the carbon dioxide (CO,) content
revealed an increasing trend until day 35, after which it stabilizes.
Moreover, the overall CO, production in the group without
benzoic acid (S2, X2, N2, and CK2) exceeds that of the benzoic
acid-added group (S1, X1, N1, and CK1) (Figure 1b).
Interestingly, the group with N2 exhibited an obvious decreasing
trend in CO, production on the 10th day. This indicated that the
Inner Mongolia coal (N) utilized CO, to synthesize CH, using
methanogenic microorganisms during the early stage of biogas
production. Methanogenic organisms use CO, in large
quantities to synthesize CH,. The amount of CH, produced
by all three rank coals in both media significantly exceeded that
of the control group (Figure lc). Generally, peak methane
production occurred around the 50th day with the following
monitored methane contents: S1 (49.95%), X1 (56.09%), N1
(39.77%), S2 (34.11%), X2 (33.58%), and N2 (31.92%). There
are primarily two ways to produce biological methane: the acetic
acid and the methyl nutrient pathway. The change in CO,
content during biological coal gasification reflected the pathway
of biological methane production.”” Previous research has
demonstrated a positive correlation between methane and CO,
in the acetic acid pathway. Alternatively, when these two gas
components exhibited a negative correlation, it was attributable
to the methyl nutrient pathway.’’ Moreover, considering the
impact of gas production in both media, the methane production
concentration in the benzoic acid-added group (S1, X1, N1, and
CK1) significantly outperformed that of the group without
benzoic acid (S2, X2, N2, and CK2). This suggests that benzoic
acid can improve microbial methane production in different coal
types.

In general, the coal samples from the Sihe and Xishan regions
exhibited higher gas production compared with those from the
Inner Mongolia. This contradicts prior studies suggesting that
low-rank coals with higher ash and volatile matter are more
suitable for microbial coal gas production. The findings of some
studies indicated that lower-rank coals exhibited a higher degree

of biodegradability due to the presence of a higher concentration
of aliphatic hydrocarbons and heteroatoms, which were more
susceptible to microbial degradation.”’ Some studies have
shown that methane production from the microbial degradation
of coal was negatively correlated with an increase in coal rank.
This conclusion was attributable to the higher aromatic content
of high-rank coal.'® However, some other scholars believe that
there was no correlation between methane production from
microbially degraded coal and the rank of coal and that the
activity of microbial sources was the main factor affecting
biogenic gas generation.”” The findings from certain CBM well
production site monitoring exercises indicated that coal with a
higher rank exhibited a higher biomethane production rate,
despite the absence of a direct correlation between methane
generation and coal rank.”?

Notably, the addition of benzoic acid obviously increased
total gas production in Sihe and Xishan coal samples, indicating
that benzoic acid stimulated microbial growth, replenished
depleted nutrients, and augmented gas production, especially in
the gas production process from intermediate- and high-rank
coals. This was attributable to the migration mechanisms and
rates of organic matter between the solid and liquid phases. The
medium—high rank coals have more developed pore structure
characteristics and interconnected pores and fractures compared
to low rank coal, which enhances the migration rate of organic
matter between the solid and liquid phases, making it easier for
organic matter to migrate between the solid and liquid phases.
Adding benzoic acid affected this mechanism and modified the
gas production pathway. Preliminary research indicated that
benzoic acid served as an intermediate product during the
anaerobic metabolism of aromatic compounds, degrading acetic
acid (an intermediate containing carbon). This degradation
stimulated the methanogenic system to prioritize the metabolic
pathway of CH;COOH decomposition into CH,, resulting in
increased CH,, production.”*

3.2. UV—Vis Analysis of Solution Components in the
Biogas Production Process from Different Rank Coals.
Figure 2 depicts the UV—Vis spectra of the obtained liquid-
phase samples during the biogenic gas production process from
different rank coals. These spectra exhibited significant changes,
with maximum absorption peaks occurring near 220 and 280 nm
for both the blank control group and the experimental group.
Notably, the absorption peaks of the blank control group (CK1
and CK2) exhibited a pattern of initial decrease, followed by an
increase and then a subsequent decrease. In contrast, the
absorption peaks of the experimental groups (S, X, and N)
continued to decrease during the gas production cycle.
Particularly noteworthy were the pronounced changes observed
within the 0—3 days and 9—20 days periods. The absorption
peaks at 220 and 280 nm corresponded to the n—7 conjugation
and 7—7 conjugation of aromatic compounds, respectively. The
shoulder peaks at 220 and 280 nm in the blank control group
(CK1 and CK2) remained relatively stable as the gas production
time increased. Conversely, the shoulder peaks at 280 nm in the
experimental groups (S, X, and N) disappeared entirely and
formed a continuous absorption band at 250 nm—300 nm.
Shoulder-like peaks at 280 nm in the experimental groups
continued to weaken from 0 to 10 days, indicating an enhanced
organization level of DOM in the liquid phase. After 30 days, the
decrease in the shoulder-like peaks gradually reduced, with some
individual groups exhibiting recovery. In the blank control group
CK1, the shoulder peaks consistently remained at a certain level,
indicating that the microorganisms preferred the utilization of

https://doi.org/10.1021/acsomega.4c09883
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Figure 3. Variation curves of UV characteristic parameters for coal biogas production from different rank coals: (a) UV254, (b) ABS28S, (c) E253/
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easily accessible substances in the nutrient solution, while their
ability to utilize aromatic substances was relatively weak. In the
benzoic acid-added test group (S1, X1, and N1), the shoulder
peaks of Sihe (S1) and the Xishan area (X1) exhibited a
significant downward trend, while the shoulder peaks of the
benzoic acid group in the Inner Mongolia area (N1) showed a
relatively insignificant decrease. This result indicated that coal
from the Sihe and Xishan regions exhibited more favorable
metabolic processes for methane production within the
microbial gas production system. Consequently, it is possible
to engineer conditions to create a more conducive environment
for microbial activity, thereby promoting microbial degradation

16174

of coal and enhancing gas production.”® Some studies have
shown that benzoic acid facilitated the removal of CO, to
generate catechol, with subsequent decomposition to yield
pyruvate and acetyl-CoA.”° These intermediates participated in
the tricarboxylic acid cycle, enhancing the activity of
methanogens, stimulating methane synthesis, and ultimately
improving the performance of fermentation gas production.”’
The UV absorption spectrum at 254 nm mainly reflected
changes in compounds with unsaturated C—C bonds,
particularly aromatic compounds, which displayed greater
resistance to degradation. In the CKI1 group, a slight shift in
UV254 was observed throughout the gas formation process.
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Conversely, the experimental group (S, X, and N) exhibited a
slight shift during the initial 30 days, followed by a rapid decrease

from 30—40 days, reaching a stabilized state afterward. This
phenomenon indicated that microorganisms in the blank
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control group were unable to effectively utilize unsaturated
compounds, such as aromatics, which were more difficult to

decompose in the medium. In the experimental group, despite
rapid gas production, a slight shift in the aromatic compounds
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was observed within 10 days. This indicated that microbes
initially prioritize the utilization of easily decomposable
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substances in the coal and the medium, including tiny molecular
compounds and readily available nutrients, before the formation

https://doi.org/10.1021/acsomega.4c09883
ACS Omega 2025, 10, 16169—16183


https://pubs.acs.org/doi/10.1021/acsomega.4c09883?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09883?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09883?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09883?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ex(nm)

Ex(nm)

Ex(nm)

3800 3325 2850 2375 1900 1425 950 475 0

400

380
360

280
260
240
220

200
250

300

350 400 450

Em(nm)
(a) N1 Rapid phase(20days)

500 550 600

3800 3325 2850 2375 1900 1425 950 475 0

400
380
360
340
320
300
280
260
240
220

200
250 300 350 400 450 500 550 600
Em(nm)
(c) N1 Peak period(40days)
1750 438 0

3500 3063 2625 2188 1313 875

400
380
360
340
320
300
280
260
240
220

200

250 300 350 400

Em(nm)
(e) N1 Stabilization period(60days)

450 500 550 600

Ex(nm)

Ex(nm)

Ex(nm)

3800 3325 2850 2375 1900 1425 950 475 0

400
380

360
340
320

300
280
260
240
220

200
250

300

350 400 450

Em(nm)
(b) N2 Rapid phase(20days)

500 550 600

3000 2625 2250 1875 1500 1125 750 375 0

400
380
360
340
320
300
280
260
240
220

200

250 300 350 400 450

Em(nm)
(d) N2 Peak period(40days)

500 550 600

3500 3063 2625 2188 1750 1313 875 438

-__-_—

400
380
360
340
320
300
280
260
240
220

200
250

300 350 400 450

Em(nm)
(f) N2 Stabilization period(60days)

500 550 600

Figure 7. Analysis of fluorescence spectral changes during biological gas production in groups N1 and N2: (a) N1 rapid phase (20 days), (b) N2 rapid
phase (20 days), (c) N1 peak period (40 days), (d) N2 peak period (40 days), (e) N1 stabilization period (60 days), and (f) N2 stabilization period (60

days).

. 38
of aromatic substances.

Furthermore, with the continuous

consumption of various organic matter, the UV absorption of
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the CK2 group exhibited an increasing trend from 10 to 20 days,
a decreasing trend from 20 to 40 days, and an increasing trend
from 40 to 50 days before attaining stability.

The UV absorption properties of organic substances at 285
nm, termed ABS28S, were used to characterize the degree of
aromaticity. A higher ABS28S value indicated higher aromaticity
and a greater aromaticity (Figure 3b). The figure clearly
demonstrates that the CK1 group displayed a relatively smooth
shift in the aromatic group, while the experimental group
consistently exhibited a lower aromatic content compared to the
control group. This suggests the continuous depletion of the
aromatic group in the experimental group. Specifically, N1 and
S1 showed an initial upward trend for the first 20 days, followed
by a gradual decline. However, X1 exhibited a gradual decrease,
with a higher aromatic content during the rapid gas production
period compared with the later stages. This result indicated that
aromatic groups were continuously depleted during the gas
formation process. Furthermore, N1 and S1 exhibited a
increasing and then decreasing trend during the first 20 days,
while X1 gradually decreased, indicating that the available
nutrients differ across various coal types. Hence, the gradual
decrease in gas production corresponds to the declining
aromatic content, highlighting its role in the gas production
process.

The analysis of solution components during the fungal
degradation of lignite via UV—Vis spectroscopy was investigated
in previous studies, yielding findings consistent with our
research. Thus, a characteristic absorption peak at 250 nm—
300 nm was attributable to the aromatic rings.”” As the
degradation time increased, the absorption value at 290 nm
exhibited a pattern of initial increase followed by stabilization,
corresponding to the alteration in extracellular protein
content.”” These findings highlighted the significant role of
extracellular proteins in coal degradation, confirming further
exploration of our research. In future work, we will use
techniques such as petrographic analysis and liquid chromatog-
raphy—mass spectrometry to further clarify the relationship
between organic matter changes and microbial communities in
different coal ranks during the formation of biogas.

The parameters E253/E203 and E253/E220 elucidated the
degree of aromatic ring substitution and the types of substituents
present. A decrease in these values indicated a higher prevalence
of substituent fatty chains on the aromatic ring, while an increase
indicated a rise in the number of carbonyl, carboxyl, hydroxyl,
and ester substituents on the aromatic ring. Figure 3
demonstrates that the ratio in the control group remained
relatively stable during the gas production process. Contrast-
ingly, the experimental group experienced an initial increase in
these ratios for the first 20 days, followed by stabilization after a
drastic decrease between 20 and 40 days. This observation
indicated that during the stage of rapid gas production (5—15
days), the aliphatic chain substituting the aromatic ring was
continuously degraded into carbonyl, carboxyl, hydroxyl, and
ester groups. The final results indicated an increase in oxygen-
containing reactive functional groups within the coal due to
microbial activity.

The UV—Vis absorbance ratio at specific wavelengths, such as
E250 and E365, reflected the molecular weight status of the
DOM, with larger ratios indicating smaller molecular weights.
Similarly, E240 and E420 characterize the degree of
agglomeration and the molecular weight size, with higher values
indicating less agglomeration and smaller molecular weight.
Generally, the molecular weight of the experimental group was

generally lower than that of the control group. Specifically, in
Figure 3d, it can be observed that the molecular weights of the
control group were smaller than those of the experimental group
during the gas formation cycle. The molecular weights of soluble
organic matter in the experimental group exhibited a trend of
initial increase followed by stabilization, with the most
pronounced changes occurring during the first 30 days in
group L. This indicated that larger molecules continuously enter
the liquid phase and serve as substrates for gas production,
which microorganisms utilize to produce gas. This phenomenon
was consistent with reports in the literature that molecular
weight variability occurs during the gas-producing phase.

The results of UV analysis showed that the shoulder peaks of
the samples in the group with added benzoic acid from the Sihe
and Xishan regions exhibited a significant decreasing trend,
while the shoulder peaks of the Inner Mongolia group decreased
insignificantly. This trend corresponded to the gas production
results, further confirming that the laboratory strain was more
suitable for the Sihe and Xishan coal samples. The system was
more conducive to gas production, especially after the addition
of benzoic acid. It is hypothesized that the degradable matter
conducive to gas production migrates from the solid to the liquid
phase. Some biodegradable substances, such as small-molecule
fatty acids, can be used as nutrients by microorganisms directly,
while larger molecules require more enzymes and steps for
degradation, thus creating a more suitable environment for
microbial growth. This contradicts previous findings, suggesting
that low-rank coals are more favorable for biogas production.
Therefore, further exploration is warranted to investigate the
adaptability of the microbial community to different coal types
and their effects on gas formation under different system
conditions.

3.3. Fluorescence Spectroscopy During Biogenic Gas
Production from Different Rank Coals. Figures 4—7 show
the 3D fluorescence spectra of coal biogas production from
different rank coals. Diagonal lines in the figures denote Raman
and Rayleigh scattering peaks, which did not affect the analysis
of the experimental results. The fluorescence spectra revealed a
distinct characteristic absorption peak (EX = 280 nm, Em = 300
nm) in the control group, corresponding to tyrosine-like
substances. As gas generation progressed, the experimental
group exhibited characteristic absorption peaks attributable to
humic acid with a shift in the fluorescence peak position. The
intensity and number of fluorescence peaks differ obviously
among coal types over the same periods, with the most notable
variations occurring during the rapid gas production period. For
example, during the peak gas production period of 10—20 days
in the Sihe group S2, a coal sample exhibited a change from 1 to
2 fluorescence peaks, characterized by a humic acid-like
absorption peak. The intensity of these fluorescence peaks
distinctly decreased. The reduced intensity of the fluorescence
peak indicated that humic acid-like substances played an
essential role in the gas production period. Variations in
characteristic peaks and absorption peaks among different coal
samples indicated that differences in coal quality components
played an important role in gas production.”’ The humic acids
exhibited a slight variation during the rapid gas production stage.
A continuous increase in concentration was observed during the
stable gas production stage. Studies have shown that monocyclic
and polycyclic volatile organic compounds, along with soluble
carbon, were more susceptible to bioconversion into methane.*
Other research groups have shown that monocyclic aromatic
compounds extracted from lignin and coal facilitate methano-
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Figure 8. Comparison of fluorescence peak areas in each region of different coal samples during gas production: (a) rapid phase (20 days), (b) peak

period (40 days), and (c) stabilization period (60 days).

genic activity. This study conducted further research to explore
the relationship between the coal type and microbial methane
generation.

Furthermore, comparing the benzoic acid-added group (S1,
X1, N1, and CK1) with the no benzoic acid group (S2, X2, N2,
and CK2), the former exhibited protein-like absorption peaks at
40 days, while the latter exhibited these peaks at 20 days. This
indicated that microorganisms preferentially used benzoic acid
when it was present. Additionally, fluorescence intensities of
characteristic peaks tended to decrease initially and then
increase, with late-stage fluorescence intensities in group 1
significantly higher than those in group 2. During the gas
production period, more protein-like peaks appeared in the Sihe
area than in other areas, with a lower fluorescence intensity at 40
days. This variation might be attributable to the initial coalbed
water source in the experimental microbial flora from the Sihe
Previous research by various scholars has yielded
comparable findings, indicating that the microbial degradation
of coal byproducts involved a number of organic compounds,
including aliphatics, polycyclic aromatic hydrocarbons, predom-
inantly single-ring aromatics, and aromatic nitrogen com-
pounds. Conversely, some researchers postulated that the
microbial communities responsible for biodegrading coals do

43
area.
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not exhibit a marked preference for either aliphatic or aromatic
carbon sources.**

3.4. Comparison of Fluorescence Integrals and
Fluorescence Indices in Each Region of the Fluorescence
Map for Different Rank Coals at the Time of Peak Gas
Production. 3.4.1. Comparison of Fluorescence Integrals in
Each Region of the Fluorescence Profiles of Different Rank
Coals during Gas Production. The fluorescence integrals of
coal samples in different periods of gas production are shown in
Figure 8, where ®1—®S represent the fluorescence integrals of
regions I—V, respectively, reflecting the organic matter
concentration in the corresponding regions. Notably, ®5
(corresponding to humic acids) exhibited the most distinct
changes from the rapid period to the peak period. Furthermore,
during the peak gas production period, the fluorescence integral
of the coal samples from the Sihe group (S) notably decreased.
This decrease was negatively correlated with the increase in gas
production during this period, further indicating the essential
influence of humic acids on the gas production process. Previous
studies have shown similar results. The position of the
fluorescence peak for the intermediate product in the biogas
gasification process changed as the gasification time elapsed.
Additionally, the fluorescence integrals of the intermediate
decreased over time.
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3.4.2. Changes in Fluorescence Intensity and Fluorescence
Index during the Biogenic Gas Production with Different
Rank Coals. The fluorescence index is a quantitative parameter
that describes the fluorescence signal characteristics of a sample
and is often used to characterize the relative contents of different
components in the sample.

FI = 70450
L70,500 (4)

The Fluorescence Index (FI) indicated that humic acid was
primarily imported from exogenous sources, while FI > 1.9
indicated endogenous humic acid production.*” As shown in
Figure 9, most samples in each group exhibited a fluorescence
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Figure 9. Variation curves of the fluorescence index during biogenic gas
formation with different rank coals.

index of >1.6, excluding N2 and N1, which were >1.9. This
indicated that humic acid was primarily derived from biogenic
sources during biogas production. The negative correlation
between humic aromaticity and FI, with higher values of FI
indicating lower aromaticity and fewer aromatic ring structures
in humic substances, suggested the presence of a large number of
microbial metabolites in the liquid-phase system. The formula
for calculating FI is as follows:

Three-dimensional fluorescence spectroscopy analysis
showed that major changes in fluorescence peaks occurred
during the rapid gas production period. Samples from the Sihe
region exhibited levels higher than those from other regions
during the peak gas production period. Notably, the
fluorescence peaks exhibited sudden changes, with the
characteristic absorption peak of the humic acid-like material
transitioning from 1 to 2, and the intensity of the fluorescence
peak decreased. Generally, these findings are in agreement with
the gas production and UV analysis results, indicating that
humic acid-like substances played a crucial role during the gas
production period. Reflectivity and the coal-rock fraction of the
coal samples affected the construction of the solution system for
microbial coal gas production owing to the excellent develop-
ment of pore spaces in middle- and upper-grade coals,
facilitating nutrient transport by microorganisms. Future
research should investigate whether using native microbes to
produce gas from local coal is more efficient and explore the
optimal ratios.

4. CONCLUSIONS

In the present work, taking three different rank coals as
substrates, the effect of benzoic acid on biogas with enriched
methanogenic microbes was investigated, combining UV—vis
and 3D fluorescence spectra. The main findings are listed as
follows:

All three coal samples can be utilized to produce gas with
domesticated microbial flora. Distinct differences existed
in the gas production effects and spectroscopic properties
of the liquid-phase compositions among different rank
coals. Adding benzoic acid into the culture media
obviously enhanced biogas production with coal.

The UV spectra exhibited a gradual increase in the
molecular weight of DOM, aromatization, and an
increased number of aromatic ring substituents with
hydrogen- and oxygen-containing functional groups
during the gas formation process.

Fluorescence spectra revealed changes in protein-like
substances (humic acid, tyrosine, and tryptophan) during
the gas production process, suggesting that humic acid
substances in coal were utilized by microorganisms,
participating in gas production.

The FI for most samples was >1.9, indicating the presence
of a large number of microbial metabolites produced
during biogas production with coal.
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