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Abstract. Coal bed rathane (CBM) isa renewable energy source produced
through hermogenic and biogenic acty during the coal formation process.
The aim of this researcwas to stimulate biogenic methane formation using
simple carbon asstimulan. The microcosm set-up was done using
subbituminous coal at °C in an anaerobic chamber. Stimulation with Na-
acetate, methanolpfmic aci¢, and no additions, respectively, was carried out f
54 days; obseation took placeon day 2, 15, 24, 45, and54. The results of all
treatments showedifferences in the initial pH of the basal medium: 7.76 (Na-
acetate), 6.69 (mthanol, 4.06 (formic acid), and 8.95 (no stimultant),
respectively. Addition of Na-acetate resulted in the highest methane formatio
rate (5.034 mmol/g coain day 24 of incubation), followed by methanol @3
mmol/g on day 24 of incubationformic acid (2.520 mmol/g on day 22 of
incubation), and no additio(1.2 mmol/g on day 15 of incubation). Using
denatured gradient eyj electrophoresis (DGGE) it was observed that the
microbial population dynamicof the microcosm depended on the stimulant. A
decrease of bands indicd that the addition of Na-acetate and methanol had
caused alecrease of bacterial diversity during the stimah process compared
to thecontrol treatment (withotstimulant).

Keywords: coal bed methane; denatured gradient gel eectrophoress;
methanogenesis; stimulation; volatile fatty acids.

1 I ntroduction

Coal bed methane (CBM) a methane gas thatpsoduced naturally during tt
coalification process. In contrast to other natgeres CBM contains very little
heavy hydrocarbonguch as propane arbutane [1].During the coalificatior
process, methane gas can formed through thermogenic anbiogenic
processes.Biogenic methane formation occurs through organiatemal
decomposition from coahat is used asubstrate for methanogenic bacteri:
produce methaneBiogenic activityduring CBM formation can be daified
into three stages: (i)egradation of organic compounds from the coao
intermediate compounc (ii) degradation of intermediateompounds int
substrates fomethanogenic bacte; (iii) methanogenesis [2]. Methageni-
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bacteria such aBletanolobus sp., Methanosarcina sp., Methanobacterium sp.,
and Candidatus sp. are known for their role in methane gas foimmatiuring
the coalification process [2].

Other bacteria also have an important role in CBWation, for example
syntrophic bacteria. Syntrophic bacteria are fettingnbacteria that degrade
organic molecules from coal into organic acids faity acids that are used as
substrate for methanogenic bacteria. Other bacteatare involved in CBM
formation are homoacetogenic bacteria, acetol&stoteria, and metylotrophic
bacteria. Under aerobic conditions, organic molesufrom coal that are
hydrolyzed by extracellular enzyme activity fronctaia produce intermediate
molecules, such as fumarate, isoprenoid, and lb@gac alkanes. These
molecules degrade into acetic acid, fatty acidshareol, hydrogen, and GO
and are used as substrate for methanogenic bajdgria

Since methane gas can be formed through biogetigtadn coal reservoirs,
the production of CBM can be improved by utilizimgcrobial activity to
degrade organic molecules and convert intermedraikecules into methane.
Biostimulation is a technique to stimulate indigesomicrobial growth by
injecting a nutrient into a coal reservoir, whidnccause a change in bacteria
diversity. This process can be used to reactivatoal reservoir that is no
longer active in producing methane gas [3]. The aifmthis study was to
stimulate biogenic methane formation by adding Betate, methanol, and
formic acid as stimulants. This study also analyzbdnges in the bacteria
community caused by the addition of these stimslant

2 M aterials and Methods

2.1  Sourceof Coal Materialsand Coal Proximate Analysis

Coal of bituminous-subbituminous rank was obtaifrech CBM reservoir KB-
102, Asem-asem Basin in South Kalimantan. At reseriB-102 there are
eight coal layers, consisting of five layers ofdris and three layers of coal
seams. The coal sample was taken from the secam kBger at a depth of
607.05-607.25 meters. The sample was obtained ittiyngla layer of soil to a
depth of 585.5 to 643.5 meters. The sample wagatell shortly after the core
reached the surface and was placed into an anaetbbmber that had been
flushed with argon for microcosm treatment withfeliént stimulants. Coal
proximate analysis was done on site on air driesisbd]. Figure 1 shows the
profile of the coal layers from which the sampleswallected.
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Figure1l Profile of coal layers in CBM reservoir KB-102 [T[he black dashed
line shows the location where the sample was deitec

2.2  Stimulation of Biogenic M ethane For mation

Biogenic methane formation was set up in a micnocdy adding different

stimulants. Four types of microcosms were set lipguk5 g coal core samples
crushed into chunks (1-2 cm) under aerobic lamowrditions and 120 mL

nutrient solution [4] and then treated by addindifferent stimulant to each
microcosm: 50 mM Na-acetate, 5 mM methanol, 50 ndvinfc acid, and

control (no addition). Each microcosm was flushathv80% of nitrogen and

20% of CQand incubated at 37°C for 57 days.

Gas formation, volatile fatty acid (VFA), and pH nsemonitored by gas
chromatography (Shimad2{), with argon as mobile phase, on day 2, 15, 24,
45, and 54. The volatile fatty acid content waslhae using the colorimetric
method according to Montgomery [5]. During methdoemation pH was
measured by Eute€h instrument pH 5 [6].

2.3  Effect of Stimulantson the Bacterial Community

To analyze the bacterial community, bacterial DNAsvisolated from the coal
samples from the different microcosms on day 15454 and 54. The samples
were extracted, followed by amplification of thetrexted DNA through PCR
(Polymerase Chain Reaction) and separation of t6&-§enerated DNA
(DGGE method) [3,7]. The DGGE method allows theasapon of DNA
fragment mixtures of equal length based on thefusece-specific melting
point in a polyacrylamide gel with a gradient alenaturant chemical. From the
number of DGGE bands, we can see the changes ibattterial communities

[7].
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Bacterial DNA extraction was performed using themdi-chloroform isoamyl
alcohol method. The DNA solution was first extractéth a phenol chloroform
isoamyl alcohol mixture (25:24:1) and then preeitgtl with absolute ethanol
and Na-acetate. The DNA was pelleted, washed wilBo 7ethanol and
resuspended in 50 pL of TE buffer pH 8. A nestedRR@=thod was used for
amplification of the bacterial genes encoding 16MNA with KAPA™ 2G
robust. Two types of primers were used: universahgrs for the bacterial 16S
rRNA gene (338F-518R [3], 27F-1492R [8], 357F-90[AR and a specific
primer for the methanogen 16S rRNA gene (357F-696]R The PCR
conditions used for primers 338F-518R, 357F-691R7F3907R were as
follows: initial denaturation (95°C, 5 minutes) nd¢uration (95°C, 30 seconds),
elongation (72°C, 15 seconds), and final elongat{@2°C, 2 minutes).
Meanwhile, the conditions for each primer annealingre: 53°C for 15
seconds, 58°C for 15 seconds, and 50°C for 15 dscorespectively.
Amplification was run for 25 cycles.

The DGGE process was performed using the BidRabBDGGE tool for
mutation detection at 70 volts for 10 hours. Ured gormamide were used as
denaturants. Polyacrylamide gel (6%) was used \V@Bi70% denaturant
concentrations for 550 bp PCR product and polyaonide gel (10%) was used
with 35-60% denaturant concentrations for 180 bgrRLoduct. The DGGE
results were stained using the silver staining wek{f].

3 Results and Discussion

3.1 Coal Proximate Analysis

The proximate analysis of the coal samples from Asem-asem Basin
indicated that the coal could be ranked as sublitous to bituminous based
on the amount of carbon, volatile matter, and astient (Table 1).

Tablel Coal Sample Proximate Analysis.

Variable Amount Subbituminous Standar d¥
Total moisture (air dried basis) 3.32% - 8.07%
Fixed carbon 11.88% - 44.79% 37%
Volatile matter 20% - 42% 23%-24%
Ash content 7% - 65% 20%

Calories 2000 kcal/kg - 7000 kcal/kg 4396 kcallkg
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3.2  Effectsof Adding Stimulants on Biogenic M ethane Formation

3.2.1 Na-acetate Stimulant

The methanogenesis process started after 15 da&ysréF2A), as proven by
VFAs reduction due to syntrophic bacteria activithich converted VFAs into
substrate for methanogenic bacteria. During theubation period, the pH
medium continued to increase (pH>8 after day 2#)s Ted to conditions that
were no longer optimum for methanogen growth andgsed a decline in the
production of methane gas. The increase of pH waset by a high conversion
of VFAs by syntrophic bacteria into acetate, formaQ, H,, or substrates of
other methanogenic bacteria, as shown in Figurel2Bas shown that in the
early days of incubation (after 2 to 15 days), WA concentration increased
and accumulated in the form of acetate, propiortatgrate, and other VFAs.
This was also observed in the study by Jones [#lerev until 8 days of
incubation, the increase of acetate accumulatidicéted that acetate was the
first organic compound released by the fermentaiaeteria. The Na-acetate
stimulated the activity of the methanogenic baatém methanogenesis, which
caused VFA conversion into substrate for methaniocgkacteria to become
more favorable thermodynamically, thus increasiytgrephic bacteria activity.
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Figure2 Methane production by adding Na-acetate stimulant.methane gas
production; B = VFA concentration from treatmentiwNa-acetate stimulant
(conditions: T=37°C, P=1 atm, anaerobic, 120 mL imed5 g subbituminous
coal,®cya=0.5-1 cm).

3.2.2 Methanol Stimulants

Recovery of methane gas began to decline afterrdajFigure 3A), while the
concentration of VFAs started to increase after @dy(Figure 3B). VFA
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concentration decreased from the beginning of iatab until day 24, while
methane recovery increased at the same time. Optiptd conditions during
the incubation period led to a higher consumptidn sabstrate by the
methanogenic bacteria, which was produced throudftfA \conversion by
syntrophic bacteria. This phenomenon made the gyhiz bacteria able to
convert more VFAs into acetate, formate, ££0r H [1]. Under conditions
where pH was no longer optimum (pH>8), the methanegis activity of
methanogenic bacteria decreased and substrate aleteda Conversion of
VFAs into substrate for methanogenic bacteria bytreyphic bacteria was no
longer favorable thermodynamically, which causesl decumulation of VFAs

[1].
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Figure3 Methane production by adding methanol stimulant: Methane gas
production; B = VFA concentration from treatmentttwimethanol stimulant
(conditions: T= 37°C, P=1 atm, anaerobic, 120 mldiael5 g subbituminous
coal,®c,;=0.5-1 cm)

3.2.3 Formic Acid Stimulant

After adding the formic acid stimulant, the forneatiof methane was high in
the early stages (9.66 mmol/g coal until day 1% high amount of methane
released may have been caused by the structurtharsize of the coal chunks
in this treatment, which were smaller than in théheo treatments. The
methanogenesis process was expected to occurdafte24 when the pH value
began to increase, although it was still outsideptimum pH ranges. However,
from Figure 4 we can see that a significant deeredis/FAs occurred on day
24, when methane gas recovery reached its lowast (@34 mmol/g coal).
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Figure4 Methane production by adding formic acid. A= methagas

production; B = VFA concentration from treatmerithiformic acid stimulant
(conditions: T=37°C, P=1 atm, anaerobic, 120 mL imedl5 g subbituminous
coal,Pcya=1-2cm)

Although an increase of pH was observed, the sagmif decrease in VFA
levels was not accompanied by methane gas recovkiywas also the case on
day 54, when decreased levels of VFAs were notrapeaied by an increased
level of methane gas concentration. This suggédsis the majority of the
methane was oxidized to GOy methanothroph bacteria, but further analysis
should be carried out to verify this supposition.

3.2.4 Without Stimulants

Methane gas recovery without any addition of stamtd provided a low
recovery value. The optimum pH for methanogenesis 8; therefore the low
growth of methanogenic bacteria may have been dabgethe pH in the
microcosm (pH 9). Thermogenic methane inside tied was released due to
water pressure formation. This phenomenon madedheentration of detected
methane fairly high on day 2 to day 15 days of ittmibation period (Figure
5A). The decrease in the methane gas concentrfationday 15 to 24 indicates
that the thermogenic methane gas in the coal fregthad been released into
the air and the biogenic methane had not been thyee

Methane gas increased after 45 days, which indidat biogenic methane gas
formation started after 45 days and was accompdnjieddecrease in pH of the
medium, approaching to pH 8.3. Methanogenic bacteave a wide range of
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growth pH, with an optimum pH at 6-8. Only a smahction of known
methanogenic bacteria can survive under low pH itiomd (pH=3) [6].
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Figure5 Methane production without any stimulants. A =methagas

production without any stimulants; B = VFA concextton from treatment
without any stimulants (conditions: T=37°C, P=1 aémaerobic, 120 mL media,
15 g subbituminous coaB.,,=0.5-1 cm).

Figure 5 shows that without any stimulants, metiganesis by methanogenic
bacteria occurred very slowly, as indicated by bi@genic methane recovery
enhancement, which only occurred after 45 dayss Theans only a small
amount of acetate, GQand other single-carbon compounds were used in
methanogenesis. The small amount of VFAs that wewerted into acetate,
formate, CQ, and H or other substrates for methanogenic bacteridaggpthe
not too significant decline in VFAs. The level ofFXs did not change
significantly from day 15 to 70. VFA is a substrated by acetolastic bacteria
to produce acetate, which in turn is used by metanic bacteria. The
conversion of VFA into acetate, formate, £@nd H is thermodynamically
unfavorable without symbiosis with methanogenicteiaa, which use VFA
conversion products to produce methane [1].

From the treatments we can conclude that addimguidints can improve the
production of biogenic methane after all of therthegenic methane has been
released. The highest biogenic methane formatiod (Bmol/g coal) was
achieved by Na-acetate addition, followed by mebhgd.377 mmol/g coal)
and formic acid (2.520 mmol/g coal), while the tmeant without stimulants
only produced 1.2 mmol/g coal methane. The decrea8&As had an inverse
relation with the production of biogenic methanecept in the treatment with
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formic acid. The low methane production in thisatreent was not followed by
a decrease in VFAs as in the other treatments.pFheange of the treatments
with Na-acetate, methanol, or without addition, idlgrmethanogenesis was
between 8 and 8.8. In contrast, the treatment ¥aithnic acid caused a low
initial pH of the microcosm (around pH 4). This pate supports the growth of
acetogenic bacteria that form acetate, formate,, @@ H to support methane

formation by methanogenic bacteria, but it is mobatimum pH for the growth

of methanogenic bacteria [8].

3.3  Change of Bacterial Community during Stimulation

The presence and changes of the bacterial commsifitiethanogenic bacteria,
syntrophic bacteria, as well as other bacteria findigenous coal) have an
important role in CBM formation [8]. This study hamly analyzed the
influence of the stimulation with Na-acetate andthaeol on the bacterial
diversity. The treatment with formic acid will nbe discussed because of its
low production of methane.

Fourteen samples out of 22 were used for PCR-DG@Gd&lysis. The high
inhibitor concentrations indicated by thesfabsorbance (data not shown)
caused difficulty for some samples to be analyhedugh PCR-DGGE. DNA
amplification using nested PCR (27F-1492R primer) menerated a 1402 bp
product. The amplification products from electropsis can be seen in Figure
6.

Il K70 Kno3 N15 N24 N45 N54 N70 Nno3M15 M231M45 M54 M70Mno3
o e e | e |- - -

Ukuran

Figure6 DNA amplification from microcosm samples with diféat stimulants
at different incubation times (L = 100 bp laddersKvithout stimulants, N = Na-
acetate, M = methanol, — = negative control). Numsh5, 24, 45, 54, 70:
incubation time (in days), N©Nitrate methanogenesis inhibitor addition).
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Figure 6 shows successful amplification of DNA téasg using 27F-1492R
primers. The PCR product that used 27F-1492R wamplfied with three
kinds of primers (338F-518R, 357F-907R, 357F-691&nplification of an

earlier PCR product (1402 bp) using 338F_GC-518Rerfor DGGE analysis
is shown in Figure 7.
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Figure7 DNA amplification from microcosm samples (electrepbgram
results of re-PCR amplicons 1402bp using 338F_G@2-B18R primers. L: 100
bp ladder, K: samples without stimulants, N: sampih Na-acetate stimulant,
M: sample with methanol stimulant, —: negative colntNumbers 15, 24, 45, 54,
70: incubation time (in days). NONitrate methanogenesis inhibitor addition.

Figure 7 shows that amplification by nested PCRnhgis27F-1492R and
338F_GC-518R primers and 35-60% denaturant shovedterbseparation of
16S rRNA genes than amplification using 357F_GCFprimers with 35-70%
denaturant (data not shown). This is because dsalyg DGGE is only
optimum for DNA fragments smaller than 500 bp.

The addition of a stimulant and an inhibitor of heetogenesis (N£) showed
an influence on the dynamic of the microbial popialg as shown in Figure 8.
The treatment without stimulant on day 70 (K70) #mel addition of inhibitor
resulted in a loss of some DNA fragments on tophefgel, which means the
addition of NQ inhibited some bacteria groups.

Addition of NG; inhibitor basically resulted in a change of redotemtial,
which caused inhibition of the methanogenesis mac®&Q is a terminal
acceptor electron (TAE) that has a higher redoemqt! value compared to
CO, or acetate (electron acceptors in the methanoemescess). It was
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indicated that inhibitor addition, in the form ofoyl led to inhibition of several
methanogenic bacteria. The addition of Na-acetateraethanol as stimulants
reduced the bacteria community (less than 11 segghlmnds) compared to the
bacterial community in the control treatment (naliidn) at the end of the
incubation period. This result indicates that tlugliton of Na-acetate only
enriched a particular group of bacteria. Accordiogwiddle, Na-acetate and
methanol addition can inhibit methanotroph bactef®. The present
experiment has shown that Na-acetate and methaadoice methanotrophic
bacteria in the microcosm.

Mno3 M70 M54 MMAS M24 MI15 Nno3 N7O NS4 NA5 N24 N15 Kno3 K70

—
— —
— —
b —_—
- — . -‘ -
— — % —
6 10 9 9 7 6 5 4 10 8 11 11 11

Figure8 DGGE results of re-PCR products using 338F_GC-5péRers in
order to observe microbial population dynamics iitrotosm samples (K =
without stimulants, N = Na-acetate stimulants, Mnmethanol stimulants).
Numbers 15, 24, 45, 54, 70 indicate the incubatiime (in days). N@ Nitrate
methanogenesis inhibitor addition. Numbers belog piicture refer to the total
number of separated bands.

4 Conclusion

The highest biogenic methane formation rate wasdesetl by adding Na-
acetate stimulant, reaching 5.034 mmol/g coal on 2 The results from
adding other stimulants —methanol and formic asidowed as highest value of
methane gas formation 4.377 mmol/g coal on dayn242a520 mmol/g coal on
day 22, respectively. The effect of Na-acetaterasthanol as stimulants on the
dynamics of the bacterial population in coal bedhaee was a decrease in
bacterial diversity during the stimulation process.
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