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Optimization of simulated biogenic gas production conditions and
study of gas production mechanism of shale

WANG Mengzhen", CAO Yue'”, HE Huan'", SUN Qiang’, HUANG Zaixing’

1 School of Chemical Engineering & Technology, China University of Mining and Technology, Xuzhou, Jiangsu, China
2 College of Geology and Environment, Xi’an University of Science and Technology, Xi’an, Shaanxi, China
3 National Engineering Research Center of Coal Preparation and Purification, China University of Mining and

Technology, Xuzhou, Jiangsu, China

Abstract: [Objective] To study the influencing factors and mechanism of biogenic gas production
in shale. [Methods] The shale in Yulin was chosen as the object of this study, and methanogens
specifically enriched by our research team in the preliminary stage were used as functional
microbiota. An orthogonal design was adopted to optimize the biogenic gas production conditions.
The simulated biogenic gas production characteristics and changes in physical and chemical
properties of the shale before and after gas production were comprehensively analyzed by gas
chromatography (GC), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR),
Raman spectroscopy (Ram), and nuclear magnetic resonance spectroscopy (NMR). [Results] The
optimal conditions for gas production from shale were as follows: 15% inoculum, a shale particle
size of less than 0.125 mm, and an incubation temperature of 35 °C, under which a cumulative
methane yield of 81.22 pumol/g shale was achieved within 50 days. Industrial and elemental
analyses conducted before and after gas production revealed that methanogens consumed the
organic components of shale to produce methane. XRD results indicated that the inorganic mineral
components in shale also contributed to the anaerobic degradation process associated with gas
production. FT-IR and Ram results showed that the organic matter in shale was mostly long-chain
aliphatic hydrocarbons. During gas production, the carbonyl and ether bonds in some compounds
reacted to form intermediate metabolites containing carboxyl groups. After gas production, the D
and G peaks in the shale samples were not obvious, indicating that the graphitization degree and
maturity of kerogen in the shale increased. In addition, NMR results confirmed that fatty alcohols
or fatty amines were utilized by microorganisms in gas production. [Conclusion] Microorganisms
can utilize the organic components of the shale to produce gas, while also consuming the inorganic
mineral components. This leads to chemical structure organic components, leading to formation of
smaller compounds after gas production.

Keywords: shale; biogas; methanogens; optimization of gas production conditions; organic
components
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M. %5 M {035 (gas chromatography, GC). X
B 2R A7 Bt (X-ray diffraction, XRD), f H 25 J
21 4P 1% (Fourier-transform infrared spectroscopy,
FT-IR). #i S )% (Raman spectroscopy, Ram) fZ
Kirg PR (nuclear magnetic resonance spectroscopy,
NMR)Z5ZMRMETB, ALY R pUs ™
G, RN DU B TR A ) W it ol A v Y
YAl BT AR A, DU R A ST A
ROF RIS

1 AR

1.1 #

RIS I FH DU R i R P 4 bR SE
BT R S, S MU, I A UG A o 1 1)
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0.500-1.000 mm. >1.000 mm). 7= &EEREE IR
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(Clostridium spp.). i +F & J& (Geobacter spp.).
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Table 1

design

Factor and level of orthogonal experiment

Factors  A: Inoculum (%) B: 7/°C C: Particle size (mm)
Level 1 5 25 >1.000 (large)
Level2 15 35 0.500-1.000 (middle)
Level3 10 45 <0.125 (small)

FECRHE A BR A wl)E f 4B e = £
1.3 TUEEPIMRIE SHER R

FEIE AR E P A AT, T 500 mL
PRV A 47 iR SE 5 test group (TG, 300 mL
Figdt, 50d M), i E 2 X
bacterial group (BG, ¥ I #f JC i =L i) 5
substrate group (SG, & UL 3 it AR % Fp B 1),
R 3 MNMEYFER . 10 dE AR
R R e B, IR ARG R R2E 15 mL
BRI, 2 S80S (LR B R
JREG AT RN J) I 2 pH . LA S5 (Eh) M L
53K (electrical conductivity, EC), LLfi# T /=< id
(ORI e R T
1.4 TEEYIFASEIEYILERIERE

FERGEHR, Tl A g R T R
FHICHE KBRS 3 WG T 80 °CHET Rfa . K4
Fr GB/T212—2021P%" F1 GB/T 476—202321,
GB/T 19227—2008 A FRE & 1 Tl 28T (7K 43
Wy kR gy . BER) TR (C. H. O,
N. S)o KH X ST 5L (Bruker D8 Advance,
Cu-Ko 585, FHI#R 4°/min, 20=5-55°)7#7
HrP e A, it MDI Jade 6 (v6.5)#1
BHYE, KA. LS mREE.
1.5 MEEMESEBIEASEN
T

I FH AR L AR 48 21 41 S 13 (Bruker VERTEX
80V, KBr KR ¥k, /¥ 4 em™, HEH
400-4 000 cm™") 43 A7 #F fb T 9 A L RE AT,
45 4 Peakfit 4.12 ZXAFXTFEAE 14 (40 950-1 800,
2 800-2 980. 2 980-3 730 cm ) HFATAMUESL A .

O AERL 2 OE Y (Bruker SENTERRA I,
532 nm HOGIER, TR 10 mW, FLA3EFE] 30 s)3R
B D (2 1350 cm™) 5 G (%) 1 580 cm™)
() 5 B2 L (IDAG) , 3 At 7 AR IS e 45 1)
AT 2L, R 600 MHz 2% % 542/ (Bruker
ADVANCE III HD, C CP/MAS #i=, #
12 kHz) /AT BE ff R e 60 . 5 B ik B & AU
REA 73 .

2 ZXR53tb

2.1 TUEEPEM S SIERIR LGSR
AR AOE RS R 25 R gk 2 i,
e 7= 5 Y0 Ly 8.71-30.93 umol/g T4+, £ M
AN FZHCH A X 7P SRR RA W R AE .
W 22 3 AT 4 SR FE T, A% PR 250 R e ™ i 11 5 T
P HE Y R . B (4) J7 2% (range A, RA)=
12.843>Hi1 i J7 2% (range C, RC)=8.740>1ii i J7 2%
(range B, RB)=3.755, X 5MEAH =Sk Z& il
JEP 3 G R T 4598 T8 RO L, T BB IR T A
AHUTIRAFIEAS 504 R Rl
WUEMEMEWIERN EFHRE, HREE
(RA=12.843) 3 W) Uy DA R vie 2 A HIL o 26 Wy e
eRCR B P AR . SR A 5% 15 &
15% Hf, PRHBER R T; 240%, X 5IhAER#EE
JEE 348 00 28 it JES 40 . e I R A ML AR AR SEUSL, T
K7 (RC=8.740) 1] 38 323 Yo 445 3 o £ o 3ok R S i
A, <0.125 mm 9 40 50k DR LE 3% T RS K
(—15.8 m%/g) 5 F T3 A= - 4y i s g 124201,
TR X P SR A 5508 e (RB=3.755) 2 W i
Z5AF(35-45 °C) R BEHEIT 7= H Jot R B 1) S A il
X A7, 5 Rathi 25878 60 °CF A i PRI
ANTR], 3 AT e 5 AS B 5 B R A I P R RE A
U8 Horh, SIBG2H 8 (43BoCs: HEFN R 15%.
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Table 2 Result of orthogonal experiment and visual analysis

Test number A: Inoculum (%)  B: 7/°C C: Particle size (mm)  Methane production Average value Range
(umol/g shale)
1 5 25 >1.000 9.10 9.829 12.843
2 5 35 0.500-1.000 11.67 16.295
3 5 45 <0.125 8.71 20.056
4 10 25 <0.125 27.87 18.610 3.755
5 10 35 >1.000 13.95 18.851
6 10 45 0.500-1.000 18.35 15.096
7 15 25 0.500-1.000 18.86 13.761 8.740
8 15 35 <0.125 30.93 22.672
9 15 45 >1.000 18.23 22.501

0.106-0.150, 0.180-0.250, 0.500-0.600) mm )
FERERM, X ATEEIH P T OUA T Y R
R TR R (e e - S R R SR I AN AL
L EP A B MFIC A R T A R, X
W Je 2 T 2 R AL T E T )
2.2 TUEHEIE S SEHES

JUA A Ak B v W e 7= i R R 24
SAAWE 1 R, LA (TG) H b= it 2
TR SR B BERRAE (K] 1A): 10-20 d 35 i
KW (H ¥ 7K & 4.38 umol/g), 30 d K IE1(H
87.67 umol/g; 30-50 d #F A fa e W (R i K
<5%), FWIA]REMEA DL CHGE AR . a4
415 5l (BG 4H 6.45 pmol/g), 256 2H v F o
O 81.22 umol/g A, WE T SG 41K
HGEE AR B, RS 0T A P R H e
A LA IE— A AR A

SCEZH(TG) pH H 2 e T 5 B #(El 1B):
0-40d M 7.12 F+Z 7.71 (ApH=0.59), Sy=H L
THAE H' & il CH, AR IR A — 8, 40-50d
] 7% % 7.48 (ApH=0.23), 3B 1L B 5 & P
fig Wi B2 i BRI RAE TG 41 pH I o) iR 1
(0.59)/NF BG 4 (ApH=1.75), {H4[a] 2257 A ik
Giit o 2 (P=0.903), X Al HE kIR T Ul A
BRIGERE W22 P B (3% 3).

SR (ECO) B AL /R (B 1C), =41 EC
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(I AEFFTE 6.92-9.20 uS/em X [H]J% 5, 4H 0] 2%
SR E(P=0.593) (£ 3). XEIKRE FHkE
FEAZ TR A, WA Y- DUA A EAE
X B FER M STok mTRE AR I . Ak,
TG #H EC {#(7.15+0.77) pS/em 1A% & T SG 41
(7.58+0.66) uS/cm, =AML Wi vl {2 #F v A
HT IR ISR

AL HL (Bh)sh & B (K 1D), TG 4
0-20 d HEHF3R A JFLAEE (BEh<-300 mV), 57=H
Jot B e A S X ] (-225 mV)PRE44; 20 d J5 Eh
BETF ZE IF AL (0-140 mV), PR s Hie 15
B Bt 1] S8 AL RV A5 U . RS Eh AR 5
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SARIE B FKF(P=0.947) (3£ 3), XTRES &R
W) AN KA ) A AL T SR8 sl o A el
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FEACHTE DU 0 Tl 40 i1 5 e R A AR ik
Wk 4 s, WNE 4 pasBal IR, HED
F A R 0.05% (Vaap), ENIE T A DL AY A 078
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RE)BH TR AT 0.07% FERAE W AH ) JR 3 s
il C/H HLEREAR, FUBRH LN, Form
Al fELL CO, FE UL 8 2 5 M 4 22 B A B,
RIS 8 o S GRS R Y CO, BRICR R



EHEH F | MY, 2025, 65(6)

2519

A -
100 TG

—o— BG

(o]
(=)
T

[N
(=)
T

N
S
T

[\e}
(=}
T

Methane production (umol/g shale)

B g5¢

10 20 30 40 50

0
t/d
C0r g
—o— BG
——SG
9_
§
%)
3
o 8
53]
7_

t/d

0 10 20 30 40 50 60

—o—BG
——SG
8.0
jas
=9
751
7.0- 1 1 1 1 1
0 10 20 30 40 50

t/d

0 10 20 30 40 50
t/d

E1 TEEYESEESRCHAEEA). pH(B). EC (O)FEh (D)ZE L%k

Figure 1

®"3 EEYFSTEFEEENAESNER

Dynamic changes of CH, content (A), pH (B), EC (C), and Eh (D) during shale biogas production.

Table 3 ANOVA results of characteristic variables during shale biogas production

Variable Inter-class variance Variance between groups F value P value Significance
CH4 851.261 6 749.673 7.929 0.018 *

pH 0.131 0.013 0.103 0.903 ns

EC 0.436 0.236 0.542 0.593 ns

Eh 41 888.622 2278.207 0.054 0.947 ns

*. P<0.05; ns: AEE,
*: P<0.05; ns: Not significant.

B SFFzsi R . ROUK MY E R HGE
i, H R O KR 2 £
35 7 R e T A 11 2 VR SR AR D,
TEASIRES R i (15%) LA 25 18 5 e 25

AAELENE, AR R AR BRI R ) G B R
HINE . B B RIZLAS -5 AR AR IR

DAY . Eh =349 mV KT+ £ IEHA
(1 1D), X 3h& B0 P (AN B8 & A A A I
N, TR B R £ T RE I8 A B R R A i R 5
F S BT 11 P S 4 ML 1 52 i) 7= RS AR DO
— 7, RS GR TR, XATRER T s
A2 ST HLAL AR AR T B0 G e I )
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RV A 7 e el A 26 - A
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®4 FREERAENIUSTSTRESH

P18/ 1] e 5 SR A 1 08 A2 A %
DI, Ban, 7= b R = S0 LR
AR B P R E B T, TTRE SR LY
(e R AR L A RN, IR ARG,
P, SR E R R e X — i A
AR T 4L, 16 A] RERE 0 P F e T 2
AAHIE B 48 B AP, (HAEFTE R
T R E A R, A AR AR A
R A b E R R B AT A U T BE S B
A AR AR B AT WL IR X e T A e A A
AL BHCA AT B K T RE S AR R R
BRI 10 Sh S A A DG . S E R =S 003, pH
() TH(E 1B AT BE ANl A A B R T A, T
Je 301 pH [R5 ) T BE AR o R A A, (AR

Table 4 Proximate and ultimate analysis of shale before and after biogas production

Shale samples Proximate analysis (%)

Ultimate analysis (%)

Mg Aq Vaat FCy Ouaf Caf Haar Naf Sta
Raw 0.73 96.29 2.94 0.04 72.15 14.09 12.75 0.67 0.01
Residual 0.85 96.22 2.89 0.04 74.40 11.87 11.60 2.05 0.09
M: K5 A JKAr; Ve #EESY; FC: [ERKk; O: HotE S C: Mot &&E; H: 20t S N: A S, St
AHi; ad: AT d: TS daf: THRICKEE.

M: Moisture; 4: Ash content; V: Volatile matter; FC: Fixed carbon; O: Oxygen content; C: Carbon content; H: Hydrogen content; N:

Nitrogen content; St: Total sulfur; ad: Air dry base; d: Dry base; daf: Ash-free dry.

B
2000 r A: Anorthose 2000 A: Anorthose
Q K: Potassium feldspar Q K: Potassium feldspar
Q: Quartz Q: Quartz
1500 1500
H : A
21000 21000 Q
:
E E
500 500
Q A Q
K A A QQQ
A ! A K“ AK A A
0 rie dlh
05 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
26 (°) 26 (°)
E2 F5HI(A). F(B) XRDEE

Figure 2 XRD spectra before (A) and after (B) gas production.
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Table 5 XRD analysis of shale before and after gas

production
Shale Quartz Potassium  Plagioclase Clay
samples feldspar minerals
Raw (%) 26.2 14.2 29.1 30.5
Residual (%) 31.6 10.7 29.8 28.0

PR AR AR M . X 5 kAR S A AT 45 R g
—3, HVA AR A TR, mAHC A
RS AE P32 pH B SsE /N, TUA TP RIR SR
Yy B AR T pH B oPRE Sy, Bl S 4l
pH % 50 5 B (ApH=0.59) B 8. =5 35 ik 2 56 A S
PR ZP R 5 2% wh PR 5T AT AR IR RE BR EL
CAnB R ) IR T Bl AR, B Na'. Ca™ 45 5
T3 A B T AR AR UE A AL AR, )
S W U A DL R RCR . RS R S
FEHBE A 20 d iRIE(E 1A —3, KT
Yo AR 5 7R 2 R AE— 2 I DM RIVE I
2.5 TIEEYIFSHIE FILIR 740

T AW 7= S (raw) . 5 (residual) A AL
ALY FT-IR Gk 3. &l 4 . 4K -
B, PEANTE A AR 3, AR R
KB TR SRR A AL REA &R T kR

(o)
L2r = ——Raw
10 § ------ Residual
=~ <
~ A (=} = ©
2 08 2R 2 -
“ —
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% 0.6
£
2 04r
© L
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Figure 3 FT-IR of shale before and after biogas

production.

PERASAL, HARZRIN R B i & U e (P 5k
AT AU D, 5 i ARG AR I AR RS R
FEREA RN, PS5, 7F 950-1800 cm™
JEFEIN(E 4A. 4B), #F(C=0, 1707-1799cm™")
()RR AF I B AR, TR 1 752 om™' Ab B W 1
C=0 W FH SR 5 R R 1k s o ARk
T N i B e AL S R D e, ik — o P 1T i
Wk B-E AL A M E Y i AR, K EETR
U W AL 43 5 A 4 R TR . Hoy/CO, 25 B e il
PRUST JEEE(C-0, 1029-1 162 cm™ ) BRE T
¥, 5 Guo SRR sY — 3, HUFsLH A3
(C—O-C) 1) Wy S 2 1A Wy = ik 2 v () G S0
B SRR SIE( 598-1 638 e )TES AR
Ja EERRE (F 4A . 4B), FUIRUE XTI I7
FECANZRA . ZRI) MR fRRe A BR . A RIS
T dnb 7 O A P 300 ki B 67 a5 B S 430 Ak (ID/IG
{HFFE) (B 5), {H FT-IR 2 W3 A 55 0B 4
KEAENBAE, KR ETEBE Y =R
R TR IERIFAL, JH FT-IR A s 75 4
A EE(R/ICH)EE AR Ja 3, R D5 & 454
() A e TR R R ) D AR ) R T R
K2, 7E 2 800-2 980 cm™' X [H]([&] 4C. 4D)ENE
05 B L (R e SRR A AR BN, Y AT SR R WA
A LR B i I e o 2 S A b, X T g
s Nl ISt i) S

7F 2 980-3 730 cm™ 11 Bl B R PR FL IR o8
W, PRI A T N ke ke C—H 4R Ik 3
(2 982.61 em™), Mkt C=C M&iliEzh(3 080.29 cm™)
KO [RIZEAI R -OH a4 sh (K 4E). 7R
G E BN FRL, H-OH i4sk sh 25 B 5 fin %
FEC(E 4F). Hsbnl L, BRVGHIAR IS h & A =+
B, BRG] R ol
JUAH-OH #F— ¥ %, TUAHE K, 24
Vil 5 B AE5 IR R AR, R R s
FE e K U 10 AR TR 5 s
AWK,
2.6 TIE~SAEIER Ram &R 9

TUA ARG M2tk ik s pros.
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------- Experimental curve Fitting curve ~ --—--- Peak splitting curve

A B _

Absorbance (a.u.)
Absorbance (a.u.)

R TAN

Lok & oA
VNGO

9501000 1200 1400 1 600 1800 950 1000 1 400 1 600 1 800
Wavenumbers (cm™) Wavenumbers (cm™)
C D
3 £l
S &
[ (]
Q Q
g g
< i . <
2800 2850 2900 2 980 2800 2850 2900 2 980
Wavenumbers (cm™) Wavenumbers (cm™)
E F
E )
& & i
8 if‘\' "\ 8 il."\ N
g i ‘\ i, ! 4% ’ i "-\'\ ! \'\
e I “‘ _/"-‘ "e i ‘\ ,l \“ ,‘I i ,'I i
2 VAR TA 2 [ VAV R VA
v !‘ ! \ k] 3 \ w = H i v Vs
o ;A ] (Y] o S [T Y]
< Py L 11 PN < /', L9 ! ! Y b
oV S A T SR A ~ 0 N Ak
. ! "\ P "\ l! \\ A 4 \‘- ! b ll \\ I! ) /I \ il.‘
NNV YWY R Y AVAVAWA!
ot AN ot N N N
2980 3200 3400 3600 3730 2980 3200 3400 3600 3730
Wavenumbers (cm™) Wavenumbers (cm™)

B4 TEEMESAELAKESEMALER. AL B 950-1800 cm SEHM =T 5 AR A A
C. D: 2800-2980 cm 'Ji[fl; E. F: 2980-3 730 cm i .

Figure 4 Peak fitting results of FT-IR spectra of shale before and after biogas production. A, B: Peak fitting in
950-1 800 cm ™' range (before and after gas production); C, D: 2 800-2 980 cm™' range; E, F: 2 980-3 730 cm™

range.

>4 actamicro@im.ac.cn, 7 010-64807516



TER 5 | BUEYR, 2025, 65(6) 2523
A B 6ooop
3000
El 2
% < 4000t
5 2000 5
g 5
2 2
gﬂ 1 000 Toéo 2000
7! A
0 A 1 I 0 L
1 000 2 000 3000 4000 2 000 4000
Wavenumbers (cm™) Wavenumbers (cm™)
C D _ .
1300r ... Experimental curve 6000 oo Experimental curve
Fitting curve Fitting curve

_~ [ e Peak splitting curve 35 P e Peak splitting curve

= =

) H s

= 1000 | = 4000

50 " 50

5 i 5

= 3 N @

< <

& 500F 2 i 6 & 2000

2 A P o EZ

v 7
. i ! A '
0 MY Nt ) A I it gl sy Yl e T,
1000 1500 2 000 1 000 1 500 2 000

Wavenumbers (cm™)

Wavenumbers (cm™)

E5 TUAFESBRRENIESTIEMELER. A, BN IUA T JoRIGHL SR C. DRXIN

PSR

Figure 5 Raman spectra and peak fitting results of shale before and after biogas production. A, B: Raw Raman

spectra before and after gas production; C, D: Corresponding peak fitting results.

AT ID/AG fE R 1.03 (K] 5A), VLW 0UA T EE AR
HA v %5 A 2 1 72 1% (Raman 2} € & &
R1=0.58), HI5HIRLL 4-6 KFAGLEM T, 7
S5 ID/AG {E M 0.42 (K] 5B), IDAG {HIE/)N, [A]
Bf G IEM 159118 em™ i F8 £ 1 606.52 cm™',
Ui B = S R TS T AR A SRR A
I A Wy sk AR Ak S i B IR 5 AR N
C-C #t, WAL (>4 IR N/ NF(2-3 3F)
o AR R, PR AT AL A A B sC
SD)iF— iR, REPARASHREEHIY 1386 cm™
e (U 2) R FERAAG, AR F/INIT BRI 1452 cm™
U (U 4) AR ARG DTRRIES 5 o X PP 4 A8 5 AR R TR 1Y)
JIiG JU T B (4N —CH,—CH—) AT B A 7= B B 1Y

TR, A, BRELIE(L 735 em™!, 6 5)7E
SJEHgR, R E LG E B A K
T LR R R AT, X g AT R N A A
PR T Z VRIS, BT A e R
5 FT-IR S5 5% R B, g ixd o5 A 4y As
AR B PE T v, 3 5 LG K g s [R] 43 B R
(-1 um) YIRS, 45 A TUET= AR, mil
(10-30 d) ek, JFHIEZE(>30d), XFPzER
R, DUAANUR R EA B 1S (A e B
Tl 2 W 4 e Sl ks R 2 1 A 2 B A A 3% Ao
SR A MR AR A, MR S5 A COF
SEF) I R AR B A RO, X — & IR AR T
TALER T 2ok ae . AL2F st T He ik,

http://journals.im.ac.cn/actamicrocn



2524

WANG Mengzhen et al. | Acta Microbiologica Sinica, 2025, 65(6)

S TN TR 07 o R TR T E O
2.7 TUEFFSBIER NMR &R 94

YU 7P AR e 0 i A1 &0 a1 6 TR .
BR8] 6A . 6B)TE 45-50 ppm XA (15 K4 Hr
R, PRI ZIXRIEIE JE 56 (& 6B) H 2 Bk
it ek, AbF 46.95 ppm Fl47.17 ppm f4) 2 4b
IR ] = AN RS 3 46.92 ppm FTT 47.14 ppm,

A

Signal strength (a.u.)

d. (ppm)

J./ppm
c -
5
L o
o

-~
=
s L
N’
<
=
)
=
[0}
-y o
= N
[a~1
= on
o0
xn L

v

N

—

[

2 P P E s ES  ES ES T

0123456 7891011121314151617
J./ppm

0 25 50 75 100 125 150 175 200 225

TR REA SN -CH) LT =2 B R, nJ
e ST P AU AT (WDR TR) A 175 S U AR G 5 1
47.38 ppm Fi1 47.59 ppm f) 2 b i 5] 1% 37157 # £
47.33 ppm F1 47.54 ppm &b, KT g 5 o E]
BL(-CH ) A iB i Can s 5 4k), RBURHH
T W FERRARPY 3 AR fh 3 W g i e oA o
—CH,~CHa) A2 IR S B e Rg fin o 3 — BT

Gy
=
: [ o
& S
= = s
gn b=
[ I\l 2‘
B b N
=2 L 2
<
5 ] L
20
n

45 46 47 48 49 50

. (ppm)
N

0 25 50 75 100 125 150 175 200 225
J./ppm

4.86

Signal strength (a.u.)

3.29

I

012345678 091011121314151617
J/ppm

Ele6 TUEEM~SATEREHIREE(CC NMR)SSIE(HNMR). A, BR™ S0, kil C. DRX
PG RO IRTER, KO LR ICR RN

Figure 6

BC and '"H NMR spectra of shale before and after biogas production. A, B: *C NMR spectra before

and after gas production; C, D: Corresponding '"H NMR spectra. Black curves represent raw spectra and gray

lines indicate characteristic peaks.

>4 actamicro@im.ac.cn, 7 010-64807516



TR S | BAEYIAR, 2025, 65(6)

2525

AE VR T A A Qe 2 o X e e 8 100 3 45 R
B, AN FEE R R E] P21 (An Cho—Cia B,
FEORAT S AVaEY K, EIUE T A e it
B-E LB AR K B b I 4k S B B (N 2T
B AR HLE, M2 T, FERX
(100-160 ppm)f5 FHFa e, #H—LRUH G5
K0T AR, e AR A T
I 15 8 B 191 2% BRUAR LS9 L 18] 6C rpaf LR
o, PRI EGE  EE B R 4.84, 3.28,
1.25 ppm 4b, ULHIAETE 3 AP ANTE B H 4548
'H NMR % K (K 6C. 6D)f2% 1k 2% B i A= A%
WX DA A LTS A AR, R,
1.25 ppm &b 245 114 He i 06 Xof 1 K 1 ot Je AR v Y
F(-CHy) W ERT, HAR S 0R R IS5
SRR T ) I AR . PR ZE T ATE R,
AR Yl B- iR AR e R A IR
0 e A v B 35, LA Ak Sk R B AR (N 20T
Hy/CO,)P ¥ X —id 50 R H & R
% 1.15% (3% 4) 0985 AN B I0E, L [RE K 6t
ot S A N = S 3 S R IR B A . 3.29 ppm
Ak —OH W [14) ok 5557 2 I 22 R S A8 77 A () A 1
(~COOH) LL i -7, %27y i R R AT fg il &k
R T - W A YR O A A iR P

3 Ew

() TUAAE TR IEC IR 4 R LW, ¥
M) L2500 3 AR 2R 3 UKL A 42 b >
REEESREFRIREE , 7 F e i R D0 P S el
2 R R 15%, TUEPRIE/NT 0.125 mm,
FRFRIRE 35 °C, TEBLAMF T HE3R 50d )5, HRit
Hrm B e A 81.22 umol/g T .

() TUA AW =S Tl A H FIoC oM 4%
KR, DUAMXER 7 & 5 H 2.94% 28R
2.89%, BRICEAXT I 14.09% 254 11.87%,
vl B B e B AT LA o s TR A BB R T A
P17~ XRD 55K, TUAAEY A REY
FHAL AR 5 2k A2k, R P4 55
Z 5T ICHNAY R,

(3) 7= FBEdR & R A P I v B0 55 7 26
AR, A LA G Y A A Ik
25 RO S R R R o RS DU
ZER R AU - R BT AR IO N IT IR
AR A S AR RN AR A, R R
TS

6% STk = ¥

TR B, KRS, RS0
I AR SERBOE. SR, B3
B . EsCEE ., AR RE 58
s P KRALEE; BER: RSB

E& A 35 0¢ RATE 7 A

VR 75 WA AT AEAT ] AT RE 2 2 M AR SCR i
R R (RSN Ry I N S

B35 3k

[1] MIDDLETON RS, GUPTA R, HYMAN 1D,
VISWANATHAN HS. The shale gas revolution: barriers,
sustainability, and emerging opportunities[J]. Applied
Energy, 2017, 199: 88-95.

[2] # R0, 28 E TR X 2R 152 m[J].

FE PR A7 IhZe 5%, 2009, 17(12): 35-38, 89-90.
YANG YF. The effect of American shale gas development
on the global natural gas market[J]. International
Petroleum Economics, 2009, 17(12): 35-38, 89-90 (in
Chinese).

[3] LE MT. An assessment of the potential for the
development of the shale gas industry in countries
outside of North America[J]. Heliyon, 2018, 4(2): e00516.

(4] ARARE, BAHE, WAL, B, BRI, R0, TR, B, i
VR, S, BIEE . DUR AR | 2Pk S AR
BISE[)]. KARAHBRBI2E, 2017, 28(12): 1781-1796.
ZOU CN, ZHAO Q, DONG DZ, YANG Z, QIU Z,
LIANG F, WANG N, HUANG Y, DUAN AX, ZHANG
Q, HU ZM. Geological characteristics, main challenges
and future prospect of shale gas[J]. Natural Gas
Geoscience, 2017, 28(12): 1781-1796 (in Chinese).

[5] DALY RA, BORTON MA, WILKINS MJ, HOYT DW,
KOUNTZ DJ, WOLFE RA, WELCH SA, MARCUS
DN, TREXLER RV, MacRAE JD, KRZYCKI JA, COLE
DR, MOUSER PJ, WRIGHTON KC. Microbial
metabolisms in a 2.5-km-deep ecosystem created by
hydraulic fracturing in shales[J]. Nature Microbiology,
2016, 1: 16146.

[6] AL, F Rk, 20, 484 e, arh, KRR, e
s, BO7, B2, XIPERK, FESCAE, BRI, 330, B HE,
XITERY, B . v A SR R8T i S R iy st

http://journals.im.ac.cn/actamicrocn



2526

WANG Mengzhen et al. | Acta Microbiologica Sinica, 2025, 65(6)

[]

[10]

[11]

[12]

[13]

[14]

B[], RIRA Tk, 2016, 36(1): 19-32.

DONG DZ, WANG YM, LI XJ, ZOU CN, GUAN QZ,
ZHANG CC, HUANG JL, WANG SF, WANG HY, LIU
HL, BAI WH, LIANG F, LIN W, ZHAO Q, LIU DX,
QIU Z. Breakthrough and prospect of shale gas
exploration and development in China[J]. Natural Gas
Industry, 2016, 36(1): 19-32 (in Chinese).

I, EOCF, B A, IR, SRETE, (T EF, S,
2Pt LSS R TR SR J]. SRRl
R, 2020, 48(6): 1-30.

SU XB, XIA DP, ZHAO WZ, FU HJ, GUO HG, HE H,
BAO Y, LI D, WEI GQ. Research advances of coalbed
gas bioengineering[J]. Coal Science and Technology,
2020, 48(6): 1-30 (in Chinese).

SR, KRR, . BT I KR AR
BEARAFIR R (T]. RETR5 19 RE, 2017(10): 61-62, 66.
GUO X, SONG YL, ZHAO N. Analysis of the factors
influencing methane production from coal microorganism
in coal field of Qinshui Coalfield[J]. Energy and Energy
Conservation, 2017(10): 61-62, 66 (in Chinese).

SR, IR, TFER, XN, BEGE, T, RARE, W
AR . B W 7 2 S LB R 5 v DY) 3R BF 5 ok
JE[]. iR T A2, 2024, 24(6): 636-646.

ZHANG N, YIN XF, WANG ZC, LIU H, HUANG MJ,
WANG H, LIANG DX, HU JN. Research progress on the
mechanism and influencing factors of microorganisms to
increase coalbed methane production[J]. The Chinese
Journal of Process Engineering, 2024, 24(6): 636-646 (in
Chinese).

B, B, X [, B Kk v, 2R . o310 R X
B I8 2 W 1SR A BT AR (D). R e Ak, 2021, 44(3):
42-49.

WU L, CAO B, ZHAO TQ, LUO YT, LI P. Study on
synergistic effect of molecular sieve and clay on biogenic
gas generated from low-rank coal[J]. Coal Conversion,
2021, 44(3): 42-49 (in Chinese).

FerRR, sk, BUIRAR, TRAR, R TF . ARE UA )R T
B4 K — R Al s 2L 5T SR [D]. L2 AR U, 2024,
38(8): 80-84.

ZUO CW, ZHANG H, JIA ZF, XU D, ZHU WP.
Research status of low permeability shale reservoir
fracturing and integrated fracturing fluids[J]. Chemical
Engineer, 2024, 38(8): 80-84 (in Chinese).

FROKME, P2, AR, 2%, 12530, A5, R,
rse, REAHG, w605 . 16074 b DX 3 23 7K DU SRR |
JE R HLBE K b o SC[T). KRR Tl 2024, 44(8):
58-71.

WU YH, JIANG ZX, WU JF, LIANG X, SHI XW, BAO
SJ, WU W, XU L, TANG XL, HAN YH. Characteristics,
formation mechanism and geological implications of high
water-cut shale gas reservoirs in western Chongqing
area[J]. Natural Gas Industry, 2024, 44(8): 58-71 (in
Chinese).

LIU XY, WANG L, LI YE, ZHANG BH. The succession
of microbial community in CSTR hydrogen production
system[J]. Advanced Materials Research, 2010,
113/114/115/116: 1297-1301.

PSR, aRaMels, S, A, SRR IR EY
TE V& T R IR S B BE S (0], R IE R 5 HOR, 2019,

P4 actamicro@im.ac.cn, 7% 010-64807516

[15]

[16]

[17]

(18]

[19

[

[20]

(21]

[22]

42(4): 31-37.

SHAN AQ, ZHANG YT, XIAO J, FENG QY, GAO B.
Experimental study of microbial community succession
characteristics in abandoned mine groundwater[J].
Environmental Science & Technology, 2019, 42(4):
31-37 (in Chinese).

ECF, B0, FLREE . i iUa B S i A KAL), 2R
2R, 2004, 24(12): 2887-2893.

XIA HP, HUANG J, KONG GH. Ecological restoration
of oil shale waste dumps[J]. Acta Ecologica Sinica, 2004,
24(12): 2887-2893 (in Chinese).

ot IR, 20K, A FE % . R vUA sl
B VL5 b DX g 43 D). BE RS BR AR, 2017, 39(4):
78-82.

GAN HC, SHA YN, LI HQ, ZHOU GX. Research
situation of shale gas in our country and analysis of

potential of Jiangsu area[J]. China Energy and
Environmental Protection, 2017, 39(4): 78-82 (in
Chinese).

BETC, BRIFELL, X%, 250 . i T H B HIX N R RS
IR U S ER AL 2 R AR S S [0, A3l 5K
SRSHBE, 2019, 40(5): 999-1010.

LUO SY, CHEN XH, LIU A, LI H. Geochemical features
and genesis of shale gas from the Lower Cambrian
Shuijingtuo Formation shale in Yichang block, Middle
Yangtze region[J]. Oil & Gas Geology, 2019, 40(5):
999-1010 (in Chinese).

AR, BB, B, SRAY, BRTSE, B, AT, B
e R U of R A W R S e R B A W R TR
M S0 [J]. 5 FE 1 5 55 B4R, 2022, 50(6): 1-10.

HE H, HUANG XY, HUANG ZX, ZHANG Q, CHEN
ZH, ZHAO H, REN HX, HUANG GH. Effect of Kaolin
on biogenic coalbed methane production and the response
of microbial community[J]. Coal Geology & Exploration,
2022, 50(6): 1-10 (in Chinese).

ARG, AT IR, SR AE, B AT A, BRARE, KRR =, 1R
B BRSBTS E R R S
ISZIRI[]). AR 2#4R, 2023, 63(6): 2185-2203.

LI XY, HE H, ZHANG Q, ZHAO H, REN HX, CHEN
LY, ZHU SY, XU ZM, HUANG ZX. Influence of pyrite
on biogenic coal bed methane production and microbial
community structure[J]. Acta Microbiologica Sinica,
2023, 63(6): 2185-2203 (in Chinese).

] 5% Jo - M R 6 G 8 SR L A Tl o3 A O ik
GB/T 212—2001[S]. Jb3t: o EhRHEH A, 2004.
General Administration of Quality  Supervision,
Inspection and Quarantine of the People’s Republic of
China. Proximate analysis of coal: GB/T 212—2001[S].
Beijing: Standards Press of China, 2004 (in Chinese).

] 5 o M B A S A SR, b ] AR A T
4 R A AR SE s GB/T 476—2008([S]. b
AU EBRE T R, 2009.

General ~Administration of Quality  Supervision,
Inspection and Quarantine of the People’s Republic of
China, Standardization Administration of the People’s
Republic of China. Determination of carbon and
hydrogen in coal: GB/T 476—2008[S]. Beijing:
Standards Press of China, 2009 (in Chinese).

) 5 o M B A S A i SR, b ] AR ME A



TR S | BAEYIAR, 2025, 65(6)

2527

(23]

[24]

[27]

[29]

[32]

[33]

B14s B ARG E 5 % GB/T 19227—2008[S]. db5t:
Hh LR S iR, 2000,

General ~Administration of Quality  Supervision,
Inspection and Quarantine of the People’s Republic of
China, Standardization Administration of the People’s
Republic of China. Determination of nitrogen in coal:
GB/T 19227—2008[S]. Beijing: Standards Press of
China, 2009 (in Chinese).

JUREAE . 5 HEAR 0 Y besd A = W) 22 e S 1
BEARAFLAL D). L& ATE: Bk, 2014,

YOU LH. Microbial diversity and optimization of
methane production conditions in low-rank coal in
Xinjiang[D]. Urumgqi: Xinjiang University, 2014 (in
Chinese).

XA, L AT, i 2L AR e R S
R P RIE]. HRAAR, 2018, 37(10): 106-109.
ZHAO XC, WANG B, FENG X, XIE YH. Preliminary
study on influencing factors of biomethane gas
production from lignite[J]. Coal Technology, 2018,
37(10): 106-109 (in Chinese).

GUPTA P, GUPTA A. Biogas production from coal via
anaerobic fermentation[J]. Fuel, 2014, 118: 238-242.
GUO HY, LIU XL, BAI Y, CHEN SL. Impact of coal
particle size on biogenic methane metabolism and its
significance[J]. Journal of Computational and Theoretical
Nanoscience, 2016, 13(2): 1297-1301.

IR, R B, HROV, WRdE . IR IR R AR W e
ARSI [J]. S B BT SR, 2012, 40(5): 24-26.

SU XB, WU Y, XIA DP, CHEN X. Effect of temperature
on biological methane generation of low rank coal[J].
Coal Geology & Exploration, 2012, 40(5): 24-26 (in
Chinese).

RATHI R, LAVANIA M, SINGH N, SARMA PM,
KISHORE P, HAJRA P, LAL B. Evaluating indigenous
diversity and its potential for microbial methane
generation from thermogenic coal bed methane
reservoir[J]. Fuel, 2019, 250: 362-372.

PARK SY, LIANG YN. Biogenic methane production
from coal: a review on recent research and development
on microbially enhanced coalbed methane (MECBM)[J].
Fuel, 2016, 166: 258-267.

CHEN H, QIN Y, DENG Z, GENG M, LI GZ, SANG GJ,
XIA DP. Factors influencing biogenic gas production of
low-rank coal beds in the Jiergalangtu Sag,
Erlian Basin[J]. Natural Gas Industry B, 2019, 6(1): 1-6.
WANG Q, GAO FB, SU XB, JIN Y, ZHAO WZ, GUO
HY, SU LN, XU LW, SHI XW, DING LZ, YU SY.
Graphite-enhanced methanogenesis in coal measure shale
anaerobic digestion: implications for increasing gas yield
and CO, utilization[J]. Chemical Engineering Journal,
2025, 503: 158202.

I, TR, BB, B, B . pH XM
VA2 ) TP e AR Y S R [0, AR~ 4, 2011, 36(8):
1302-1306.

SU XB, XU Y, WU Y, XIA DP, CHEN X. Effect of
salinity and pH on biogenic methane production of low-
rank coal[J]. Journal of China Coal Society, 2011, 36(8):
1302-1306 (in Chinese).

RAY S, KUPPAM C, PANDIT S, KUMAR P. Biogas

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41

—_

[42]

[43]

upgrading by hydrogenotrophic methanogens: an
overview[J]. Waste and Biomass Valorization, 2023,
14(2): 537-552.

B s, g, SR, B fh, mre L R A B
BB 5k 5 ol B 0 IR S A 1 7™ B e 1 R )52 T (0],
WA, 2024, 49(12): 4883-4896.

RUAN QW, WANG Q, SU XB, ZHAO WZ, GAO FB.
Investigation on the effects of total organic carbon
content and maturity of coal measure shale on
biomethane production performance in the anaerobic
digestion system[J]. Journal of China Coal Society, 2024,
49(12): 4883-4896 (in Chinese).

TREA R, BV, FE A, sRAMIT, 5K SCR . AR R ™
SHELY pH A Eh #2 HI [J]. 248 b BT 5 845, 2016, 44(4):
73-76.

QIAO LH, XIA DP, TANG SH, ZHANG SH, ZHANG
WD. The control of pH and Eh of the gas production of
low rank coal[J]. Coal Geology & Exploration, 2016,
44(4): 73-76 (in Chinese).

ki, BRK IR, FiF, F RS . AR HLTIR A
o 3k A 4 52 W) S FCAIL T (7], HBERRE7, 2018, 43(S1):
136-144.

ZHANG X, CHEN TH, WANG J, YUE ZB. Influence of
iron oxides on methanogenic process of organic matter
and related mechanism[J]. Earth Science, 2018, 43(S1):
136-144 (in Chinese).

KA, TR, XA, Fhai, SR, o, B, 55
R RMNE R AALE b I o3 RN TCHL 056 A 07 S 5%
WRI[T]. T2 M2, 2020, 60(6): 1232-1245.

ZHANG Q, HE H, LIU DX, SUN Q, HUANG HZ,
ZHAN D, HUANG ZX, TAO XX. Effect of ash and
inorganic minerals in Dalita long-flame coal on biogas
production[J]. Acta Microbiologica Sinica, 2020, 60(6):
1232-1245 (in Chinese).

LI YQ, WANG ZX, HE ZY, LUO S, SU DF, JIANG H,
ZHOU HJ, XU Q. Effects of temperature, hydrogen/
carbon monoxide ratio and trace element addition on
methane  production  performance from  syngas
biomethanation[J]. Bioresource Technology, 2020, 295:
122296.

WANG ZZ, WANG S, HU YS, DU B, MENG JZ, WU
GX, LIU H, ZHAN XM. Distinguishing responses of
acetoclastic and hydrogenotrophic methanogens to
ammonia stress in mesophilic mixed cultures[J]. Water
Research, 2022, 224: 119029.

GONG SG, IZON G, PENG YB, CAO YC, LIANG QY,
PECKMANN J, CHEN DF, FENG D. Multiple sulfur
isotope systematics of pyrite for tracing sulfate-driven
anaerobic oxidation of methane[J]. Earth and Planetary
Science Letters, 2022, 597: 117827.

KR, ZEGEH A IR AR Sl ) s T R D). TSR,
1996, 15(4): 8-13.

LIU D, DONG HL, AGRAWAL A, SINGH R, ZHANG J,
WANG HM. Inhibitory effect of clay mineral on
methanogenesis by  Methanosarcina  mazei  and
Methanothermobacter  thermautotrophicus[J]. Applied
Clay Science, 2016, 126: 25-32.

i, Rl BRZ, RS TY, 200, JKES, PREER, XK. &
D5 A0 S A A P B A TR SE R AT 52 (0. 00

http://journals.im.ac.cn/actamicrocn



2528 WANG Mengzhen et al. | Acta Microbiologica Sinica, 2025, 65(6)

FHbERAL AR, 2014, 33(6): 764-771.

XIANG WL, LU XC, LU YQ, LI J, ZHANG R, CHEN
XY, LIU H. Experimental study on the microbial
oxidation of chalcopyrite in calcite-boaring ore[J].
Bulletin of Mineralogy, Petrology and Geochemistry,

Chinese).

[48] CHEN R, BAO YX, ZHANG Y]J. A review of biogenic
coalbed methane experimental studies in China[J].
Microorganisms, 2023, 11(2): 304.

[49] VICK SHW, GONG S, SESTAK S, VERGARA TJ,

2014, 33(6): 764-771 (in Chinese).

PINETOWN KL, LI ZS, GREENFIELD P, TETU SG,

[44] T, 5K, BEEEMS . FTIR H1 Raman 3% AR 1EXELE #4943 MIDGLEY DJ, PAULSEN IT. Who eats what
B v A N IR 92 [, D635 24 5 563% 40 1, 2021, 41(7): Unravelling microbial conversion of coal to methane[J].
2050-2056. FEMS Microbiology Ecology, 2019, 95(7): £iz093.

YU CM, ZHANG N, TENG HP. Investigation of [50] VINSON DS, BLAIR NE, MARTINI AM, LARTER S,
different structures of coals through FTIR and Raman OREM WH, McINTOSH JC. Microbial methane from in
techniques[J]. Spectroscopy and Spectral Analysis, 2021, situ biodegradation of coal and shale: a review and
41(7): 2050-2056 (in Chinese). reevaluation of hydrogen and carbon isotope

[45] THAUER RK, KASTER AK, SEEDORF H, BUCKEL signatures[J]. Chemical Geology, 2017, 453: 128-145.

W, HEDDERICH R. Methanogenic Archaea: ecologically [51] WANG Q, YE JB, YANG HY, LIU Q. Chemical
relevant differences in energy conservation[J]. Nature composition and structural characteristics of oil shales
Reviews Microbiology, 2008, 6(8): 579-591. and their kerogens using Fourier transform infrared

[46] GUO HG, HAN Q, ZHANG JL, LIANG WG, HUANG (FTIR) spectroscopy and solid-state '*C nuclear magnetic
ZX, URYNOWICZ M, ALI MI. Available methane from resonance (NMR)[J]. Energy & Fuels, 2016, 30(8):
anthracite by combining coal seam microflora and HO 6271-6280.
pretreatment[J].  International Journal of Energy [52] TONG JH, HAN XX, WANG S, JIANG XM. Evaluation
Research, 2021, 45(2): 1959-1970. of structural characteristics of Huadian oil shale kerogen

[47] 5K, 5K, (2R, 4T S, BRARE, XM, #H2% . Hy0, using direct techniques (solid-state '*C NMR, XPS,

AR B A R T2 Y A 7 TS, R
2, 2024, 64(6): 1960-1971.

ZHANG HP, ZHANG D, HE H, REN Y, CHEN LY, LIU
J, HUANG ZX. Biogas production of vitrinite from
Shengli  lignite pretreated with H,O,[J]. Acta
Microbiologica Sinica, 2024, 64(6): 1960-1971 (in

P4 actamicro@im.ac.cn, 7% 010-64807516

FT-IR, and XRD)[J]. Energy & Fuels, 2011, 25(9):
4006-4013.

[53] COKAR M, FORD B, KALLOS MS, GATES ID. New

gas material balance to quantify biogenic gas generation
rates from shallow organic-matter-rich shales[J]. Fuel,
2013, 104: 443-451.



