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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,
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0.500-1.000 mm. >1.000 mm). 7= &EEREE IR
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#z1 EXREERKFER
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 ZR53tb

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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ST

FEACHTE DU 0 Tl 40 i1 5 e R A AR ik
Wk 4 s, WNE 4 pasBal IR, HED
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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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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
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------- Experimental curve Fitting curve ~ --—--- Peak splitting curve
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