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Abstract : Coalbed Gas Bioengineering is a special fermentation project by injecting nutrient solution or domesticated and improved strains
into underground coal seams or producing gas through surface fermentation to convert some organic components of coal into methane to a-
chieve microbial enhanced coalbed methane( CBM) production.As a newly emerging marginal discipline with multiple disciplines,the pro-
ject involves three major fields of energy, environment and new materials.It has multiple benefits and attracts more and more attention.This
paper summarizes the development history of CBM bioengineering at home and abroad for more than 10 years in detail. Firstly , the microbio-
logical Basis of CBM Bioengineering is systematically discussed from the aspects of coalbed (water) biodiversity, anaerobic fermentation
system gas production mechanism and control factors.Then, taking the research of gas—solid-liquid bacteria in anaerobic fermentation sys-
tem as the core and integrating the research methods of other disciplines, the research method of CBM bioengineering itself has been initial-
ly formed.Finally,the implementation plan and development trend of CBM Bioengineering are proposed.Biodiversity provides a source of
bacteria for the formation of bio—methane in coal seams.The fermentation process is divided into four stages according to the changes of
gas—solid—liquid bacteria in the fermentation system.The substrate and environmental factors in the system control the microbial community
structure and affect the production of bio—methane.The causes of methane are divided into three types: acetic acid nutrient type , hydrogen
nutrient type,and methyl nutrient type.This understanding has initially formed the theoretical basis of coalbed gas bioengineering. The com-
bination of molecular biology , geochemistry and coal chemistry provides method support for the development of this discipline.In addition, to
obtaining bio—methane as a clean energy source ,the ground fermentation tank gas production project can also be combined with lignite up-
grading , high sulfur coal microbial desulfurization and new material synthesis to maximize economic benefits ; Underground coalbed gas bio-
engineering can greatly increase the output of coalbed methane wells with its gas—enhancing, decomposing, and permeability —increasing
effects ,and obtain liquid—phase organic matter.At the same time, it can realize the methanation of carbon dioxide,and the emission reduc-
tion effect is obvious.CBM Bioengineering is becoming a brand—new field with its theoretical ,methodological and practical natures,and will

effectively promote the large—scale commercial development process of CBM in China.
Key words: coalbed gas bioengineering; coalbed bio—methane; anaerobic fermentation; microbial enhanced coalbed methane production;

carbon dioxide emission reduction ;new materials
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Fig.1 Research framework of Coalbed Gas Bioengineering
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Table 1 Reported bacterias in CBM fields
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Fig.2 Mechanism of coal conversion to biomethane
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Table 2 Reported methanogens in CBM fields
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G AT A DU K At AT A R ) T B
ML, R — B B A A R AR R, kKA G
W ) 7K i 20 3 2 0 L S P FH K e B
JIgE I 2 i 5 %) A A K S B vl AR T 1R g 1
FRAEIR R T AR, NI R R TN
K S BE R AEAL T, 8 1 5T K fef 40 v %) IR
P4 LA Fh = R

AR A B DR AR A I R G UL K
oE E g .

Pseudomonas, Bacillus, Commonas, Exiguobacterium ,

Acinetobacter,  Lysinibacillus ,

Sedimentibacter , Sporotomaculum , Proteiniborus , Protei-
niphilum , P RERE BRI ST 2 R0 05 /AL G W)
& A Tissierella , Acinetobacter ,
Sedimentibacter > | Bacillus BE % 7= A= — Tt i Jik 4
AR A DR THI T 171, REA 1 ik 21 4 3R Wl ) FAER e 1
TEHERA> 9 5 B9 7K ) ; Pseudomonas & — R
il RE IR I TR & | o R K B e e 5 IR A R

650 —— 4HEEF R

fifie 71, AL BE 2 5 8K 1k & 2 1 Kk e
Proteiniborus F1 Proteiniphilum B % 7K fif 85 H Bt A1 g
YN TR R BER) IR B B, 45 S EE 9 I
(i (IR) W R R AR (R R R ) (EAMNX R
PR ) R R AT, R T B 1) DR R 7RI
(EREZR T LN YN N YT =2 et/
LLoT AR S, AN T S My An i o (4R
() ISP A2 41 A2 0 0 L 0 A 6180 W R D, AT B 22
o 2 51K AR Ry I S R T 7 IR el e 1 MR
PEATBAE T AL, TEAEMI R RIS 1~3 d,
Acinetobacter , Comamonas , Sedimentibacter W)= FE5 =
(& 3)  EATTRE XS v O A e R B o Je e 21 3 fie AR
HH; Sphaerochaeta AR BEIFAN iy, (H 2 A i 1B R W]
IR TR AL G W R OB TR VFLIR VAR
A S KA 7 B A b i EZE D) RE TR
J& . A —/NE 4> Proteiniborus , Intestinimonas fE%
X R R I3 G5 K EAT Wik, 72 1 22 BR RN B 5 I
(PAHs) e T A=, I H 18 53+ 45 4 76 25 18] i HE
YN BWAETRATIN] 5 FIRBAAT I FEW TR 5T A
FRIE FRILAE S AL UEER Y REEIK R
pH ALK, M7 S8 (COD) IR &2 B THE s,
KOG RTAL, B> A RIMEA A <A
P o T A T AR T 322 DL Methnaoculleus
F1 Methanobacterium i F ,{HJ2& HH FHAH 782 B Y
SO TR

- 100 B Proteobacteria M Tenericutes
O Firmicutes E Spirochaetes
= 507 80 o O Bacteroidetes B Aminicenantes
o S E Deferribacteres W Lentisphaerae
X 4501 60 % B Actinobacteria W Fusobacteria
HE m O Euryarchaeota W Deinococcus-Thermus
t:i[a — 40 e W unclassified O Chlamydiae
S350 im W Chloroflexi [ Acidobacteria
/ 20 & Synergistetes W Chiorobi
250 o W Cloacimonetes [ Thermotogae
0 1 2 3 6 10 15 20 25
i [a]/d

B3 fRESAN B AR EACEN R A

Fig.3 Change of bacteria community on genus level in bioreactors

122 FRABN &

TEF= R K B B B, e A L & B A Ak e 7= A
LT~ A3 25 53 A — BB A3 AT LA, K ik By BE ™ A= 1Y)
RV N -0 BB B A W WM — 25 A Dy i P
ALY (R PENR TR 2, A Atk BEk
GE) o Ik T HUK A R 7 A T HY e T AR
I GE AN 8 AN RE S e A P A =L T
DL A SRR B0 B s . 25X —Br
B B EEAIEE Clostridium , Macellibacteroides , Ti-
ssierella , Petrimonas , Anaerovorax , Terrisporobacter , =

8

TR Macellibacteroides &% [ Be L B, REAEIE
S — B B AR RS AT A BB 2R ) o e
R IEAT R, AR , I H & A S5 R R I
L, T P= A /NG R TR T RR S AR W R
Petrimonas F&— Fh & 1% F| FH 22 Fh ik I B9 T , VA LR
BRI RRAR A Ky 732 1A%, 7= B Ak )
Anaerovorax BEWFIH LR | T IR & A& T e,
WEEE R 4208 TR RN 432 0L TR AE AR KO
o3 o Terrisporobacter FIHZ ML= 2B 4,
At , [ Bt BB AR FH IV R R A A L 32 VR R T it
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PR o Bk AE & T UG T A A A S 5 A
Z—o WA, BT HUFT TR B Geobacter HEME B35 H AL
LR PE , Desulfosporosinus F Desulfitobacterium
A REANLYIRRE Al DL IR R IR | SR
FEEAED O, KT 520 R T 588 5
e, FEULH B A AR 5 A RE M . BT
7 F e B — A I )R X A 7 e e v R 1
Py J5t-5 R BRI HAT ORI, S DILBK 75 R
TR BT F W PRI, I 3K B AR R P A
W AR & T 7 R B B R 2 ) B A Rt B o A
F L HHEM SCHE IR 2R 1 43 A A S i
PN R . R R AV EY A Y
Bt , HAEREAR 55 , 2 A IR ZE W) s # v, &2
BN TN T TR . ELBEbekE A A SE W R TR
TS B R A S N I 7 — 25 6 UG T TR, Bt T8
T FRA R B Ak S TR R RO T A — M o
FERIE B o U] o) A B AT R Ak, [R) I B 26
L3 5 8% i i 12 (EMP) # Ak R R iR, — 5
T, PRV PR 4 2 7 PR T T K S0 2 L B RO P T T
AR IO, 5 L 5 B i ) AR B IR B i R 1k
L TE CoA , RIS T H 200N — S8 Atk , T £ Tt AT i
A 5 NADH G4 M. TREW, % —Jr
T, N AR AEAH AR W B OVE TR et — 2D e A
oa-CMEFLIR 3-FR -2 T, e A A 2,3-T —
L0 X AL B A I N e A 2 g T
ARG, PR T P e k2K 7 i ST 4 s IR, BEAE 1
VR IR, & A Y 5 AR TR W 5T Bl B8 B WAH
HCO, 5 T B %, COT FFHa Bl th, B3 b
BT BER AR B E A ROV, AT
2C,H, 0, +2H,0—>CH, CH, CH, COOH +2H, +3H" +

2HCO,+2H, AG=-56.2 kJ/mol (1)
3C,H,0,—2CH,CH,COOH+CH,COOH+HCO, +H"
AG=-164.8 kJ/mol (2)

123 FAFLBRN &

FRET TR S IR A R A o A rh A SR
PR TR AL AN T 77 R R e T R 7 FR e TR 22
] ZED AR R ER S N RMERN, B
WA 7 TR T 1 R [ R BAT 77 U™ SRR 2
e, BRI KR A TR | T PR S R AT
PLRR (VFAs) R BESE i — DBy R\ — A
A, a2 0 7 TP b T 4 A B A IR
Y- IRGRES TR T IR A A 43
BN/ BB Aminobacterium 72 AT LR B Sed-
imentibacter Wi ACHEERER IK R J& Dethiosulfovibrio F1

Synergistaceae , BAITI2& IR 48 & Gt Hh 51 2L 11 24 R %
g = BRI SRR AR T O IR W e %
R TR Y A R 7 PR o o P ke B AR T

FEXA W Bel TIRMIR 8 2 , e RE w1
SR BE N Proteiniborus , Enterobacter, 3 A, I A FT
B Desulfitobacterium | T Y R A1 SO kA=
W N, FE Y HS™ L6s] o 1M Methanobacterium
J& T2 EFR BB, AT HX R A R R BRAE
SEOZB B BRI AMZR Befr R
AIRR P BT A 1, 55 B0 B BRI AR 107 S I 7 20 A
WA IS PR RG2S | ]I A I Uy 6 4 o i
figer= A o — O, AR 2,3 T R X R
AR 2,3- T 2, e 2 R X IZ Y
BRI 2 ARAR , BBl GEk R
HIAEA SO, F2 A
CH,CH,CH,COOH+2H,0—2CH,COOH+2H,+H"

AG=+48.1 kJ/mol (3)
C,H,0,+6H,0—3CH,COOH+2H,+H" +CO,
AG=+53.0 kJ/mol (4)
C,Hs0,+4H,0—CH,COOH+3H,+H"+3HCO,
AG=+56.1 kJ/mol (5)
CH,CH,0H+2HCO;—CH,;COOH+2HCOOH+H" +
H,0 AG=+7.0 k]J/mol (6)
CH,CH,O0H+H,0—CH,COOH+2H,+H"

AG=+9.6 kJ/mol (7)
CH,CH,COOH+3H,0—CH,COOH+3H,+H"+HCO,
AG=+76.1 kJ/mol (3)

124 FHEENHE

1974 4, Bryant 7 K $2 H T 7 B g B X — A
&7, 2001 4 CIAA K R G 4N 2 T ) 8 7
KEW T M T ] ( Euryarchaeota) 1, 77 W BE T 7E
HOERGBAE IR 1 o H 2 0, 2 A DL IR A R A
PR I HRESSHT , BE N A ML e (b W e, &)
ZAETE T AR IR E A | i /K DAY 0 T8 5
KW s B AR ESREARG D AR T
oK FEEREFT & & IR AR RS IE T,
R RIS A G0 43 KR B T AE
WAL AR TR, ST B
AR ST 2 A K R — R, AR
BRSO E RN, FL P Re R I Ah s g b HO G
o JESFHIEAR L A1 T8 ) A8 FIOMER 28 |, 45 A5 50 51
R R BB 184 Rk, (U 200 Z R0
e T B S e ok, HB T 3 4905 B 10 B 29 4
@, Hoto5 B 4 oul oy W ok A W H
(' Methanobacteriales ) | B ok ¥k W H
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e

( Methanococcales ) . Bk W oW H
( Methanomicrobiales) . W 3¢ )\ & BR & H ( Methanosar-
cinales) . W %5 K T B ( Methanopyrales )" . Bfi %&
Hungate %’ﬁﬁ%?ﬁ&ﬂi%k%,ﬁ??ﬂﬁﬁ%éﬁﬂ
TR TEARRIAESIRET | 7 H B 7% A7
B 4 2 S, LA o A I o B 5% 1 AS [) i A 8 ¢
N,

77 HBE B B DR A T ) e J — S B AR 3R
AR B DO T HAB R A . ™ R 08 B AN RE A T At
B ES ST B R A O Sl A B | ) ATP & A
fitis ADP 4k i ATP DLARAS BE it Jf-38 2k ) FH 44
JHLPN — ZRIAFER A0 Bl AT R — S A s B
Py i R A A R Y L 2 5 0 AR
F o0 PO 1 DR 252 3 A 2% PR B8 ) i 2 S ok 1R ) I
AR SR AR 2 e /ML, AR IR 2R B i AN ), o]
PRz e o 3 28 SUE AR | OIRE IR AT
FFRR R SUE SR ARLR R DL R T R
MR A A S A e ™ A F e, T
MBI AR i A 41 a0 H e S5 KT T ( Methanobrevi-
bacter) ; LR E SR 2 LR W S48 7= A8 HH 38 A AN
TR R A A A U R L A T
30 JirHH I (AT A B R 6, Gn HH J5E 22 TR & ( Methanosae-
ta) ; FAHEE FRB AR LU B AL S VR N IR
PAAN A el S A T A5 1 A B AR Ak 2
YAy v A 340 Tt R R AL 54 v g PR S AT A ol
¥t W e 3R B 8 ( Methanococeus ) ™ i ad iX 3 Fh
A e it FE BEIEAE 1 mol JIE W i 7 AR
ATP (IR g« 08 37 B0 > LB R > RS
FEAE

PRI K BT B, S0 77 2 7 F e o il LA T &
A R AR AR A B e 5 LR TR R Y B T
BELL TR RS A 1l R e 5 TR B 4 3 8 TR e
LA A (5 3R R — A BT 1 R 0 1B T B, RE S
FEA WL | B T RS SO Y AT IR AR R
Py R GE R B G e I S A % o R e sk
H i) B e O [B 2 T @ ( Methanocalculus , 80.28% ) 5

P o XF A B, F AR B 3R ( Thermoplasmatales _

norank ,10.58% ) Foyk . 554, e\ & Bk A H 1Y
Y \NZFK T J& ( Methanosarcina ) F1Wg H 3 7= FH J5g o
J& ( Methanomethylovorans ) 435l &5 2.83% F1 0.74% |,
FHBE ¥F 3 J8 ( Methanobacterium ) F1 H %¢ 4% # )&
( Methanoculleus) =F £ B . 3 70, B Jo8 I\ & BR 1 Jm
( Methanosarcina ) %5 s 8 i 34 &5 P8 £ 147, 1M
AR TR A S0y A I B 3 ) 3SR s s g AR Y
2.05% . [RVESF | A X 375 BR %) 1 A6 ) TR R A A AR 25 4
10

h B R SCHERCRR MR B 2R B T A R R 18
13 &R COD MR, HY My bk 5 AR 2 Al S
A IO PR BRI Tt o ) TP B T O i — 2D e
TR X FER R IR 2R et B -
ROWE, I 2D E AR I B IR R, TE R S
Tk A BIVE T 48 < B 38 2o 72 1 S AR R oR HY Tt
LIRCTE™ X —FE AR (A5 EAE | SRR |
PPe WAL R | TG 98U 1R L 3R 28 T 55 A1 AL
Yy B, R B | LSS BT, IR A =
LR A INBEHRENR (4 - TR H BE | — 91 & ot % —
$E.2,6,10, 15-PU B bS5 B A A ALY, AE
bt Jo 8, SR IE & Methanosarcina 5 Pseudomonas
DL (E I, — SRRV B AR | SRR B S SR T
&L R ETE T Methanosarcina BE 7] AT 2 W8 B 35
B B, SORT DL AT S0 SR B W ke, I Y
Methanosarcina P2 H: FRERVE | H AR E IR BUAE N A
BRM(E4) A, B R A A Y B
N R S FR RN S SR A S e — 28 AR
TR , Bt J 2 AL A TR R 7 3 U I A L A
X, Ho1,2,5- A M-3RI IR A HOF
BT R Rl pH A FTFEAL, W N, N-—
HIBE M (N, 2, 3— = HH =T 0 I e 25 T i 25 )
[T BB o RSN BE 5 A DR B HLBEbe IR 45
BRI, T S K A A2 L NHL 8 3, 72 48 IR U
AL R T 43 B B SR R A R 3
T B R B 1) AR A S RIS
IDER=Ei=it
4H,+0,—CH,+2H,0 AG=-135 kJ/mol (9)
4HCOOH—CH,—+30,+2H,0 AG=-130 kJ/mol
(10)
40+2H,0—CH,+3C0O, AG=-196 kJ/mol  (11)
CO,(g) + H,0() > HCO, (1) (12)
2CH,CH,0H(1) + HCO, (1) — 2CH,CO0" (1) +
H'(1) + CH,(g) + H,0(]) (13)
2) HEE TR,
4CH,0H—3CH,+C0O,+2H,0 AG=-105 kJ/mol
(14)
CH,OH+H,—CH,+H,0 AG=-113 kJ/mol  (15)
2(CH,),S+2H,0—3CH,+C0,+2H,S

AG=-49 kJ/mol (16)
4CH,NH,+2H,0—3CH,+CO,+4NH,
AG=-75 kJ/mol (17)
2(CH,),NH+2H,0—3CH, +CO,+2NH,
AG=-73 kJ/mol (18)
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4( CH, ) N+6H,0—9CH, +3C0,+4NH,

AG=-74 kJ/mol (19)
ACH,NH,C1+2H,0—3CH, +CO, +4NH,Cl

AG=-74 kJ/mol (20)
3) LRRESFRA,

CH,COOH—CH,+CO, AG=-33 kJ/mol (21)

500 — HEFE R
400 100
Ifé
EE 300 80 <
o 60 =
g 200 f;
40
™ [
100 20 =
0 o 1 2 3 6 10 15 20 25 0
i ) /d
W Mehanobacterium W Methanolinea
O Methanosarcina B Methannobrevibacter
O Methanoculleus B Methanosphaerula

@ Methanomassiliicoccus WM Nitrososphaera

@ Methanothrix B Methanomethylovorans
O unclassified W Methanosphaera
W Methanospirillum B Methanothermobacter

H4 FEFANBEHEBLEEEBATHE L
Fig4 Changes of archaea community on genus level in bioreactors
1.3 HMmMEZXE

IRAE T WE T AU i e R Ak
PR A Z B B A St R R [E 5
e PR 2R AnREBT L T B2 pH  Eh i 0 R S — U7 T TR
SE T AR YIRETE ) Z B, 55— 7 it s e R
SRR T W BE R G E PERIALCR

1) SRR B %o TR R = 3 0 22 M 1) 5 i)
ETEIES e/ QUM (A g a R sk /b g f e S NI K3
BRI EA R S & B R ;R
FEIARAE AR b A AL AR B T R o e SR
IR, R LW ST by A0 B 1) A A TG Sl BEE T S
i 25 AR B P T v, R e ) AR I 2R TR 2, B
A=l R B B8 T SR A R B
T REE A PRV 1 2R S F A — e R L
Bl 5B 0 e S T R #5 . ROBBINS Firfi iy T
YEWRARH TAHFE B S538 , 407 T ARV BY X A= 4
PRV 2R i B 4 TR A 7 T AUUFF 1A H ( Bacteroid-
ales) WAL AN A WS FF A& ( Pelobacter ) Iy TR
7% 7= B OE B ( Methanosaeta ) 5 1 B 47 15
S,

R ) 52 ) 2 IR SR E &R 48 Mg, GUO
LR R 10 5 K BRI iR AT T IR B K T
PR, K IBE A B I T e e A
B, TRIBE R 456t g ROBBINS'™ fif fiE 52,

PO B R b 7 e RO R T AR B
o EIOFEET LIAS R B i 4 A & B IR A R4 7
PREEK I P 2, K BUBE B B AR ) A 50 B S
363 mL, FAHE SRR 30 mL, MIXSERFSY AR
B, BB R o™ e B R T T AR L R
FALLGREN %) (R 5 32 W] A5 4y P e 7 5 JE B
SEIEHISE, WAWRIK Fl HUANG %02 BN A= 4
ke i S R A Wl B AR S DA IR SRR
P A A PR e i 8 R AR W A v FK A B B i 1 Qi i
PRI 204 W e = A E 2 R
2) A IRITER, WS R ITRIE N A
BRI TICE FER AR R R S
PRSI ( 3R 3) o AEEIIE T IRE A
RGPS TR B S AR R RS 2 A, B
AN VB BT TS 2 TR R T R AT TR ) AR T
e, SERE BRI 2 E ARG, ol TR PR ) 2 R LA
PR R TR 0 7 TR e T 1) £ TR 3 % 2R 7™ T e T
AR DRBLIE AR e B rh R T R A VT A
IR T2 VAT R AR O s 5 R B i AR B T 3R X A T
HE R THICR e —E R E LR TR S
7 HVGE R A B R AR PE S IE ARG
®3 H%.HBEREREIRISERE
k4L roEs s A 1E A DY
Table 3 Role of Fe,Co and Ni in reaction

and transformation in anaerobic metabolism'**’

[DEiwIeN Tite

LR e BN U | — S AL R o AL

* P AR PR ER A 5L | P

— SRR B T 2 T A I T A O DR Al

# F a0 JIRHEE 447 DNA Il RNA f0%a e 2L EG

i B12 iy \— A U T R R Tl

Tl TU B N IR AEL R I R 48 B 50 D SR g
P % O P /E 7, MOESTEDT %67 58
1o 1] DR AR T 2R 5 TP S I [R) o 24 1) ol i o 3 A
FEXTAE A F e ) 42 1 2800, BF 9 R W i T R Y
TE AN ] i N 37% , WS IS JE Bk
JE A A B b= e, RPN R
BRES T AR B B 3 Bl (3 AR Mk ) P ol AR g 7
SR FEVE FH 2 W0 38 A, R B BV A A B
PR m L4

3) TR, R A e A A K AR
AR AR T A A IR R s i o o = i N 2 A
P, BAMBER E M, K285 2R ELE 25~ 30
C , NEZ TP RUE Y Z AR T HBGE B TR
oAt A= 58 r i v ek Y T A LSS JS R B, 1991 4E R
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TR SR DR & B — KK Methanopyrus BETE 110
CFAERBZH LR, 2004 45 M} 2 — kb i3
TURR A B alifb ) 45 °C F A K7 B B i )
— AN 7 e TR A B0 1Y) el IR AE 35 ~ 45
C, bt TFRUREE A 38 i, 52 0038 B T i b g, —
SRR s ek e A R o kA 0 7 AR B A T
AW TR R . B A R X 0 A A AR
[, 7= PR o Jo (1R 8 DX R s A 25 5 ) VN 2 sl it
AR (10~75 C) B R A K BV A5 — 2
T FB1 PN A 40 B e = S B R 3 T v T K, 30~ 55 °C
Y P P R 7 SR A A (R SR T B e A R
B AT TG DX [ (R0 3RL 8 o 24 0 R e 7 ) 5 i —
HIAEW, GREEN 25 7e | F# ] 2 2K &
B I TR VB I U R O A e A o, R B TR
22 CHhr & 38 CHE, = e sl H 42 5 T 300% , 1
B EIRTE 25 C 1 35 C I H G P d e k1 |
ZErE R I 22K 22 PR 35 °C AR Ty %5 NI IR S R 8
R STIR Y A

4)pH fH, pH 1EN—FhEHEMIHEEH F, MY
RES IR A B i A0 5 M T LA 5 i e A Qi
PR A A AR | DR Ot 0 B AN A M BV 7
TR A B X RS B A pH (H 3R
B AR RS VAT T A R Y pH M 5.5
TF&E6.51 3 FE B R ] (Actinobacteria) 18R & W
ARG, B—J5 1, pH {HAEHE AR
290 BB F £ DA 5 T 2B ) A B R SR T AR
TS MRS 0 1 FH 23, DRI AS ] pH (10 % B 2R ¢
Hh B o A B AR A AT 25 W R X A RIS B A B
PESAT R I IR A K T R G il T 7 b TR Y 3
PENOT A Ay 2 A 7 B de A pH R A
PEV SRR AR AR AT LU B K R
A pH 200 T 1 =<5 & B0 pH {A7E 7~8
i, R O ) F s 2 o o 2 B i KM, B pH i
I R A | Y e 2 o R B /L, A ) 4 R
fefa¥ gl Gupta FFIESE , AL, 36 & BAN F A 37K
AT R AR e R e st A el pHL {ER 7.0 ~
7.5 RSN R B AR AN pH EN 7.0, JR
SERRE BRI pH A 7 e R A R 4 Y
T ECYE R, e R O

5)Eh, AR AR A R KRR AR
LR JEAE B 2 AR B, SR R AR 235
A AP S R 7 4 T 8, S T el A A H A K 3R
(AR S R A R R ZER W R G2 Y Eh
(L E P i S A T O R v A 4 T M S R R AR AL
PR SR A A= W A R e 6 b e

12

1E Eh SH—370 ~ =500 mV 3t Bl P sk B o 1 A 45 R
F e i e S 7 DU B S [ A s 4y 3
TP A 5, S A )5 B AV 7 - 284 mV K
et e A AR B, IR 7 A0 gt R R o ) v A
TR, A5 R AU A e A7 2 I R A 4 Y e A 1 2
FRE R Z -1

6) WAk 54 T K 8 Iy 4. bR K R
(i) 2 1t Ay )2 P A o Flc A 0 P A AR AL T
BLfilt, MR K AR IR RN 45 A 2 TR RN oy TRV ik R
TR NS TR, (52 A A M v 2
IR SRR & 00 B IR R T 4 B A
Fo B b RE B, X6 ek A 40 A 0 o e R, T R )
PR BER =3, A R R R R DR K e
FH o 14 2 ] FsF 2 B AN TS I S AL B R 1 00 T, (IR A
B A o) PP b i O 5 B R B 1 oy, e A i
BT B A 25 000 mg/L i, FBE AR i &
TR 8 Al 2 3 A B 5Tt R W B 2 R v
S IR AR P A ) Y o 7 Y ot Wk B A B T
[T R

NHL R K B S 4E T, 1R 7K 85 Sk X 18] R
B DX IR RN — A R 1 T R 1 a A () 2 4
A FR Y R W R R IE R A R, X
IKANEA DX, A% PR AR A R S5 E LATE B, A T4
WIS A B R X R K PR B S A A
W E SR ReE TP KA T, WEAH T
YRR, RAERR , REA KA, BaF
B E RV AL R T, Xl
JENHI F T2 AT & B S AR S A AR
FIBR R 22—

7) RS R AR, PRI R W A T e
Yy i v 8 R AR L 3 i U/ INB, G L ) el
A A B 4 B R R R R
AR B M R R R 29 R A AR
YA G R B R B ) 8 NS R T R
A Y el A5 i A 0 5 3 T 7 43 Mk, 2 T o ke
SRR SR T, B R 2 R be, A 2R 0F
FEUFSAG I AR /N, PR R B Ah
HAEWEIE AR A U KR I 7 B o ao 8 o AR
i 1700 wm J/NE 106 wm B, e A plsR a0 T
200% """ | GUPTA 45 H 1 AR #5146 - 60 ~ 15 pum
i be e e R

8) WAL /v, B A B Y S R H o X A W W e
ITE B — 2 IR I, R 4 B 40 AR A
SN 4 il i PP X 2 A S TR 6
4307 H ot BE 1 RIS S s 2 0 A 9 Y e A Rt
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FRISENE , e BREE IR 2 AR X T ORI o4, R e ™ 6
B, AR TR YRR A

9) fLBEAS ], oA W B35 Bl s 2 — 7 19 FLBR
23 (6], BUR A AR TR E Y SEH , 40 P42 R
N 1~10 pm , ZORTURE BIFLEAT 3~30 pm DL EHY
2 [HIABEA RO STEY /L, I, 3 TR RS
PSSR AXT SE B A R A 2 | TR 2R P b RE S IR
IS R 1 L DX 5 TR R TR A S 5
XFFB BN 22, BN AT s BRGSO R
SUEY) TAREME RS 238 715 5 R 28 O SR 5
Tt

2 BHESEMIREMARGE

21 WEPESESH

FIFH G4 A | 2 A T LUK 4y B 4lifk
PR T 5 AR B, T DA S T 0 22 PR s8R
PR/ A B 22 8] 114 [B) B 4538 43 A6 3 A fb Ry
fiE, Fe 2 B AN B R ECR =, S8, 5Ot iR
AT DAL 1 77 B e TR B ™ T oA 1) 9 e iX 2 R
KEMETOE T & & Mg S a0, H 5 g
PTESRRE
22 REBRIE

D) EEABER S e, BEERAER G
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Fig.5 Venn diagram showing number of shared and unique

OTU between different groups for baterial and archaea community
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Fig.9 Methane yield of lignite after microbial acclimation
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PEIEIEIX 3 Fh A E R 483 =t Je mn A DL, 53 301 R
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e IO 5 R s W S K7 g s 2 S o <
SN 19.55 mg/L, BEZRY T i 31.49 me/L, iR
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Table 4 Liquid phase chemicals in fermentation system at end of gas generation
AP R EE/ (mg - L)
i Yyt
RS T BE 74 [l
ke 17.29 14.01 11.66
/b 8.13 3.27 13.92
vkt 6.53 8.72 9.83
H . 12.75 11.72 16.33
i I 11.16 15.64 13.78
I B AV - — — 3.71
7% Ak 11.39 13.46 7.89
=1k 4.78 7.51 4.95
=k 7.76 3.83 —
=tk 9.68 — 12.36
4,6—- " H R4 kg 4.54 8.63 10.36
- =4 =0 5.22 — —
- Rk 3.82 — —
2B = Tk 3.98 2.6 —
e e 5.14 — —
¥ [REEE S oAy o 3.82 — —
G 3,6- " HIHESE 5.02 — —
2-HIE A\ 5.02 — —
ke 2,6, 11-=HE+ 0 — 7.97 —
K 2- I 4 — 2.59 5.83
-k — 2.77 —
2- I\ e — 3.15 —
5- ATk — 5.72 8.36
3-HET A — — 3.09
10-FEE = A b — 2.75 —
e + ke 4.87 — —
s 3-FRHE-N N- T HURE A o Mg 7.87 8.73 10.67
N-(2,2-Dichloro—1-hydroxy—ethyl ) -2 ,2~dimethyl-propionamide 9.11 9.47 12.58
i H S 4.06 6.68 8.02
R T 5.58 6.12 6.65
Oxalic acid, bis (6-ethyloct—=3-yl) ester — — 5.85
Propanoic acid,2,2—-dimethyl—, chloromethyl ester 8.77 3.01 —
Propanoic acid,2-chloro—, pentyl ester 8.05 3.96 4.56
Oxalic acid,6—ethyloct—3 -yl heptyl ester 11.82 — —
i Butanoic acid,3-oxo—,2,2,2~-trichloroethyl ester 8.78 — 3.62
% Imidodicarbonic acid, diethyl ester 16.66 7.16 —
L] Acetic acid, chloro—, 1-methylbutyl ester — 4.67 4.31
i Chloroacetic acid, cyclohexyl ester — 4.33 —
Boric acid, ethyl—, didecyl ester — 4.09 —
Methoxyacetic acid , tetradecyl ester — 2.85 —
Chloroacetic acid 3—methylbutyl ester — — 2.85
Ethanedioic acid, bis( 1-methylpropyl) ester — — 2.66
HIZ 4.65 5.32 4.96
2Ky 5.62 2.97 3.46
3,4- AR ITEE 4.63 — —
2,3-Pyridinedicarboxylic acid — 2.98 —
Ak Glycyl—dl-alanine — 2.57 —
& Folic Acid 4.65 3.12 2.01
Fumaramic acid — — 3.18
Phenylphosphoric acid — — 2.66
2,3-Pyridinedicarboxylic acid — 2.98 —
Fumaramic acid — 2.66 —
s Tetraethylene glycol monododecyl ether 7.21 — —
BXYR Boron trifluoride etherate 5.36 — —
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Table 5 Isothermal adsorption data of coal

before and after biogas production

Fefh Vi/(em® - g™ty AEfER /% P/MPa ALK /9%

HeRG-1 17.153 1.096
-6.51 6.08
Herg -2 16.036 1.167
HRE-1 26.882 1.097
-2.62 -8.38
ERE-2 26.178 1.005
201
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Fig.10  Isothermal adsorption curves before and
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Table 6 Permeability changes of coal core before

and after anaerobic fermentation
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