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Abstract Fossil fuels have been the main source of energy supply, and their combustion leads to
the release of a large amount of CO, and the greenhouse effect. The capture and reuse of CO, have

attracted more and more attention. Microbial electrolysis cell (MEC), a new CO, reuse technology,
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can achieve CO, fixation by combining electroactive microorganisms with electrochemical
stimulation to recycle CO, into low-carbon fuels (such as CH,) through bioelectrochemical action
and energy recovery. Although there have many researches in the field of MEC in recent years, there
are still many problems which hinder the scale and industrialization of this technology. This paper
compares the working principle of CO,-electrochemical methanogenesis, key factors affecting
performance, bio-cathode electroactive functional microorganisms and their extracellular electron
transfer mechanism, and the latest research progress of electrocatalytic coupling technology. We also
presents the future research needs and challenges of MEC CO,-electrochemical methanogenesis
technology.

Keywords  Microbial electrolytic cell (MEC), CO, bioelectromethanogenesis, cathode

material, electroactive functional bacteria, extracellular electron transport mechanism.
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1 MEC H:EERE M E R (Factors affecting the performance of MEC)
MEC #fiBly CO, 7™ HUGE YRR 52 3 22 07 IR BYSEIR, S 1 R A% B8 1y 118 FR e 7 38, i PERE AR E Y B
PR | e A A% 3t F, 1) FR TR PR A2 ) AR5 2 08 A1 i Pl A4
MEC BB A Sy Fit 58 P A 0 F, 102 3 1) 2 80 T A 7 R e 1 R 36 1Y 32 2837 BT, 2520 MEC 1 RE
I ICHE N 2R Z —, MEC BT RH—RA RAF itk . TCRZE YRtk m bR Tm AR | e i a2 550 0
BA(Pt) Ef P HITE MEC bR HLARRH R}, FLRE R R ik 75%—80%, {H i T Pt IR | 2GS R b i
AT P58 52 00 K, WO 5 A B At B S PR S I FR AR A RL, B SRR | 4 T AR RN 2 5 b1
T AT R W 8 e 8 Sk A0 8] 3(a) LA T AT 5 AR MEC BIF9Y 3 ) FH S [R] Ha A A Ak T 3R A5 1) e g HH o 7=
FRANE LA R EC 402 7 F o8 3 1 U 2 B T MO — A Ak B, SRR R IR AR DL T B4 T 47
MEIEGE T, B T e 7 AR TR 52 B AR > 46 JB SR > Bl BE A ). BkAT | Bk 4RAE A MEC A4 B
2 %) 55 I T 3K ) A e e B o 7 A R AN R 35—87 mL-Lt-d ™ Z A, AR T HRE BRI, ol RESE i T A
X - LB b R T FRAEC Rl P LA AR AR AR P9 T BT 5 0, B Rt ) D B AT B R 9 L SR T
P, S 1) 08 F Y A W R I B 7. AN B AR I 4 S (TR R (NG ) AR 4 T A R ) LAY
R A S r M, H R i H o 7 A S R T IR B 135—350 mL-L'-d ™!, A5 A9 UESEAS A5 A0 ] 5| A o A VG
U RN H,y, SRR HE 20 57 85 B 08 5 18 5 ) e iy 7153 1 7 207 A CH> Y. Ak, Ni ik 27 F e
] A G B il (PP RS MO PO A R4 R oT 3R, 7™ B Be IR AR S T Al B 0 B 50 o5 4 N R R ) [T AR 2
HET 4 e F e 7 800, Pe-i B T Pk ) A5 6 DL 1Y) Bt 4 A AB 1 525 BT, 1B P AR M 1Y) B 4 J FEL AR AL
e 5 K A= HT BN A Hy, 5 20E 37 87 B e T ) 2 T e e ) 3 F 3 A8 18 7 ORI CO, PR
6] CH, A0 > 10 r Y 2 88 T LA 0] T 5 ke A 457 9 T AR S5 ) A S e ) Fl i, 584 SR A WA )
S5 PN B R L I 5 T AT 3k 45—60 A-m ™, BERH - HUPEACLF % 02 QR A RN KL TSR 40 K bR
B L OAR | S AR A5 5 1 B M T B 4 Ja BBk R T o 5 5 BN A L, AR KAB M 1Y 52 5 A L
B R ARSI E M, B 2 LA K 5 R T A0 M 1 SR AR LA SR B i 7 A,
HCd g H e 7= A R R 38 200—350 mL-L'-d ™, SR 1 52 5 BAR BF A 2 3 45 ok MEC BT fry
FEHRO O NG B AR R A AR NI/Co-NC 4K 8B A AR #iME GO/Fe;0, K E A #
R S BRI, QK 8B R A AEHE S MEC BB B A )T F 6 PR s A= 0 7E H P iR HL 308 1 A=
WSS, [) (e ik U8 3™ FR b i B TR D7 ORISR CO, B CH, BYAE WAL A3 S /R I ),
RS 40 1 MEC HL = UBe 0 Ry B2, (5] 3(b) B 45 1 JLAE & A & fE A Rl B AL H] MEC
7 ) B e e 7 A R R 70270 —0.6——1.0 'V vs. AgClJR i DL 1 B AR H e, JHG 1) 1) e vy PR e 7 A i
S UETE 15100 miL-L o™ 217050, ]ty o 61 7, TRy 8 09 A
T H B RS PR, R RGO ER Y B AR IR AR, B e B B R R AE-0.9——1.0 V vs.
Ag/AgCl H~F- i B A SEBLRY, AR WT ST o 300 3 e o 5 67 P 52 9 D7 vk LA S il CO, HL Y e 2 Y
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B T HL AR A4 R B A H AN, MEC 1) 45 44, 2 [A] 422 52 i Sl 2E 0 1 vl T s ME BB L CH 7= 2R 2 10,
K 3(c) s T I SeAR AR 56 SCHk Y, B FIXLE MEC BB K™ F 8 36, 538 MEC 1 ¢ 5 P 7™ 2 il
KA 85200 mL-L'-d™ 2 [a], i A28 MIFE 45— 100 mL-L'-d Z fa]&47 8114 #i2 MEC T
JoT - HEERELIR , ) BH A (8] BE A 028 MEC B30T, P BELEE /0N . 490 5 ) ) 4% SO BEL ) BEAIG L L 9 28 B3 O 5, 3
A UEATHAL CH, Az =0 4 A& B2 MEC /1 I8 0% 1 I BEL RS, B BH b A 0 AH B 4 fih, B 5 & 2B il I
N, T ATE BLZE MEC H Qifal S8 H 9 7= CHy 199 153 850 ) 55 AE 201 9 285 T 0 12 6 T 19 T ) A,

IEAh, MEC H 5 AL I 28 B 2 CO, H F e fh i 7 i AR X L A5 3 SCR R E LA b, S5 8 7 B o
R Z AT — DG FR, FL LA i R A B S 1 8 2, SEAEG I A A A el SELRIT R £ 2 % v L, T3]
o FEL I M) 1 R RS 3 A A 14 2 ) T A R AN Ay LS B R U e T M 5 AR A SCHk R T DL R B, B4R
1B B A A5 A A 7= A ) i v FL D e K (18] 3() ), 1R F] 47—59 A-m ™ Z [, AT REJE 3 & BB
A BB B 5 A 0 B ) DR R, DA 7 A R I L AL 5 i A A e R 2 7 A A v 1 L O %, MEC
FE—1.2 V vs. AgCl B 1) 55 e FL I 9% B e K (1 3(b) ), 3k 8] 7.5—11.4 A-m™ Z[H], AT 255 5 14 FL R i
A 45T MEC B 5 1 HL It i 2l B % MEEC 1Y L It 25 5 8 T2 MEC (] 3(¢) ), AT g2 fi % MEC N FH
AN AL B AR,

2 MECHHEHINEE NI R XEE/EM (Characteristics and important roles of electroactive
functional bacteria in MEC)
2.1 HLIEVEINRE TR A MR ST AR
MEC Hfi By CO, 7™ 1 Be i1z A7 S BEAE T BB M =5 N R FEL TS PE D RE A 1, BN RIBE B 756 7
S ELTAR, B MEC (<O . TG P Dl BE I A= 90 v 5 B A/ I H 34 2 5 1l vl 35 5 P ol BEL g R
i, SIBOR A HLA R T Y LT, 38 R COy AR S A LY (1 CH,) L LA B A S B id 5t ik
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JEASTEALIY. g T4 MEC 7 HUBERYVERE, 1 A i TE S REUZE M 028 8 | BEVE 20 UM E 2
[ 9 AH LA 225G 2. RS AE I CO, 7™ H e Y Bl 26 W J2 — b i 88 1) g T PR DN BB BUA , 78702877
I, &) B 1 (Euryarchaeota) , H: 4335 5 4~ H ( Methanobacteriales. Methanococcales. Methanomi-
crobiales . Methanopyrales fl  Methanosarcinales) . 10 > B} ( Methanobacteriaceae. Methanocaldo-
coccaceae, Methanococcaceae. Methanocorpusculaceae. Methanomicrobiaceae. Methanopyraceae.,
Methanosaetaceae . Methanosarcinaceae. Methanospirillaceae, Methanothermaceae) X 31 1~ J&, X Eff 4=
Py xS T R, DRI R 22 TR AR G A AR i SR A BRI P B SR CO, HL ™ B TR R Y SIS 26
R HVEESE | Hy AV IR, X 7Y 7 F e T 43 ) o] LA fim 24 9 AR E R B (5 X 1) A B R AL Or e
K 2) MR E T O Rt 3) 7 e i .

4H, + CO, — CH, +2H,0 (2)
CH;COO™ +H* — CH, + CO, (3

77 B TR A AR SURRAE (R TR L JRLEE AT pHL Y IR S5 AE 3R | v, KEHU™ e A2 W TR 40 M, 76
pHAEZY N 7 B AR R AR R 38 b, MR 7 H e B A H e AT T & (Methanobacterium) . W e 3R T4 &
(Methanosarcina) Fl H e 22 R T J& (Methanosaeta) (€] 4)¥0 1 IRFK TR . Ve s iR . A B RS 7K H 4k
b 55 Sy 77 R G AT e il AR K A R R,

R W BER Ay A BEIE

Table 1 Main physiological characteristics of the methanogenic bacteria

7 BE R B TREEEE °C E B U
Methanogenic bacteria Carbon sources Temperature range pH References
Methanosarcinales LB, Hy + €Oy, CEOE: Eg?ﬁm%’ FRENRE 1.0—70 4.0—10.0 [43 —45]
Methanomicrobiales H, + CO,, FREL, W, 2-NIE, 2- T, PRINGHE 15—60 6.1—8.0 (42, 46]

Methanobacteriales H, + CO,, CO, Wiz, C-H L&Y 20—88 5.0—8.8 [44]
Methanococcales H, + CO,, HREL <20—88 4.5—9.8 [44, 46]
Methanopyrales H, + CO, 84—110 5.5—7.0 [47 — 48]
Methanocellales H, + CO,, HERER 2540 6.5—7.8 [44]

4 (A—C)65—70 C T KW LeF B Methanobacterium thermoautotrophicus 1 SEM &, 10 pm™; (D—G ) F 5
BKTE Methanosarcina strain 227 ) SEM K", (D) 10 pm, (E)500 pm, (F)40 pm, (G)4 um
Fig.4 (A—C) SEM images of Methanobacterium thermoautotrophicus grown at 65—70 °C, 10 um™®’; (D—G) SEM
images of Methanosarcina strain 227 ", (D) 10 pm , (E) 500 um, (F) 40 um, and (G) 4 um
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MEC 7 H 2 Qi fa] DB B A R TR 5% 7% T CO, 8 It i) 1 2 A2 31 2 B0 O T, — i g R R 7E
MEC W B SR T4 T H,, BE 76 B4 09 H 7 U GE B8 DL Ho/CO, MR 1 CHy, I8 —Fh i B2
72 g B AT DA B DA FAAR 28 1 3R A5 B 38 JiL CO, P2 A CH, Mo~ *7. 15357 T —Bei 0] J5 i MEC 1% BH B
S — 2 RIE R A Y B 55, RIS AR W Y TR AN A T R L AR LI, A 2SR
Ry T B R R FEAE R US0 3X Flh E 5 P AE p BE R MEEC H 7 g FR AR W R R 22 TR TR R R Y
FE IR, W LUEAS H 7 g DA 2 R 3 A A 50 2 A2 T AR A 0 1) 7 3 3 5 AR, R A F
FTH A HL 7742 CH,P.

TE MEC i J5t CO, 7= HUGE AR 22 v, B 7 B e Al A 0 ] 3 3l o () R 4% 328 1) 54 X0 IS B 1)
MR HL T HEA TR, T 0R 2% HLoss FE A 200 2 YR Z2 ) R 46 4, T8 31 B35 A A8 R — 2Ly
SN T 22 JE KA WL 53 R /N o A L, H P BB A A e R N oy 7 AR g e #0),
£ MEC A= W [ A 2 T, R 405 L 7 4% 8 B 4% A9 R [6) mT DA 43 oA | 422 Fl 8] HE 7 4% 326 (direct interspecies
electron transfer, DIET) Al 8] $22 7 [A] B, 7 1% 1% ( mediated interspecies electron transfer, MIET) P Fh J5 20,
{E DIET H7, fof A5 W3 2ok 40 it 9 11 9 8 1 3T (A0 ¢ B 4 it €8 2% sl 40 Bt B W (AN B s 4 oK 20) 5 A
P HL 32 R (A ) 57 e M, 76 MIET B0 0 R0l i e S A R 0 ML & 0 A R 7 5
RRIIRAT, LAY T 4t 3R 1 5 5% 1) S L 2 ROV PR L 32 A 2 TR 1 e A 01,

H, 2 e 740 & R0 R A% 2E A 7 [ 42 i (1] B 4% 3288 0 v (B) 28044 (18] Sa), H MIET 2o 8 v = HE e i Y
#E H, 1% 5 NAD'/NADH. FAD/FADyyy. Fdoy)/Fd(req) Fll Fang/Fang-Ha 2525t P4 I S AL B T 56,
Tl M FN R S B P BUR A AL R AN DR A™ HBE W IR B 09 L 324K, 3 1 & 30 7R
F o FIE SRR SR 2 AR O L 7 BEA; A AQ-ATP AL 5 LAY 3K T3 B ATP &5 Bl . AR 5% RS Tl A1
FH Tk PP o ke ol S0 i 5 7 TR B i R G D RE R 5 e ilg. Ly, W JRRE RS — Fh SRR 09 L AT Y
B AR, B RS Na' 5 B s A G, i S UK U R T o 7 B TR S 4R 1Y) H, 3 J52 4 il
(Fap0) PRSI B 1 (Fd o)) » FETTEE CO, A8 Ji A H 20,

(a) (b) 1L TS (RAR )
Elcctron shultles '
BB GUEED NP AL WL THLE CRAL D (onidtion type) T
Electron donor cctron acceplor Electron donor cctron acceplor
(oxidation type) (oxidationtypc) (oxidation type) PUR K\\ (oxidation type)
L Q@/ﬁ ‘\_/
LT CGBRD H,/Formal HA SR GAIT) WTREERED & o) BrERAcEm N\ ) wrEhasm)
Electronic donor Electron acceptor Electronic donor Electron shuttles Electron acceptor
(reduction) (reductant) (reduction) (reductant) (reductant)
© I @
LIOEERILD s s
L TR CRAL ) (oxidalion Electron acceptor
Elcctron donor Q) ( (oxidation type)
(oxidation lype) ) \ 2o
‘m@ e %\szﬁ ‘t @W
LT BHECEIR D) 0 PRI
Elcclrowc dorior Elcctron acceplor
(reduction) (reductant)
©
RS (BB
1L TR (R AR 2) Electron acceptor
Elcctron donor (oxidation type)
(oxidation typc)

LT GRS T2 GR R
Elcctronic donor Electron acceptor
(reduction) (reductant)

B S 2 Y AL s L] (a) 3 vT 48 5 (a0 Hy AR ER) Y, (b) il ik v 72042 (AN BT3RO ™Y, (o) il i 5 HL B
B, (d) 3 A 20 ) e ok (A MBS ¢ RO (1, 32) 1, ()t 5 H A AT P . oK ™) o007

Fig.5 Electron transfer mechanism between cells (a) via diffusible molecules (such as H, and formate) ©%, (b) via electron

shuttle (such as flavin) ®, (¢) via conductive pili ), (d) via intercellular direct contact (e.g. outer membrane c-type

cytochromes) Y, (e) via conductive materials (e.g. activated carbon, nanomagnetite ) ©6¢~¢7

% H, 41, FER W AIYE R T2 5 MIET )% 4=, Rotaru 255 #& Pelobacter carbinolicus 1 Geobacter
sulfurreducens ILX5 IR R W &I P. carbinolicus FIANBEF| ] H, (HEERI HH BRH G. sulfurreducens %% 3&
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R B bR AL B R R 2 5 AR, (B DA A i T b | & SRR ERAE S i 32 AR B, PO TR AT B L
A HAERKZEE, IEW G sulfurreducens 1) W & It 20 B (fdnG) FE PR 0T A 20 0K #h & A0 il 0 B2k
P. carbinolicus i1t Hy/H BREL W FP 5 M A2 DIET 5 G. sulfurreducens 3C L ¥-.

Bk Hy AT RS, AT A AR R PR BRI F T BT, QN8 38 . My R IR S 4, o m] A e vl ™ Y e il e
Py i) MIETE( & 5b). Liu S5 M T — N4 S. oneidensis MR-1 FIR] 77 A5 % 5 28 10 Al 5 25 #6004
RH33 X A&, & B RH33 7= A 1 @ ik FE A B R 4 S. oneidensis MR-1 T3 & £ W L . Engel 455 X
EXiFE G, sulfurreducens F S. oneidensis, /X BUIR A B2 T BB %, v BEH T S. oneidensis 1L F= 4=
1A B R G. sulfurreducens FH T35 B 1545, (2 2F i A W) VR BE A8 78 BH A 3% P iUE T2
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Fig.6 Schematic diagram of methane production from other systems coupled with MEC in the last five years

(a) AD-MEC coupled system for food processing wastewater treatment!””), (b) MEC-UASB coupled system for Fischer-Tropsch wastewater

treatment %, (¢) MEC-UASB coupled system for ethanol wastewater treatment '”’; (d) MEC/AnMBR reactor combination for domestic

wastewater treatment "', (¢) MEC- AD-coupled magnetite to treat waste sludge !"*), (f) MFCs-MEC coupled system to remove sulfide

(g) MFC-MEC-ABR coupled system to treat fecal wastewater "

HARITAE R MEC M 56 BRI ST S A 47, (5 MEC 89 R MR AR 157 FHATS T I 3 22 0] A1 i 4 2 A i)
B, MEC (W38 17 7 BA% T A00% = 1 B4R 5 o R Rk, v e 0K (4 £ 2000—5000 JT) | Ak A (5 m’
100—250 JG) . A= 7k (B £ 1000—2000 JT) . AFEH (F m® 15—30 JT) . BLM (B m® 80—120 Jo) . A
F (B g 300—400 JT) 555 BARAEE T A BT 5, Bk IEA RS AS AR, AHOCHIFFE W H A e 4, (A
A RE AN N 4 ri AR 4 @ JE b Rk r PR RR UL, (HZR DG, AN T i v B HL 5 5 A 4%
A BR T L Ml Ak f g 10 ST P A b R i P AR S T T AR R BB S AN, SR A TR ok
1 I AR A B A T L 47, HERTERUR . 5 T Y M, (0 ) £ 0ok 72 55 22 1 81 PTFE 4645 &
I, W% Ty s B AR LA Ak B4 16 P o7 a5 7 5 A () L, Sk I TF 2 v R B . AR AR B AR %) B A A ek LA B A
1k B S R R P BEL A A £ 280 5 S AR R MEC B AR} 16 R A B B 10 14, 4 e AR 4 7= P e BT 110 2=



24 FAEREAE: R R b AL CO, R A e MmN | i R 401

PRV TT K 4 I8 -4 K- L 25 M RE, I 5 r V6 PR i A 0 ) DR A7 K A R s B O, et ek v
e T 07 X, AR 7 B R

T, BB Bt HL%E MEC FIAUE MEC UL AL O A 77 rp B X IF S /0. B AR B % MEC 4544 ) 5
JC I RS RELI , (F IS B PR A YR 4, A0 B % A ) S Iy 8 ok B 2, T KRR 1 FH B i) 52 7 1) & A 0
SOMEA AT 45 W MEC 85K 5T R B BHAR 23 B, (20 B 1 s BH PH W A 14 vk 25 4% Ak, ELXL
% MEC 1 [ BH 9 45 AH B AT, 499 Jo 6] % Joia BEL 0 5 R 67 0 11926734 571l S SR Iy 368 ok ST I M 4 | 2 i B
FE, #EiE MEC BUBLAL A 7= I FH B IF 9%

BUAR, A W B A R SR 25 A T B, (R SR 5 7 FE o T =2 T %) P % 38 ARRE B A FH 86 0 v N BRff, oA
[F] S FE AR OGS F 7 B e MEC MERERYSE I . 25 B3 i 153 7= e RIS AR IO B RR T 30 [ il
Fox~ Fago SR A AT A K AT . AS [P 28 04 7 B o TR A A8 2 DR AR ZE B R B S 4 1 C R L
7 H 138 1Y) 2 B9 ) 5 DR SR A 5 OR SR B R T i e i i B R - B CR R R A M2 4
W R EE ), AT MEC 77 B g B RS B A W 3 i 465 4 1) sl 2528 AR AR, X6 7 B o BT 1160 R M 0 47 2 1)
W, P4k MEC 1:fE.

H i, MEC 7= FUGE 90T 5T 222 LL/INISE 56 32, Hil BAIZ 1AL BB SR R 0. 75 A /> MEC #3531
2o, SRS I B AR RS AT A R TS e BB AR | K T i A Y RS RN, ARG
AT BE A IE 07, 4 Wang 4502 44 2 1) i 2URLBE ) MEC-UASB 7= H Bt R 48, fE 8K A9 HRT 1%
(HRT=2.7h) ', VFAs B S5, B e =i B f 3. T AR R A 92 v 3% 45 B T MEC Tl Ak K 4
Akiz 47 30 18] v A 18 20 A0 o) U5 e | BRTE AR | K e B A AR 4 R 4 TR L, K MEEC [ i 2 He
KAAFFE I 1) 1 T F, DUHESE MEC TR LR H.

4 %51E (Conclusion)
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P WG TR A K G208 A5 [ R SO A 2210 . R GERY CO, Ha VB Ak SO &, DA 2E Wy BA A A4k, T
A Wy el R PR AR AR TR TR BE.
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