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leveraging the metabolic capabilities of electroactive microorganisms and renewable electricity inputs,
MES provides a sustainable platform for converting CO, into value-added chemicals and mitigating
greenhouse gas emissions. Among the various products derived from biological CO, conversion, acetate
has emerged as a key target due to its versatility as a chemical precursor and energy carrier. With
applications in food preservation, biopolymer synthesis, and renewable fuel production, acetate holds
substantial market value and economic potential, positioning MES as a transformative solution for
carbon utilization. At the core of this process lies the reductive acetyl-CoA pathway, commonly known
as the Wood-Ljungdahl pathway, a unique metabolic mechanism employed by acetogenic bacteria for
efficient CO, fixation and energy conservation. Unlike conventional CO, fixation pathways, this
pathway allows the direct reduction of CO, into acetyl-CoA through a series of enzymatic reactions
powered by electrons sourced from electrodes or hydrogen. This mechanism achieves high carbon
reduction efficiency and offers thermodynamic stability under ambient conditions, making it a
cornerstone for scalable CO,-to-acetate conversion. This review examines recent advancements in
MES-driven acetate synthesis, with a focus on the optimization of the reductive acetyl-CoA pathway.
Optimization strategies are categorized into three areas: (1) Enhancing electron transfer efficiency: The
application of nanostructured catalysts has proven effective in accelerating electron transfer to microbial
communities, thereby synergistically promoting both indirect and direct electron transfer pathways.
(2) Regulating metabolic pathways: Enhancing in situ hydrogen generation and utilization, as well as
supplementing with key intermediates such as CO and formate, can significantly improve the
conversion of CO, into value-added products. (3) Integrating CO, capture and conversion: Coupling
MES with advanced adsorbents or gas diffusion electrodes facilitates efficient CO, mass transfer,
addressing solubility limitations in aqueous systems. Finally, future research directions are proposed:
(1) Catalyst design driven by machine learning: Integrating experimental data with neural networks
could accelerate the identification of optimal electrode materials. (2) Synthetic biology for strain
optimization: Applying gene-editing technologies to engineer microbial chassis can significantly
enhance electron transfer capacity and improve the efficiency of target product synthesis. (3) System-
level sustainability analysis: Life cycle assessments should guide reactor scaling to balance energy
inputs with environmental benefits and ensure net-negative carbon emissions. By bridging fundamental
insights with engineering innovations, this work provides a comprehensive framework to advance MES
from lab-scale prototypes to industrial carbon refineries, ultimately contributing to a circular carbon
economy.

Keywords: Electron transport; Carbon dioxide capture; Acetate; Intermediate metabolite

regulation; Wood-Ljungdahl pathway
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Table 1 Enhanced H, production and performance in MES

HLAR Mratkae Zmi (gL ") RT3 S 30k
MoS,- T Hi-160 3.90 x 10” mol/d 3.10 £0.30 0.10 g/(L-d)
MoS,-#kHi-180 6.50 x 10° mol/d 6.00 + 0.08 0.20 g/(L-d)
MoS,- i i-240 4.50 x 10° mol/d 3.60 +0.30 0.12 g/(L-d) ]
BH 1.50 x 10° mol/d 2.80+0.10 0.09 g/(L-d)
Mo,C-HiHi-2 — 3.69+0.30 0.12+0.01 g/(L-d)
Mo,C-tkHi-4 — 433 +0.50 0.14 £ 0.02 g/(L-d)
Mo,C-fHi-12 2.29%10* mol/d 5.72+0.60 0.19+0.02 g/(L-d) el
Bt 1.80x10° mol/d 2.75 0.09 £0.01 g/(L-d)
Mo,C/N-3D%2 NI 45 146.00x10° mol/d 6.08£0.10 167.00 g/(m™-d)
Mo, C-2% JI\ 45 107.00x10” mol/d 4.95+0.20 133.00 g/(m’-d)
N-22 JI i34 #950.00 x 10° mol/d 374 +0.10 100.00 g/(m™d) 371"
22 TG4 31.30x 10” mol/d 3.20+0.10 88.90 g/(m*d)
BH 15.10x 10° mol/d 2.40+0.10 66.00 g/(m*-d)
WREL-TiO, 514.7 A/m’ 3.86 2.15+0.15 g/(L-d)
WHi-Rh 104.9 A/m’ 6.65 1.06 +0.08 g/(L-d) [38]°
e 8.7 A/m’ 4.14 0.82+0.07 g/(L-d)
Ni-CHF 2.04x10 mol/d 26.70 £ 1.50 71.70 g/(L-d) [39]
CoP 2.70x10"* mol/d 2.82x10 g/(L-d)
MosS, 2.40x10"* mol/d 2.90x10” g/(L-d)
- [40]
NiMo 1.20x10" mol/d 2.76x10° g/(L-d)
Pt 9.40x10 * mol/d _
RS 1.30x10 "’ mol/d 478 g/(L-d)

rGo-Jf R4
rGo ik

8% Cu-rGo

1.40x10"° mol/d
2.40x10"* mol/d

1.30x10"° mol/d

101.90 g/(L-d)
13.30 g/(L-d)

234 g/(L-d)

(417
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CO # CO, HA AR MR JFRE, oA BF7E 2 H
F Ak 2 AR ST A8 A RIAR AR 400 s A P Sk
CO M. ¥4 CO, iR JE N CO fERhiE = Hi i
AR N AR E SR AE L. ¥ Clostridium ljung-
dahlii T8N 2 BA 2D ~F- T80 AR AR B Y B A ==
RSB HT 250 h BT WEEE] CO v B i i R,

CO T K H s B I, 3400 o H o —Fh R =
Vo it P R A SO SRR ) T B R vk o BRI T
i £32 ] CO MM, 23 RAEAZ BRI 41
1 CO MY R A A% 0 22 850F B 148 8 R vk B2, A

177 2 5 Bl 2 0 P R AL A AR . 72 A 3D ik
Hi L 1) MES H, Z2FLacH: 24400 T 8K 1) K m
A A T CO A 8 SR B 40 K 9030 1 o
SR AN, B G vh T AR R I, ek
T B Ak rERE, A A T R

i =C(1) AT %1, CO EAbA: i CO, 75 44
()30 SR REA RE R Lk — 2D e Ao R &L, 5 WA
AlAL CO Hh— P Rk . A 8 T e i i
J 24l H, o ARG AR, 5k CO il ik CODH
PR IR A A AR AE Hy, IR A K CO 1 i



<34 - (LR N T T

39 E5H 6 M

A B RREE A AR R H, AR Y 5, e
CO fE R . WRAAEAE H, 3 S A0 B 32 24
i, W4T AT i i CODH ¥ CO %Ak N CO, 2k ™ 4=
W (H SRR AR A AR co SRR %
Wy Ay S AL 3 R LR T A
R R A AL A IR 2 sk Hy i B h &
CO,P", 7 2R ke 5 S AR T, 3 e S Ak il
() 30 i 1T BB 5 80" TR R WAL g 4R 9 005
T Clostridium autoethanogenum % ¥, 5 FDH
T W2 A W 5 L 74 U AR (Hyd) XF CO
J&, I H CO i FH iR i 5 2k S04 25 11 R NADP
Z 6] B T RS Hi-CO, £ R (HDCR) 4
Hi FDH A (L f 2 ™. 9k H #T6 T co Xt
CO, = R B /0, TER RV CO £
FER) 25T 6 46 ) P2 TR I A ) AR i &2
2R A 1 SO AR AL A A R S
T AT I RE A BT 2 AR A 55 7 ) o
322 Vi

FDH % CO, Al #¥ifitfb A W iR, ZE 2 ik CO, #%
kA HE R 7 T S 25 5 OG EE B AR A, TR LR kY
T J58 S %) M 2 R B E P L A R R G b R
) 4 7= 54 % . FDH A Fe. Ni, Mo, #i(Cu) . £
(W) 2 &R L, R B A 7= SOR Bk
T AN PP 2 A K IR I R Z 2R oT R B AT
P 5 IR Th W B T 5 MES ¥ CO, ¥4kl 21k
MIRE T, MR RV BE P2 5 10 £%, MES 19 £ 1R 7™
ZM(32.0 + 1.7) mmol/(m’>-d)EHNF](141.2 + 56.6)
mmol/(m*-d), XTI #¢& i T Sporomusa ovata &5
R i A S 5 1 W-L 3 42 rh i % P 1 0, {2
HET U0 CO, B4k g P R i v

H IR AL RBAZVE Ky ] = P4 T CO, 138 R
AR, 0] LU T I b . R AE T
N EERTE SR G P AR BIESE . = Rk
J AR AT DA R A A O R, R 4
MRER M FFEE AL R . Cu, 84 (Bi) ., B (Sn) &4 8
BRI R AR G . R Bi,O, B Mk
i, BT Bi,0, MR ALFE B BAR H AR 2l 55
A, AT L i AR F CO, F Ak M H iR L . Bi
(14 FP T 3 6 P 5 F 7 A 6, FE—1.3~-1.0 V Z[H],
TR 2 7 A B AT 25, o Y AR k7 A
A B Ak CO, Ry 20 TR H A3t A 4% £ Hiy 7 fIEAA T,
8 Bi i KB HE) 32 BT HoAG A M. Sn Sififb
A TC 7, BEAE A FL A T TR 52 7K 8 T HE A ok, [
I E % 2 [ CO, I FRAK COLTE M il AL # 22, A

k> H, M7 H 42 o AR SR Ak 5% . IRIIE, Sn
SEAEALH A m AR PR A AR e
A, By IAAL R E H pH JE L, AR b vk sl
ST ROt R MR, QIU 257 F s LA
TR Sn-BRE LA, BEE Sn S AN, gL 5
ZTRER T BRUE BRI, Y Sn & Ik F] 7% B,
ZRE P2 23R 5] 0.32 g/(L-d), SR H Y 2 15,
5 Bi. Sn #H ., Cu XFF CO, HLif R 7E 4 B 14k 57
HOR I —TJC . CuO, FLHl ST A ¥ 7F MES &
Sila e AL 6 &, SEBE CO, e ik A R iR £ 5F
E— A LK B o Z R ER . AR, Cu HLRR (4 15
2 B LA R o 900, B R AR % PR B A
FIT LSS & )8 B T, ey Cu® 2R 934k 1 W)
i, B Cu Xt R SR 1y e Y

FH T2 114 A S T I o s 2 I ) P A e
A7, PR TR I B v H, 9 38 4 AN ] g A, EL I
H R A SRy v B W -k — 20 77 A SR S I
A pgaR . HUk, SFH R S H, A7 A,
I FH H B TR A PR 8 e R 1 2 o R R
AT
3.3 Rt CO, H3k

7E MES H1, CO, IR Z CO, B HCO; JE X ¢
1E, 5 i A FR R Y & R R T - RN
SR, CO, FEVR I IV A A PR, By A BFI AR == ik
A AL SR AR T A PERR ] T MES
MIVERE AL 7303 . BEAIK MES H CO, 1Y ¥t i fiE
B = 2B O R IR PR RIOR, Wl L 1) H, 19
Fish™, n WK CO, 5 AW HEAL 3R 42 i, 412
AR CO, AR R FHEsh W-L &4,

Tnss S AL B4R R CO, AR A BT
Bto VAT pH LABE N CO, Ml it 1 2 e A 5047 3L
M. Btk pH 2534 CO, ¥ i 1 Fn Ak Wy A
JE, SRR ROV 64T, O RAS T SRR 3 pH
T RE, BN U, WS LR — 2P ) & B
b, VR pH (R R AERe A RO, A R T 0
L, 325 2 RBUE" . SR Y B i A
BT TR AR A BT, AR s K
SARYBUZ . BRI ST AR AL 2 45 5
B F N TR S VA /RS E = DL o
TEHET AW BT Y, 75 CO, 1516 24U 1.81 0
PR 3.92 0 IR, (5K L MRk 7 A R
{745 7E 238 mg/(L-d)"",

it P AW 9 T AL T AR AR SR A R A
CO, FI Y 75— B F-BL . TIAN 21 F 5 42
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e W PR REDC AL 1 H Al A= TR AR B 2E W e 7
SER, SRR E B T 77 L BRI Acetobacterium,
P R A 5 (0.24 £ 0.01) g/(L-d), 54K0"
TR 0 48025 AT AR = A B o A, SR
CO, 1Y Rz B6F 2 136 Ak, {375 152 B335 1 R A 5 i i T
= 2.68 15, miALBRAS . KR AR N A 1Y
HEAL A BEA F T CO, B3 B FNAHAR o s A7 DR
ZR-8(ZIF-8) A A 4 Ja (37 s S B T CO, TEHLIK
2 THT Ve I 14 v, R B 1A i 52 30 2 B R e O R o
3k 1.78 mmol/g, 5 W K IEK T CO, 7E A
TR AR 457 B R ), DA 2 e AR R, R &
FRT R 1A, SHRARAT H AR EE, MO/
rGo HULRTERA rGo (LR H LA S5 MnO,
GARLIE B T A A LE R AR, 38 T CO,
BRFRE T, DTG 2E 25 0 IS 1 T L, m o H, 1% 328
BT 2R

4 HZRFSITE MES KEURIEZTH RN A

4.1 #HEFFEI7E MES HHIR A

UTAE A, MLAS 27 > B A P sz Je He 3h Ho A
MES H BT PR FH o Bl 2% > o] LL3E i R Wi
A G U/ S 6 S i) AR A 7 e R ol B S 36
W55 . HRT, FETHLE =2 7E MES H £ 2N T
A= e T Fo0 S R G0 = P
4.1.1 HAEHBEZ TN

BT HLaRF > B9 5 25 0T F T B0 R 4 5 26
55 1) 0 AR 56 21 LESNIK A LTIU™ 5] AN
T2 4% (ANN), B AR AR S9EA YR
KR53 i AR5 5 BRSO o i b T T
OB AL A i (COD) 22 (R 75 T A MERE,
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1.06%, *&5 1R B Y Geobacter Fl Dechloromonas
AR Y RE 1 e R B RBE, B0 F T AL R IR R
et WAk R G A T R AT S . WANG 45
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