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Fig. 1 The metabolic pathway of ethanol as an electron donor to extend acetic acid to n-caproic aci
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Table 1 The main reaction equations for ethanol as an electron donor*’

e k52 S A S5 AG®/(kJ-mol 1)
(1) N x-a C,Hs0 + H,0 —C,H,0;, +H* +2H, +49.5
(2) LW+ LR— TR C,Hs0 +C,H;0, —C,H,0, +H,0 -38.5
(3) LB + N — LR C,H 0 + C;H;0,; —C5Hy 0, +H,0 -30.2
(4) LEE+ TR—CO R C,H 0 +C,H,0,; —>C,H,, 0, +H,0 -38.7
(5) I + R — BER C,Hs0 + CsHy 0, —C,H,;;0, +H,0 -38.5
(6) L + CR—FIR C,Hg0 + CgH,, 0, —CgH;0, +H,0 -38.5
(7) LREAL C,H;0, +H* +2H,0 —2CO0, +4H, +54.8
(8) WER b C;H;0, +2H,0 —C,H;0, +CO, +3H, +71.5
(9) TRk C,H,0; +4H,0 —C,H,0, +2C0, +6H, +142.8
(10) IR AL CsHy0; +4H,0 —2C,H;0;, +CO, +5H, +H* +159.5
(11) CRRAL CgH, 0, +4H,0 —3C,H;0, +4H, +2H" +176.2
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TR B T Z AR A S A R AR 2R .
Coma 55" RN BE S LW 41 &K 15 T TR Al

Kluyveri 555 2 BRRR IOBREE IE K I, ARAF T X SE 40 15
PR A T B B 1Y o AR AR . AR, T
REARR AR 7 T 200 AR 2 TR R 9 A T 2 15 R e de
PE BN COF A0 ) TR IR B 95 U2 9 SO 2
W TIREEE G A LG T 2R IR Y SO A TR A S
T LIV e AN R R IR R ME B T HLREAS
AEHRS O BN AR . 322 B4 1k SCHk
B FEEIRERUEY . AT UL IE, AR C. kluyveri T
TRA IR SN s h A 3G SCHAE R (BTEIR A 15 3R
JE g AR A R B — & 1y P, 40 Weimer
%‘[27]1EHEJ C. kluyveri 5@%‘2&%15’&%%%,%@7

TR . BREEAE R ISR Jf 2 5 1T O IR i, LAk, i R I
HEAN TR K W F 8EE£ P E C it 2 1925 1 B8 ( Desulfosporosinus meridiei ) | BRYE iE B
22 LR EFALMAR ) MCFAs 77 i FIILA S8
Table 2 MCFAs yields and other parameters when ethanol is used as the electron donor
SR O
7 BeFiy B WESC pH LTI ] 2 xm
(ge(L-d)™")  (g'L7)
X REEFH=Y ASBR® + 7E %k Clostridium spp. ;
it 30 5.5 2.1 - 8
RS ('Ef’fé) PR Clostridium kluyvert (8]
e A 0 U T
LR + LB (;{E%ﬁ i ] & 30 7.0 Clostridium kluyveri 0.48 8.2 [9]
mie
A REHRY ASBRY +1E4k
B PR LY 30 5.5 - 3.6 - 24
(W) FEH 24]
N N . Desulfosporosinus meri-
7.+ 7 el IEL: 4 12 30 5.5 diei ; Oscillospi 0.49 8.16 [28]
. iei ; Oscillospira spp. ; § .
Bk LR P spp
Burkholderia spp.
LR+ L RE =Y UASB? 30 7.0 - 15.7 1.1 [33]
iR oA FR Y [ B + FREk
REHHRY i 25 ALl - - 30 34
o e HE 4
LR + LB REHY UASB? 30 6.5~7.2 - 57.4 12 [35]
OFMSW* % A Ny
. - R TR 30 7.0 - 0.7 2.7 [36]
IR +
OFMSW® &0k, ; A
. . RAHFY TR 30 RAEH - 12.6 - [37]
W+ LT
C. klwyveri
O+ £F4EER ATCC 8527 FZF  [alik 39 6.7~7.0 Clostridium kluyveri 0.1 4.4 [38]
HEZR S RAN
LB+ IR RA Y UASB? 30 6.5~7.0 - 6.9 4.9 [39]
o) g2 N W
SGH W+ o ey ARERE: 5.5 - 1.7 1.7 [40]
L UASB?

a—organic fraction of municipal solid waste (OFMSW) ;b—syngas fermentation ( SGF) ; c—anaerobic sequencing batch reactor ( ASBR) ; d—up-

flow anaerobic sludge bed (UASB) ; — 7 SCRikH R 42 M
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3H,0( + LATP) (12)

L

6C,H,0 +4C,H,0, —5C,H,0, +H" +2H, +
4H,0( +2. 5ATP) (13)

TER ST B AL G R BY R, — S50 50 v &
L AL 5 L A2 R B AT 255 Wi 7 ) ) 2 5
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Fig.2 The chain elongation pathway for lactic acid as an

electron donor!*

%3 FURRAE Nl T IR Y 2R R

Table 3 The main reaction equations for lactic acid as an electron donor

[46]

ez A= FLN AR A4 R J0 )5 AG*/(kJ+mol~")
(14) L™ ATP C;H;0; +H,0—C,H;0, +2H, +CO, -9.5
(15) FLRR IR C3H;05 +2NADH ——CyH; 0, +H,0 +2NAD -81.2
(16) AR+ ZBR— TR C;H;0; +C,H;0, +H*—C,H,0, +H,0 +CO, ~97.7
(17) AR + ZR—C iR C3H;05 +2C,H;0, +2H* +2H, —C¢H,, 05, +3H,0 + CO, -186.1
(18) MR + 2R R C;H;05 +1/3C,H;0, +H*——1/3C4H,50, +H,0 +CO, -97.7
(19) AR + TR—-C R C;H;0; +C,H,0, + H*——C¢H,,0, +H,0 +CO, -97.9
(20) i + TRR—FR C;H;05 +1/2C,H,0;, +H*——1/2C4H,;50, +H,0 +CO, -97.8
(21) AR + CRR— R C;H 05 +CH,, 07 + HY——CgH 505 +H,0 + CO, -97.6
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P EARK — B M. elsdendi BNy 2 P —
REMSHE FLRR L 1L 0 IE C BRI BE D~ . Weimer
SRS Y B S b (W] I A T L R AN A R
M. elsdeniiz> A FHFLIRIT 7 LE N IR FI LR, 1BL
P R AR, B ZLRIE A A 2
776 T 5 TR 86 34 42 (1R £, Yoshikawa 451 R 3%

W B RE RS LA R N B =W M. elsdenii T
Bho Zhu S50 MR M. elsdenii Fe 285 [ ) B2k
AT B2 5 e A TR T 2% A A O il 1) 3% P, I AT A S
BUXF MCFAs JERETE R4, B TR & 15 % K 4L
AR KR, BH B Clostridium VIV 95 B Bk # B
( Ruminococcaceae) H] 40 & CPB6" FlI A sh T 1 )&
(Acinetobacter spp. )" W & BUAE— e FLER 5| T 11
BREEIE AR R R PR AR, £ 4 8BS TRk
SCHR LR AR A v AR ) =2 RE G M 2 A
IR AR, DAFLRR v 7 (AR IR & B IR R Is 4
A Rt — PRI

# 4 FURME R T HARR) MCFAs 7 AU B Z 4

Table 4 MCFAs yields and other parameters when lactic acid is used as an electron donor

5 f ORE%, CRTE/
7] B3 pHIE  HEE/C FEIREMAEY . B Sk
(g-(L-d)™")  (g'L7h)

. . UASBY + 72k ‘

e+ T 4.2~5.7 34 Acinetobacter spp. 6.9 - [45]
FEI

FMWEAT + Clostridium clusters IV ;

o (] 6.6 30 3.0 23.4 [51]

BN Clostridium clusters XIVa

FORFW AR CSTRY 4.2~5.7 37 Megasphaera elsdenii - 3.1 [54]
LR 4 K Megasphaera elsdenii; Lactobacillus

MR K § 5.4~5.7 35 &ap e - 3.4 [57]
fift spp-

FIHMRM A R R + Hifk o .
- 5.5~6.2 32 Clostridium IV ; Lactobacillus spp. 23.8 4.1 [58]

W 7K AR

o Coriobacteriaceae ; Ruminococcaceae

FRTEFLIE K UASBY 5.5 30 3.2 10.45 [59]

Prevotellaceae
TR K UASB® 5.5 34 Ruminococcaceae 13.3 7.98 [60]

a—up-flow anaerobic sludge bed (UASB) ;b—continuous stirred tank reactor (CSTR) ; — A 3CHkH A 4L K .

2.3 FEBMEABFHEMFARER

Marounek %2 7£ 1989 4F & BFLHR 1] LAJE h¥ 2,
Tk A Jf28 33 B AL FEE OE T R ANE &
2, (HAE RO 5T b HRE ™ AR R e C R, BT
DIRA — B (] HR AR K 2L R 1 S A2 7™ MCFAs 1Y
Pyt oI RN A TR AL DL R 2 RE AR
LR A TR ) 1Y) e B, SLIRR 3 I  Je DAy Tl e A 4
(10—l T (1 L AR

5 CEEAALE , FLIRAE A B IR g A 5 7E TR
% VS 100 R R B AN 2 A 0 7 LR BE A A
It HA A FESNE CO, . (HRFLRR A WA 7E Rk
i 1) B2 LA CO, BB 53 s a8l 2 fios , 7E 7L
1R S A0 T RIS PR 1 IR I A L 22 F

A 173 W2 DL CO, I OB il I 1 Bk s 1) 45
&, et B MCFAs 177 /e FEAIG ;2 ) TN R R i 12
1) A i ORI IR ) 3 . NV PR R i F2 B 4R
I R Sa 4 O 2R, T T s R i 2 A8 S ATt i 2
RARFEAE MCFAs AUZEREPE™ B4 Striuber 25
il Kucek 4517 % B LR T A ik vei s £ % A2 TR R A1
TCER YRR, A Es il P RR R & 42 , Prabhu 451 1%
Bl FURR A R e AR MR BE IR A, Kucek 4517 3 1 42 i
B B ALV E  pH . /K 145 B3 I [R] (HRT) FITELL
PERCGER A R & T IE R TR, AR
MM, Zhu 2650 7 198 B SRR B Ruminococcace-
ae CPB6 X FLIR 17 hi 4 FE A< B, & BB fef o HH vy
WREFLIR (45. 1 /L) WAS RN HRRERIS1E, b
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A X 592 TR MR N 25 TR 0 TR TR 34k 78 4 G 1) 3 TR
AR,

FLIR1E Ay DR S840 ik 1) 3 2 v (] 7= 9, 76 3R 7T
THAK P2y 52T A B (COD) 1Y 18% , 7 — L4
TR R 255 COoD 1) 70% ), & & FLER K
YL FORE I G 5 U8 R M L TR
AR 2T 4 R T 1 ORI v [ T R K A R A T L
FHTF MCFAs A= 7= B BRARJEORE . Xu 26000 AR 7L
HIBFLIR IS T 1,68 ¢/ (L-d) E TR,
Zhu ZEUNE A P R R A5 A LR AR e
Yy, 3R A5 0 IE O R 1Y B K AR 7 ol R B KV B B
f%ik5)2.97 g/(L-d) F123. 41 g/L, HAthszgh
it FF LR 1 A7 B % A K A RS 45 I B Ak 1 B 45 T
4,

3 A AAE N TRy RN AL K

TR RN

I, 38 2 Ak 2 1 T v VR i R At D A=
W gt 1 A= I (ARG FF ) T A R (R R
538 CO CO, Fl H, ) , BB B0 A0 AR R}
Akl (CH, A VEA) B9 5 X5 1 T AT 2 6
T, BFREEV L H/H (E° ~ =410 mV) B cO/
CO,(E°" ~ —520 mV) """ BLA7 MK ) SR AL 8 T
D7, AT AR R o ARSI B MCFAs (4%, 5 2k
BRI, A RIR A R BN 2 =Y LA
LR, —SRFSR SR A AR S BER TR TR
EY, R OB FRREEIE K B AT IS IA N &R
A DLE AR AR RS — S SR T
C. klwyveri (AT %53 BTN & BUR (10 H, ) ANBE
AN TR (E 7R TR B AR &R a2 mT DS
I}[n-‘é/\][%,(ﬁ]o

M TS U A MCFAs 1] 5230 4R ) I fiE
e RBREERR A, R B B R R AT, BAR
HATE N O 4Re08 SC A AR O LRI T
AP AE R AEG8A: P AR T B MCFAs fHE AR I 1 A
FE Tl A ENHET, At A S A i B MC-
FAs 2E R IR, AR SCE5 A A1) SCHR AAS ER A 2
PIRFSE R, B8 T & BURUE 77 MCFAs 19 AR
(NI GRAEIPS AN
3.1 AHSEABFHETHBRELTRKOIIE

CBEAHEE A BITE BUR G BB B 2T K 2o R Y
KHEL B, W 5E R IR AUE Y nT LLGE 3 Wood-
Ljungdahl #& 42, Fl ] CO F1 H, #4438 i J1 IF I8 #&

ATP , 28 FUE 73 S sl B 3 SCHEAL e A ol £ T Al T
A BiJE AR S BERTG A BE— 2R AL SR AN
LWE, HHME RS ILIA 3,

CO

- CO
NADPH 2
\ 2 A C02+H
,\JADP+/E13 l@j el HZCFdDX
ATP ¥ Ak
\ﬂmmmﬁwmamm Fd,,
ADP+Pi — o+
F 5 2
wwgmzw@%w%k:H T
HO
UCH Y S o,
Ny ) NADPH _
M L DU S R A 2H*+2¢
w0 D
PR B SRR 1,0
ﬂﬁ%ﬂ%%@ﬁﬁ%l Fd,,
Fd
L SRR
WAL CO Bams
WEWEE 2B A
| 4R |
Pii ZEeEgA NADPH
PR 2 B R RIS
SH-CoA NADP+
ADP+Pi CH,CO0-POZ ZE NADPH
ZEANLE LIS
ATP NADP+
) o Z

B3 A EURAE N T HHMATE i L B
ZR R g AR s
Fig.3 Metabolic pathway of syngas as an electron donor to
form ethanol and acetic acid®’

— Bk B, A CO MY A Wy A fE U7 3E 2o
Wood-Ljungdahl 318 T4, 75 1) [a] — £ i AN 5% AL AL
R co, A1 CO,/H," ™ . FE Wood-Ljungdahl 342 Ay
FH L SR CO AE— 28 At ot 20 1 AR &= Ak il 170 e )
YEHTF AR CO, , Fi R HH TR Mo &t 4 Ak 1) AT 36 s
R CO, I N R (J = (22) ) .

CO, + NADPH ——HCOO ~ + NADP* (22)

A B VR 0 H B S HE A L TR A H
BRRTIRAAR , B S, R ER B DU SR ( tetrahydro-
folic acid, THF) {fk., Jf- 7 H ik PO & - 2 & B 1)
fEAL T A= B W DY &R 2 ( HCO-THF ) (/2
HX(23)),

HCOOH + THF + ATP ——HCO-THF + ADP + P,

(23)

FH gt P Pt R i A — R S VR T B
J RIS R, 7 R SR e 2P, TR
AR5 3 PR (R 2 ik bk B 7R Y BB R T
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XU RMGAE . T PR B A BB 15 s (R = i S S LR R AT S - AN [ el - (it 9.

T R AR i 2 A 1 (i (24) )

[Co*—E] + CH,—THF —[ CH,—Co—E] +
THF (24)

FERRIL S S0, — A AL B SRR CO, 38
CO(ii(25)) o

CO, +2H* +2e ——CO + H,0 (25)

G A R SRR A AR Rk 3
fRf 2k A (RN A 75— S fb BB Ut 2 T
EE A B UEE AL T A O S BB A (RN
#(26)),

[ CH;—Co—E] + CO + HS-CoA —— CH,COS-
CoA + [ Co—E] (26)

A AR, RS A T AR 40 ik
UM RE R R, TIAE o AR R T — g
CTBERTG A 38 2 % Ak R 2 TR R A R v T 44 2E T
AL R O TR, 55— EB 5 TE LT I S (A7 AE T eI
B P B

CO B PIF IR S Sk, —F2UE
YEBERH CO IRk h H, . CO, LR T MR %
(5, 5W(28) ~(31)) . —Fdidd KA
RN A iEAR R Hy T CO, (i (27) ), H1 CO it 5z
MAYIFIE H, 1 CO, 47" s/ LG , PRk AT B
AL G R A3 MCFAs (£ 5, & 3 (32) ~
(35))1%),

#5 COHALR R

Table 5 CO conversion reaction equations

[65]

S G SN A 2T S AR AG’/ (K] - mol 1)
) KT €O +H,0——1H, +CO, -20
(28) 6C0 +3H,0 ——C, H,0 +4C0, —244
(29) 4C0 +2H,0 —CH, +3C0, ~120.6
(30) CO M A AL 4C0 +2H,0 ——C, H,0, +2C0, ~135
(31) 10CO +4H,0 —C,H;0, +6CO, -398.2
(32) 6H, +2C0, ——C,H,0 +3H,0 ~104.6
(33) ‘ 4H, +CO, —CH, +2H,0 ~130.7
(34) CO IR e At 4H, +200, —C,H,0, +2H,0 55
(35) 10H, +4C0, —C,H;0, +6H,0 -198.2

T ELAR BT B S, CO/CO, HA H Hy/HY
TR E AR B A, 3K AT CO AN EL AT B 4 2 41t
HL B HE T, i A% 5 K 3 gk S A i iR R 1 B I8
JEUT AR 5 25 CHLHI ' Claassens 451 IR CO
SRR A S A 5 S 5 (5 240 B F - AR Ak 38 i
TR A PR BT, AT R 8 4R A5 i PR T R Y
Y)——RN eI IRAS I BE K 1Y) MCFAs,

H T, & T CO A H, ARy H A4 S5 I A B 4
A VE FHPLELA A AE S 1L, B CO FT H, RE AT ELEEAE
SRR FIE K Y H AR A T ST L, R, A
SCHRFPAFEAAE €. Klwyveri T8 R PE 1T ik B 4 K
i H, JCIE AR AR by P (G ) B MCFAs ™,
Gonzalez-Cabaleiro 25 %) 38 1t 4 F7 24485 10 43 Hr JNH
H, ELEAE A B A AR S 300 Al e A < ik 2 A7 E 3R T
PR (36) ), RIS AEM @ 1Y H, 23 254
TAMERLSCEL H, AT CO, 7] MCFAs 1) BL#ER: 4k, A
Zhang %57 77 s 27 4 R Y 8 R R SRR A it
WAL H, 1 CO, I M SE B T E MRAE R &
B, IR H, S AT RAAE by (A S 3 A e SiE 4 11

FEAEX — G ) S5 A 2 B2 Ky H i Jo vk 1 I 2
H, HAEE T 7 32 08 5 2B I S 5 A e
SEIRBE IR, (HX —FHp R IET C. kluyveri 1
RiEt IRA TR R P H ALY 2 B R E
F2LL HL AR i A A 7 ik B S IR i 2T 2 Y
e,

3C,H,0; +2H" +4H, ——C,.H, 0; +4H,0

AG® = —176. 2 k]/mol (36)
3.2 ERSEABFHRIENNEEZEREY

AR H BT FEEE R A R AR e XA i
HUAVEATIREE ALK Richter %1% fENT7 T 4 [CAR 1
( Clostridium ljungdahlii) F1 C. klwyveri W)3% 1 371K
£.CO BSRAE C. lungdahlii WIVEH T4k R 2 1R
OB SRIGTE C. klwyveri BIVE R #6476k 5% & K
R MCFAs, 25l Hb , Diender 518 &7 1 2 B
WM ( Clostridium autoethanogenum) F1 C.  kluyveri 21
WA CO LA BEAR R Hirp €. autoethanoge-
num L Je—Fh ML B AR A T bR H R 2R 15
BT ERFIC R =275~ (8.5 £ 1. 1) mmol/(L-d)
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F1(2.5+0.63) mmol/(L-d), Liu %" KB CO
TR LR/ E T RN BTS2 B LA
%( Eubacterium limosum ) JE BT S R ) IO E R Y
HRERUEY) . HRT, 18 Sk & B H DL H 1N
H b A E AT Bl B A K A B0 W R bR A
C. kluyveriﬂ"]ig/ﬁq:‘ , AR S S o R 2 ]
PR IR EK R0 4 H 2 5 R AR A A TR &
TRAE DR AR R b W R, A, B TR
BEFRAE R RGBS MCFAs 1 A5 & 2 A2
Z , E b Bl 2 XAH R 8 G B AR AR AR

Perez %5 KB CO figfE— E LR S IR AN A 1
SRy A WA R s SR A I D 1 B ) ) A AT
Clostridium ljungdahlii ER1-2 FIHL AR 1 ( Clostridi-
um ragsdalei) P11 X P Fh— S AL il 5 55 1 40 1, 78
CO 1 H, A A T BT VEAs 38 58 X
BE, TER T VFAs 7N AT 2 5,
Richter 55" 7 BEAE A 8 K 1) 1 Z& b 3R A5 B B o
KBB4 A1 C. ljungdahlii 1 C. kluyveri
TEA IR T JEAT T SR EESE K 5 R S5 I 1Y) 1%
SRAEPE ) TEARAS TR R O IR A ik B A R 7= 4 (14 [
B, i B8 4% 2k 15 T BE (0.725 ¢/(L-d)) ., & B
(0.465 g/ (L-d) ) FI2EREE(0. 57 mg/(L-d) ), LA,
C. autoethanogenum W.J&—FIHEIETE CO PREE 4%
MCFAs B4k k% IV 1) 5 SRS A B2 T, M TT ik — 20
B COREEREA P MRS X T R SR AR R Y
R R,
3.3 ERSEABFHRIENARER

A=W B R A AR B U o B A
TR AR A A, Bl LR R EE K 2N
AT RSP B FEE RS €O FH, . i H
T ] PR R 8 B 8 T 11 25 ARV R AR
RAFHEEA A L H €O, COo, Ml H, iR & <
&, ETEFEZN R, CO M H, 2 5ikaE 1K 1) ik
T DX, 0 i i A K ) 3 Rt EL A AN [R] B9 52 00
FEUE, XF CO A H, 735 04T B 245 5 E .
3.3.1 AAAMAE TR

H, F LB FR by 2 — AR B iy, H, T4
TR, — BN N E e S CO, 4 Wood-
Ljungdahl 12546 1y ST A | S TR ST, A8
R HATIRBESE G, T SR L RERE
FIAE L b A 1, 1 Sy 7 AR 8 S5 07 30 i 2
B B R B R) AR, L A i AT | R HE A B
U SR B AE A W S0 s A AT B Bk

Wk, FE HL PR R H AR & e AR P, SRR
FHETRENS R R A R R B R = h B S 2R
B LE B XA R T IS 22 MCFAs 9477, B8k i
ST ETE] C. kluyveri 16 PE (B ZEIR B 1K &R
R R R 20 3R R B B, B AN FE Steinbusch
FEOMEH 1.5 x 10° Pa S EM LR, RIRA
WERWHE 0, 5 MR A B FIMARA RS T
7 1 R RN E R, RN R pH =7 NLiZJE H, 5
CEEAE IR A T HMA IS A 3858, X FixX st
PG R A AR HLBE A itk — e, AR
RUHFTRSE T/ R (CO F1 H,) AR A HLE
AFRE R e H A PLER T 1, 456 16S tRNA 5
T qPCR 20T AR bR 102 & 2R 412, A
FEANER 1 BT i J2 T 7 1% K T &R 48 0 N AE L
i, S5REM P2 ORE A R SR A Y E
WK (S o/ L HEE) A R EE R g 2 E £
(R AR B T CO L H, B %6 Ak 5 A ] %
WA T A B KR IR IR .

FETCAMNE H, B e, PR & I B2 00 H, 7
WA, HOR YK fEFR AL DL e VEA 7= A il #2 v
APy AT 2 oh /b H, 9P ZE BN S TR
B B 8, Grootscholten 2557 I Ky 4 73 x
10 7% atm( 1 atm =101 325 Pa) Dk b (& 43 K fets 10
il i AR A, BT OBERA SR A ATP
& Rt SE AR AL B B 1 G D IR AR 21 &
Pl S A, BBl JE A FR AN RE A RO AR A TR e i
RO 238 W W4T A & =R, ILIh, Agler
ZEPVRN Zinder 45 I Ry— 2 1A 4 R I AE AR RE NS
Bij 1R AR ER 1 S AL , BB MCFAs P29 I35 2%

MEIMAME H, #F A TZS B, &40 R 3 & i
AT BN MCFAs 5% 46 Ry 3 J o S5 (%) 7= 9, 91 4n
Arslan 281778 AR DL A B R K R EYIIERINT 2
bar(1 bar = 10° Pa) H, %S () & B, L Stein-
busch 25 FEFRAN T 1.5 x 10° Pa H, (¥ [ 2%
4y % TR BT A ) R 0 A SRR A R B T K R R
TR Ry BT B, [R5 2o $A T 2
SYBT R B, W, R A W il 72 5 &) R A pH
YA (B (37)) 7, BEE A SRR T
= F pH E Y B, B2 45 5 B 38 i Ol B, Sarkar
A0 T8 3o i — o AR A i B R HL, ] R R A T
RINEAEJF A B (NAD */NADH | i % % 1 gk
B ) AL 15 M, I PN B A HL, 1S S iR 2 S 3
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XU RMGAE . T PR B A BB 15 s (R = i S S LR R AT S - AN [ el - (it <11 -

PR AECE B el A8 b ] H, A% 38 3 A, AT S 380 T B
. Al Weimer 25170 S IAEANAE FH 2 B F1 2,
FRAE IR PIT , CO, 53 He ATV 43 e ] DAFE ol 7= ) i
bk, Weimer 25711 by 1 & 40 K - 05 52 W) 5k 4
FEA 7 ) v A AR BRI B 0 A . N R R T TN TR T
FEAE IR T B £ /0 NAD | i 7E & e Y
FEER &R NADH AR AR Y R, R R
a3 3 ) R #% o T 4k FF NADH/NAD* [k
), NS 7 T TR 1) 38 A% A 7 T R 1) AR il i A2
LG AV E =1 P2 R S o I & P A S R DB g G
LS Al i RE A B S ) (EUE IR e
BT , A1 7= R T ) M AE H, .

C,H,0; +H" +2H, —C,H,0 + H,0

AG’ = -49.5 kJ/mol (37)
3.3.2 —HALEAE A & TR

YERG U EZ T, CO B2 5 2R
YAk 5 S pkig et e RECTHAE R K CO
A Btk SE A 1) L~ R R I 5 R AT T R
CO EATEZ MG U AA L TR TR R )

TEAE T MCFAs 3 A& b | il e 4 7 e 747 1)
() s AN 52 e HC At f8 A 400 1% 355 M — B2 — KOHE AL
Steinbusch 25! Fll Vasudevan 2510044 7= B b B FR Ky
T B A0 A v 1 1 5 B, A 4 o 7 5 T 9 P ) L
N A3 T L - S ORI R T R 4R B MCFAs 7
EREAL, H AT, 9050 = R H R O A AR
HRT FFA% pH (BB i 2-1 2 B ik 2 R 15 21410 )
7 CH, 1 H Y™ Esquivel-Elizondo 2515 A i3 4
TrEAREA GV MR AT AT, I H AL il 7= |
BEE B RE A AT CO AMLREIEAE Iy HL

MR, B BEAZIN ] H BE BTG P . Luo %51 Fer-
ry ™ il Sipma 551 SEH TR BL CO X7 GE
AR A P DR T 0 77 2 1 R 7 TR T B i A P
Esquivel-Elizondo %" & BLAE po, =0. 11 atm B 5t
E 28 ] LAAR 40l 7 B Be i O 1, AR — 2P Ay 5K
Korp B, CO 73 s Y 3% 13 BE 08 B0 ol A= W Al i
T F U ER T TR R A O ) B B R IR AR, X
PR REAVE A H 7~ (AR S B I, SCRESEBIXS  CH, 1Y
P 2 5O ik B RE K Y L A N B
el

CO YE L 7 HEAR R 75 — R CO A
A BAR A AL S A, BT DATE AN U 0 S5 350 B 1
DU ARG B R A BE AR DT . (EL IR LA id i
FL (St P RERBEIR AF W AR 14 S Ao D A6 o 2l D
PRI~ 14 P4 A L 3 0 0 i 58 4 3 Y T B R
2, CO MYBEME S BOX — SRR IE K SN ) 822
18 S BRI ] A 5 77 5 B A Re % 31 A5 = R Ak
CO MBI e Ry A P 3X — ) J, Fox 4517 42
AT LA E i BE R TR A N CO BoA B i 52 1
(TR FING . BRI ZAh, T $2 5 CO By ML i
AR HAE A L AR R — KBk . CO MERTK,
CO JEJy i e RES i HHE i YA 2 (H s 1Y
CO H )T e 23 B AR B A 4 i AR IR, AR
HARTE T CO MR TR SR AR i O/ T
RN 1 32 AR A7 B B A 1) B MCFAs 1Y AT AT
P, AR ERWY CO MR T HE AR IE T IR I 4R
HOE FAR R T 32 AR 4R i MCFAs (957 1k 45 J 1E
CURRAE LA 56T CO 1R Tt i iy
fb=¥=*%3kKe6,

6 CO RN LT HEAT Y 32 2 P4 A Ah 2L

Table 6 Main products and other parameters when CO is used as an electron donor

ik} Coflbzsr=t  WRE/C pH 4 B0 FEIRHMEY FE Y SCHR
BRI+ M SRR H 300 ‘ - ACL:nembacter calcm?celicus; AN
35 WG 7. 12 RSN Acinetobacter baylyi; T L. [19]
CO ml/min R %R | CLR
Rhodobacteraceae
B R (60% sk -
. CSTR + 7E2%  Clostridium ljungdahlii; T, © L oE
€O, 35% H, Ml Lkt 37 BB pH i e [62]
$LHL Clostridium kluyveri fist
5% CO, )
. N Clostridium spp. ; RN, T
CO + ZFE TR 30 7.4x0.1  [AEK P s s L05]
Acetobacterium sp. iR X2 O R
" N Clostridium autoethanogenum; MCFAs + & %
CO + Z.## 130 kPa CO 37 6 [T [68]
Clostridium kluyvert i
co 1.6 ~1.8 bar CO  30/55 7 [F1) i AR H, .CH, .CO, [85]
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4 B2

MCFAs 5 R —Fh B A = g % B f 28 3 (e
(AR T AR e AR = ), W BB 8 S 30X I 3 A 00 o 1Y
LEAFI, RR S D8 XA A BEVR AR H, (H 2 )
HET A 1k, IR Z 052 M TH A T 5256 28 B B, 8 ik 3]
FDALERAELE R Z PR, 52 0K MCFAs 1y 4™
I TS50 2 AR K 3 Tl 7K SF, R R A 55 38
o B MR Bk R A R () AT

(DR FHHARR R, BRCE 4R ) 4
Flves LRSS | H ORI A& PR I A A LB AT
TR B % V5 by Bk B 2B A9 L HEARTS %) M %
Claassens 25" V4R H il e PR BE B AR vE | 5235 FL T
BEIAR B P PR 35 B AT LA BT A TP e A i 1)
LB 1) a0 5L AT I 4R Ak R H A7 174 ST Tl 7R
(E°" ~ =650 mV) B i 0 W AR g ek & (2 B
HIE A T IR A A Wik 5 184, H4h , Tremb-
lay %1 & BIAE AL AE R G — 28 [ UL W RENS
et i b AR B AR U 7 RS X B
AR A B v (] 2R G H, R0 Rk A 2 B
2o R A 28 25 2 0 A A A A S (L SR i A
KAE Wt RE S B H2 AR 2 L T, AN BB 5 U
L T AR IS R G Bl SE K 19 52 M), 3 RE % K 4R
TR BAE FE A AL | OB Ry Bl JE S F T — A 4
8, Ak, TR A F AR AE MCFAs f92E
7 AT REE B AL, REEIR G B AT DU TR
B — AR A B G | 3R R T Y R R R ™
I, IR BEASH R Bk B HE K 7 ) Y BRI B R ARk
i, BN, LIFLRR A CBEVE IR A AR 2L
AL R R CO, BE I L BERREE 1E K S E )
AR R TR R B ZLIRAE A b 78 1 B T {4 mT
REARNT LA 5 2K bt 3k w3 114 & T 8 s Al A=
Pyl

(2) 45 MCFAs =ik 861k, 56, ke sy
BRI ) e il A2, ORI MCFAs 2l i — N1
BUFIHE , HF R T Sy 4 U AR A O g il ER e A
P TRTR IS AR X = P i s B i X,
U, $i v AR 5 2 A B ) LA B 2 e e 2 4
B 5 e S HE R MCFAs AR = i S bk | (HiA
T B — LR R AR T2 R A BT
I YIREVR S5 H0 R E S 50055 X 7™ i F e Bk
IREI o S a0, RIS B S A 2 B 15 g 1 i
(R RILAEE 3 2ok 2 il R 32 A B % 1) 23 A 25, PT LASRAS

AN B —f) MCFAs (140 . ZBE M R A 345 2
R, BRI TR A AR5 PR ) . (HSE PR IR 4 & i
PRI A A 4 K A R Ak R T USRS
FHXS Ba—FY VEAs VE R oL T32 14
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Advances in understanding the mechanism of chain elongation with
anaerobic microbes for the synthesis of high value-added chemicals.
the effect of different electron donors

LIU HaoPeng LIU Chao WANG Wen~ LIU GuangQing

(Biomass Energy and Environmental Engineering Research Center, College of Chemical Engineering,

Beijing University of Chemical Technology, Beijing 100029, China)

Abstract; In recent years, the worlds energy demand and energy dependence have dramatically increased. As a
result, in order to achieve sustainable development and a healthy ecosystem, renewable energy and chemicals pro-
duction have attracted great attention. Anaerobic fermentation has been widely studied, since it can both alleviate
environmental pollution and generate value-added chemicals. The medium chain fatty acids (C, — C,,) produced
by chain elongation with anaerobic microbes have higher added value than the product of traditional anaerobic fer-
mentation (CH,). Compared with traditional methods employed by the chemical industry, microbial chain elonga-
tion technology can reduce costs. Medium chain fatty acids can be obtained by extending the carbon chain of short
chain organic acids, which requires both electron acceptors and electron donors. As the main driving force of chain
elongation, the types and properties of electron donors directly affect the pathway of chain elongation, and the type
and yield of the final products. In this review, the chain elongation mechanism, main microorganisms employed and
recent research using ethanol, lactic acid, hydrogen and carbon monoxide as electron donors are discussed. The
advantages and disadvantages of different electron donors for the production of high value-added chemicals by chain
elongation are reviewed, and problems remaining to be solved and development prospects are summarized.

Key words: electron donor; medium chain fatty acid (MCFA) ; ethanol; lactic acid; hydrogen; carbon monoxide
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