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1.1 M8
L1l HEt

R E #k Clostridium autoethanogenum DSM 10061
) A8 ] B RO 0 (DSMZ, Braunschweig, Ger-
many) , HIASEIG I IE PRI -

1.1.2 324Ak

A KR R HEAE DSMZ640 1577 3R Rajagopalan £
FRREWI RS EHET TR, A (1L ¢ 10 mL
THLERIEW, 10 mL T e R, 10 mL 4E4: RIE,
10 gF#REE, 20 g &AM, 05 g AR EM, 5049
ik 2%, 1.0mL 0.1%7) k¥, 5.09g A, pHH 6.
Hrp, THLEhEWHR: NaCl 80 g/L, NH,Cl 100 g/L,
KCl 10 g/L, KH,PO, 10 g/L, MgSO,7H,0 20 glL,
CaCly2H,0 4 g/lL; WMEITCRIFWA L : KEHE =R
2 glL, MnCl»4H,0 1.3 g/L, CoCl,-6H,0 0.2 gL,
ZnSO,-7H,0 0.2 g/L, FeCl;:6H,0 0.4 g/L, CuCl,-2H,0
0.02g/L, NiCl,-6H,00.02g/L, NaMoO,-2H,0 0.02 g/L,
NaoWO,-2H,0 0.025 g/L; 4EE IR A A% 2 mg/L
HEZ 2mg/L, 4E42 K Bg1l0mg/L, 44X B.5mg/L, #
WES5mg/L, M5 mg/L, ZEEES 5 mo/ll, 44 E By
5mg/L, XEHEIKFEE 5 mg/l.

REERE R RNEARBEMEAR, HadaR4|K
Rig73E, pHH 6.

1.2 DHAEE

REEWT 4°C. 12000 r/min &> 10 min, B L.
WS 2B E B Agilent 7 890A AR ISR, %
< Ar, DB-FFAP £4: (30 mx0.25 mmx0.25 um) , FID
g, HEFET 250 C, RESESE 300 C, il
1 40 ‘C AR 5 min, Z8J5 LA 20 ‘C/min {38 £ F+ % 140 C,
{545 3 min, 4k%:LL 40 “C/min (& TFE 250 °C, PR
FF 3min, HE 1 mL/min, #FHSAZE 30 mL/min, 5
150,

R R R K P HPLC Waters 2498 #6:1l, #:1-A
Shodex sugar SH1011, L 0.005 mol/L H,SO, Nz,
i 0.5 mL/min, #:E 50 °C, UV-RIAG2%, i #%i5
JE8 50 ‘Co FF SRR ETSEE 0 (12 000 r/min, 10 min)
L 0.22 pum JE ST JE

AR KK Agilent 7890A SAH (B X,
Agilent 5A 7> TifikE (8 ftx1/8"x2 mm, 60~80 H) Fl
Agilent Hayesep Q # (6 ftx1/8”x2 mm, 80~100 H), ##
FERHESE 200 °C, /Mt 20 0 1, HftE 3 mL/min, TCD il
AL 200 °C, FEFE 60 ‘CHREF 3min, FLL 15 °C/ min fr#E
TH5 250 °C

JE IR I K 600 nm TN BRI VR YT OD A Kl & B 1A%
FE, FARYE OD 5T REMIHERRITHEARMET
=
1.3 WWAH*E
1.3.1 AABREF A

JNAE 100 mL JREJR AT, Bt s0mL. T

b K BURE SR 2/ R A 46 (DWS A35, JL D FR g il
e i A M o R FE 43 9 24 44 5. 6. 8 J% 10 g/l
AR KR, FEHILF MR FRET 121 CRk&R K
20 min Ja KSR, SCEDBONREERAEFEH (N,
85%, H, 10%, CO,5%) , friiFrdki RmJoth)anges
B AR B T%HEEFD C. autoethanogenum % iR 753
th, 37 CHFRMF BRI 14 d, BUEERG I ODeo Ml 77
VIR EE K BE B
1.3.2 RREF"

JNEAE 100 mL PR 3T, #5775 50 mL. £59%
FE A& SR HURESE R AE A 1.3.1.

Tic ) 2 AN [F) 2R AR KB 3R 3, 0ol R AE K
Biaed (% 10 g/L F#EFE, 20 o/L =AM 1.0 gL
NH,CD), BERFEE:FREE (% 1.0 g/L BEREE R 1.0 gL
NH,CD, PAK 2514 1.0. 2.0, 3.0 1 4.0 g/l NH,Cl 194
KB OREBRFEMEAN. W4 3% C.
autoethanogenum T~ Fik #5575k, 37 CHHE R TR, @i
HUREARS I ODeoo fE, H5 RIS ] 18 d, i 745 o A ik
BE =R B
1.3.3  ARHEAK-CO X BEXIE

RIGTE 3 L BB A EHE (BIOTECH, LR 4Ew)
WERERATD kT,

Bifi] 25 L A KK FRE (REEAMK, KB 2 gL
TR FEREF, 121 CKE 20 min, 2 Ja i@ HK PR IFE
Sl AT Ny (200 mL/min) ARk 285 38 3 i R AR
Ro FREEREMNESRBRRE (NFEREREHEG), B
200 mL FRAGTEAS £ 8 1 R IR AR K 3 7 2k rh i 57 22 5 00
ff) C. autoethanogenum, 37 ‘CH;3%, 4KEHETCHE N, LR
FER BB G EIAEE, B BRI ODggo~ XA 724
WRRE St VAR e Fr i R 2 AR BEFE R G TG N,
Pl CO (60 mL/min), #4k&ERG9%, I BURER I
ODeoo’ F%J&Eu&fﬂ IIIELTZL‘?EESZQ Eﬁiﬂfrﬁﬂiﬂ*E&ﬁ
DR TR pH E A E AR R BAL (ORP) 17284k
1.3.4 O —Fik K BriXi

RIS 3 L B K (BIOTECH, Ligfi
MWAEYIRSEARARD Fd T, HSEEEMHEL, kR
TR T —MRIEREE

Bei] 2.5 L R FEIGFRAE T R, KB R M B
AEEMER 1.3.3, SRJEHRD 200 mL TS TE K R, Rk

(CO MNME—MBRIE) B 2 X5 C. autoethano-
genum, ELLEATE CO (10 mL/min), 37 CH:%, fi
PR35 300 r/min, §E 5 AR 5F 0.035 M Pa, pH 18 1% #i 7£ 5.1~
6.0 2 [a], &I HUFEAL I ODgoo A= o

2 FBRE57R

2.1 AKREEREX € autoethanogenum <=0
AW C. autoethanogenum 4= K1 B AR IEISY, &
R H R PAEE R C. autoethanogenum 4K K P&
R, ERNE 1R, B L LA, SGibi
KHFIE (14 d) BIEEFR, VIEAREREIRERT 6 glL 11
B IR R KBS CAFER BB ARER, HIaE ARSI Rk
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FEILF 8 g/l J LA _FInF, B3 7 oA U B K T~ 20%00) k4 -
WILEACKERR Bk B Pl 2 g/L $8mE] 4 g/L, BRIk 3%
WK, ZJEKEEARS, KRERERERNT 69L )5,
PR IR FE R AE s AU ) SRR B AR R L, K
PRSI EART 6 g/L B, BEAEAHERIIG I, ZEERE D
B, AR EIRE KT 69/l 5, LEREHIEA
A, DL ESEREB, T C. autoethanogenum A= K frI A
PRI ETE 5~6 g/L ZMIHEAE, WL S HEIEA
ResE R, BAERKSREF AR, it
SR T EAR R ALK, WKE ORI A S H R R TR
B pH B K KB tb4h, R4 C. autoethanogenum LA
ABENBRRA K B, EARUIARE S 2B R A,
Fi 9% 14 d JE WIGGARNE BT Sk B2 8~10 g/L 85 TRl Hh 453
) 2B BRI /NT 0.75 glL, 1 55— =4 2R I R BK
JEAE 24 g/L L L.

A1 AdERE C. autoethanogenum 2 K B AR = 4 44 %
Fig.1 Effect of xylose concentration on growth and
products of C. autoethanogenum

2.2 RIRHEM

KR EL T C. autoethanogenum 7E A &) &I 2% 14
TR SAREREER, 4 RuE 2 AE 3 fis. M
2 ATLAEH, C. autoethanogenum 7 JR U541 973k
(YP) AR, ERREERFRE (YD) ik
2, BRI BIHEIE NHC 25, A EHRA K
FERFHARIEK GE 1 S A MINE KD, T H s 2
SRR B, KRR NEIAES A FEENEA
i BRI R ER LD ENAEKRE T, EAFT
WEEM ALK, R A KR RS AR S
RIEE AR, XA TEHLEIR NHLCl, 8 7 i v+ E - C. autoe-
thanogenum 7EAX & EHL AR NH,Cl BI85 772k Ege
£, {2 NHCl KRBy, P 10 gL
NH,Cl B B A KR 218, T2 B 2815 30 1Y) bR A4 TR B2 400
FEXT T, T NHLCl TSR 4.0 g/l S 210 58 Rk
FE AR, HARBE T BB TR W 5164 0.81 g AWK
BAWEFH (B3, Bb4h, & 3.0g/L NH,Cl ;773
WA R D EAREREH . ERGAKRFRE (YP) FIRE
REBRFRIE (V) BRI KEARZFED K, HARH
P CFER CRRIR BRI (B 3), REMREER TR
B YY) PER R RAAIKERIC— . BERPE R IR AR
JRAGE KBS TR T B AU RIX — gy, T R R Ak
REHAK, FILE C. autoethanogenum 1) A FUR S 77 i

A DL B B 5 7R BACER SR R A A IR 6 DL I s 7R 3
FIA. B 3 Box, SEMEBEMEE, RREhEH
PURIR I T PRACH - ) 2R 1S B, (B — )
CEFIREZRIA K, W RER K LR A A KR
Y, 1 CEER AR A KA AL =t

A2 HIBRAT C. autoethanogenum A K #9 %k
Fig.2 Effect of nitrogen source on growth of C. autoethanogenum

B 3 #REsT C. autoethanogenum /X4t /= 49 BAAE ) 69 %k
Fig.3 Effect of nitrogen source on products and xylose utilization
of C. autoethanogenum

2.3 AKR¥EEK-CO BRI

R 2 BB AR 55 1B, C. autoethanogenum
DAZD B (A A BACIR SE L DU B R T R B 2 5 2 B
B, C.autoethanogenum LA CO JyMfE—[RIEE—0 & &
R, E dafin, BERRAKEERAEEARRERN
BRIE B, CRRIAE e IX — I B, 4B 7R T Kb
FER, BRIRHER T CO, ZJEBlE KIFMAT, LIRIKE
BETREAG, CERFEEHIZ S TE, X2 K CO AMY AT LA
FAFERCIR, £ Ho 8 Z 2610 T BIEREAE CO Mt L
AP AEIR T, % T ZRIE SRR 2,
K da TR KERSr CWEAE CO REEM B 42, K 192 h
I 5 31 f e LR B 1.71 o/l . EALIE SR HLfZ CORP)
AT DL KV TR B o 2 3 HE SR 1) 2 A AL -3
PE, EALIE R A, AR, AT, Ak
PERRTS. X REME C. autoethanogenum 1ij 5, ORP %
GG, BFFERIL, KiFRIEEN ORP & 1150 mV i
HEARRISET . B 4afl 4b oR, BEEERAE K 2 RE
B, REEW pH (EAT ORP HGH FAK, 1EZRIKEE i
ff ORP AIik£-300 mV LA'F, Tipi#E LRIk LB
BN, pHEZE LT, ORP 2 ETH&as, iR
Tk TR AT e PRV ) DR P 3 5, T A R L T A5 R IR T
W JRPERRR . KIS 1 ORP 3K A 3 ik ] BE 2 PR g e
[ R R A B AR, SEOL AR R
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KT o o BEAR pH BB T A BRI B R 1R 7= AR
22 R 2 o B pH TR 5 BLERHnER (HCD
W pH 2 4.4, BT RKEEBERIE JIFFK, O
A R 15 2 B B R

w507 1350 ~
.g 45} —O— Z i Ethanol 300 ,L]
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£ —— BRI Cell density g
8§30t 1200 §
825t =
§ E 150 S
1 2 2.04 v
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B 4 C. autoethanogenum &) A4 4 K -CO £ B h 4
Fig.4 Time course of C. autoethanogenum metabolism
initially on xylose and then fermenting on CO

4c BRI KRS IR AL . C. autoethano-
genum AHE A K B Bl N A4 2 100% Ny, BB HR AT BA
2> FE ) CO,, 1 HLYE B AR B i I CO,
AR A B IA B 5 A 0.32%, CO KEEN BEE A 1S 44
#eil 100% CO, HHRAARELNER] CO, UiHITLIR
FEAACIE & KR Bt , CO, #fi2 C. autoethanogenum ) —
ASEBABE . KM BLH D RS CO IR B
96%~98%. [i], UM RA /D5 CO#AI M, MX—kr
BRI A K, TR E 1) CO #H T =4
G I CO I 2K 3 22 RN [ S 3 AN 1
o WK — R R, BT ReEE,
KH T EBARR) CO MR, [Fnf FETEARA IR E, FF
JE TR I R B A SIE N, BT DLR EEIE AR
ARERABELEE, NUERMTEAN CO, SIHERR
K T SRRE2 B A5 B SR/, SIRAE R B P A5 B

IFIE)AE, PRI A% PO ZRAIC, BRI T CO IR . ek,
IR R, A CO G, Rl fHE
) Hp FIRESE CO AR M) T /EAREI/E T H
IR A Hae
2.4 CO—ALEHAL

K| 5 C. autoethanogenum [¥] CO K Efzk, T
CO BN K R e FEME— I IR AT BRI, R -5 e
RNARBEREE (B 4, WHREKRSZE, HAE300
BRI, B 5 BR, K12 d)E, WRIKEIFS
TR, HETMOERRE—BEE FHER, RmOiE
JREIRIEIAF] 7.36 glL, S SCHERIRIEM 2P ik Z ) 8
5% . oSk () R R e 0 A Ak B R 4R FR 72— €
B, BRTREE LE R REHE, EH B
J&, CO BRI FE RS 73 8, AL i AR S R,
[ ) 5 P e b 2 2 ) ) 1 o — 7 TR A S A T A 4 3
FR, I T CO SIAE B T 45 BE I A,
et T CO MR, FIAH HEAHE A K-CO Kk
45, R CO Byt E MRk BEA RS 1 KIS L%
WREEENSR S T 3 A5 LA L, T FLA B[] B R 9 d 2K
2 24 do AL, EEASREEEFRE A 5 — ) ORI FE AR
AT EARACE CONF L1 g/L), BEMEERE AL K Beth
. FFEREA 24 1D BEFRLL CO NME—fhii
AR, 77O 2) KSR RN
] CO Al 73 LB IR R £ B, RINNBEE £ BEHR 5 1)
LT, pHAET

—_
[\
—
[353
(=]
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—5— BEIAYRE Cell density
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o
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Fig.5 Time course of C. autoethanogenum metabolism on CO
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C. autoethanogenum XA BE I = L 4B A F, R
EELELE. EEANABERERES C
autoethanogenum A=K IVIH, BRI &, RS EHLA
P NH,Cl 35758 FAEK S, AR E R,

e /N e N g HE4T C. autoethanogenum ()it
NI, R ERKEEFET pH K& ORP HIE1L 54K
W) LA R A B VIR O . SR AR ZE K-CO
REEP AL, CHEFEAE CO KM B 4, LL CO Nt
K SR MY B I ME— TR, EARTS B IR K TS
{HAE S B3 8 03t 2 i R IR 1145 UE K, CO FAA 3
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Study on one-step ethanol production from CO by C. autoethanogenum

Xu Huijuan®?, Liang Cuiyi*, Xu Jingliang™?*, He Minchao®, Yuan Zhenhong"?, Chen Xiaoyan®, Zhang Yu®
(1. CASKey Laboratory of Renewable Energy, Guangzhou I nstitute of Energy Conversion, Chinese Academy of Sciences,
Guangzhou 510640, China; 2. Guangdong Provincial Key Laboratory of New and Renewable Energy
Research and Devel opment, Guangzhou 510640, China)

Abstract: Fuel ethanol has been recognized as a kind of potential alternative fuel as well as an additive to gasoline because of
its oxygenated and high octane characteristics. Syngas fermentation, a novel route for ethanol production, is getting more and
more attention. Syngas can be generated from a lot of organic materials including biomass. Gasification technology is used to
convert the biomass into a mixture of gases (consisting mainly of CO, CO, and H,), which is subsequently fermented to
ethanol by means of anaerobic microbial catalysts known as homoacetogens. As a homoacetogen, Clostridium autoethano-
genum is able to metabolize syngas/CO and synthesize ethanol, but limited work has been accomplished with it and ethanol
concentration achieved was low. In order to improve its ethanol production, fermentation process and some factors affecting
cell growth or product formation were studied. Although xylose is an easily-used carbon source for C. autoethanogenum,
results showed that the primary end product in xylose metabolism was acetate, while ethanol remained in alow level even with
high level of xylose (8-10 g/L). C. autoethanogenum grew rapidly in the medium containing xylose and organic nitrogen
source, and high cell density was achieved. When nitrogen source was switched to NH,CI, C. autoethanogenum grew much
slowly and the overall cell density diminished. However, nitrogen source didn’t have much influence on ethanol production if
xylose was used as the carbon source. Two-step fermentation, i.e., growing on xylose (first stage) and then fermenting with CO
(second stage), was performed in a 3 L bioreactor to study the batch fermentation of C. autoethanogenum. Results indicated
that cell growth and acetate production occurred in the first stage, whereas ethanol was primarily produced in the second stage
when xylose was exhausted and CO became the sole carbon source. Fermentation curves showed that pH value and
oxidation-reduction potential (ORP) dropped with cell growth and acetate production, while ethanol production was
accompanied by the decrease of acetate concentration and the rise of pH value and ORP. CO, evolution was observed in both
growth and fermentation stages, and a small amount of H, was detected in the outlet gas during the CO fermentation stage. But
due to the limitations of bioreactor and operating conditions, gas-liquid mass transfer in the bioreactor was poor, which
resulted in the low efficiency of CO dutilization, and only 1.71 g/L ethanol was obtained. To eliminate the limitations, the
bioreactor was modified and equipped with a specific device which could keep a constant pressure in the headspace. One-step
fermentation was carried out in the modified bioreactor using CO as the sole carbon and energy source. In spite of reduced
growth rate and cell density, C. autoethanogenum produced more ethanol than it did in two-step fermentation. The maximum
ethanol concentration obtained was 7.36 g/L, much greater than that reported in the previous studies. Moreover, during the
whole fermentation process, acetate concentration remained lower than 1.1 g/L. Summarily, the results suggest that C.
autoethanogenum is a promising strain in ethanol production from CO, and this study presents a reference for the scale-up of
CO fermentation to ethanol with C. autoethanogenum.
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