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Abstract

The ABE (acetone, butanol, ethanol) fermentation is characterized by its low
productivity. In this paper, this issue is overcome with an innovative separation
process that employs the adsorption and pervaporation technology. A control ABE
fermentation experiment was characterized by incomplete glucose utilization due to
butanol toxicity to Clostridium acetobutylicum, while fermentation coupled with in
situ recovery by pervaporation and adsorption resulted in complete utilization of
glucose, greater productivity, improved cell growth, and concentrated recovered ABE
stream.

In adsorption process, use of activated carbon appears to be the more attractive
as it can be used to concentrate butanol from model solutions and results in complete
desorption of butanol. The butanol adsorption capacity of activated charcoal is 42
mg/g in model solution. Direct use of adsorbents without removing cells from the
fermentation broth may foul the adsorbents. In order to overcome this problem, either
a microfiltration or an ultrafiltration membrane can be placed between the adsorption
column and bioreactor or cells can be centrifuged and returned to the
reactor.Problems such as interactions between adsorbents and nutrients, sugars,
biomass, toxicity of adsorbents, and the ease of desorption still remain to be
addressed.

Acetone butanol ethanol (ABE) were produced in an integrated
fermentation-product recovery system using Clostridium acetobutylicum, a
PEBA(polyether-block-amide) membrane and a 5-Lfermentor containing initial
substrate (glucose) concentration of 80 g/L. Cells of C. acetobutylicum were removed
from the cell culture using a ceramic filtration and returned to the 5-L fermentor. The
ABE was removed from the filtration permeate using a PEBA pervaporation

membrane.



A PEBA pervapoaration membrane was synthesized to recover acetone, butanol,
and ethanol from model solutions and the Clostridium acetobutylicum (ABE)
fermentation broth. At the effects of beginning concentration of butanol to the
performance of ABE fermentation incorporating with pervaporation. At 7+1 g/L.
butanol concentration to operate pervaporation have the higher butanol productivity
and yield is 0.277 g /1/ h and 0.207 g/g. A continuous operation with pervaporation
and feeding 150 g/L glucose at the rate of 15 ml/hr for 24 h. It have the butanol
productivity and yield is 0.270 g /I/ h and 0.169 g/g for 84 hours.

In situ removal of ABE by pervaporation has been reported to be one of the most
important techniques of solvent removal. During these studies we were able to
maintain the ABE concentration in the fermentation broth below toxic levels.
Keywords: ABE fermentation, Clostridium acetobutylicum, butanol, adsorption ,

pervaporation.
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gh o RSB ARG E TN (K2-1)-

WA AT @ N TEEA R RS e EH EmieiTas
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Applications Used/Methods

solvents for paints, varnishes, resins, gums dyes, camphor, fats, waxes,
rubbers and alkaloids

plasticizers to improve how a plastic material processes

coatings as a solvent for a variety of applications, such as curable
lacquers and cross-linked baking finishes

chemosynthesis for producing many other chemicals and plastics, including
safety glass, hydraulic fluids and detergent formulations

textiles as a swelling agent and manufacturing garments from coated
fabric

cosmetics for eye makeup, foundations, lipsticks, nail care products,
personal hygiene products and shaving product

medicines drugs and antibiotics, hormones, and vitamins

fuels gasoline ( as an additive ) and brake fluid ( formulation
component )

others flotation agents, cleaners, and floor polishes

Bk & B - http://www.dow.com/productsafety/finder/nbut.htm

% 2-2 T8 (ethanol) $T& (butanol) Z 4H

properties ethanol butanol
Energy content ( Btu/gal ) 84,000 105,000
Energy density (MJ/L) 19.6 29.2
Boiling point (°C ) 78 117.7
Solubility (ml/100 ml H,O) infinite 9.1
Air-fuel ratio 9.0 11.2
Additive ratio (% ) 85 100



Mileage (mpg) 17.6 25
Corrosive higher lower

Shipment rail, barge or truck  fuel pipelines
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A AEME R XA E TE > F41801 F3kdPasteur A& » [
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K Weizmann #Manchester X225 & ¥ 7 97 414 & T B2 0445 8 & 42 Weizmann
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butyryl-CoA£ & i £ & 4 — T BF ° (Ezeji.,2007)

pentose glucose
ATP D
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Fructose-6-P
ATP

ADP
(2) glyceraldehyde-3-P Rd,,

.\,\) 2NAD )
Cz NADH
NAD* NADH 4ADD

N 4 ATP

lactate = (2) pyruvate Rd,z
® CoA, e
® | NADHWAY NADPH > H,
A2 ] ©®
NAD' NADP
(2)CO, :
. B NAD'
HL ADP CoA c NAD" NADH
Pi NADH N: \_}
acetate q&_L 45—‘ (2) acetyl-CoA acetaldehyde ethanol
acetyl-P e . ey ® —
(H) 2 \G) L0J (B
(6] \ CoA

co, — oA

acetone ~¥accmaccmtc - acetoacetyl-CoA

_|-~Napn @ ® _ b~ Napn

© C’ @ C}
NAD' NAD?
Isopropanol 3-hydroxybutyryl-CoA

K \L H,0

crotonyl-CoA
g NADH
@®
\ NAD' ; NAD(P)'
ATP  ADP e Pi NADH el NAD(P)H
butyrate ‘GL'L butyryl-P 4A+ butyryl-CoA \'\<‘ butyraldehyde — butanol
N (M) ) R)

CoA

B 2- 1 Fermentation pathways in C. acetobutylicum. (Ezeji.,2007)

Enzymes are indicated by letters as follows:

(A)glyceraldehyde  3-phosphate  dehydrogenase; (B)  pyruvate-ferredoxin
oxidoreductase; (C)NADH-ferredoxin oxidoreductase; (D) NADPH-ferredoxin
oxidoreductase; (E) NADH rubredoxinoxidoreductase; (F) hydrogenase; (G)
phosphate acetyltransferase (phosphotransacetylase); (H) acetatekinase; (I) thiolase
(acetyl-CoA  acetyltransferase); (J)  3-hydroxybutyryl-CoA  dehydrogenase;
(K)crotonase; (L) butyryl-CoA dehydrogenase; (M) phosphate butyltransferase
(phosphotransbutyrylase);(N) butyrate kinase; (O) acetaldehyde dehydrogenase; (P)
ethanol dehydrogenase; (Q) butyraldehydedehydrogenase; (R) Butanol dehydrogenase;
(S) acetoacetyl-CoA:acetate/butyrate:CoA transferase; (T)acetoacetate decarboxylase;
(U) phosphoglucomutase; (V) ADP-glucose pyrophosphorylase; (W)granulose
(glycogen) synthase; (X) granulose phosphorylase.
7



2-3-2 L2 E ik
FHBIL R A RIER A A TEH F %A Oxo synthesis » Reppe synthesis Fv
crotonaldehyde hydrogenation » 1t R J& X 40 [ 2-2 - Oxo synthesis ( & 2-2a) &
A1 A 4EIE#E Co ~ Rh 2 Ru sA3TEf Ak (CH;CHCH,) X #4¢ > &% — Adbs
(CO) AR (Hy) NEist bR TEEE TE > HIbpRIBRIER /) S8 E
2 AR MAR » T# (CH;CH,CH,CHO) & @it (Hydrogenation) 4% BP 4§ T &%
( CH3CH,CH,CH,0OH ) (Falbe, 1970 ) - Reppe synthesis ( B 2-2b) > #| B 48 4L 5|
LAAT T 79 M 2 b > A — BALsR K (H0) W Eréd R T BE R & T a3
EA ZfAbm (COy) > bR JE T HMEBARE T AT - A2 A AT R A FE M &
757 %1t (Bochman et al., 1999 ) ° crotonaldehyde hydrogenation ( [ 2-2c) B|#]
Azt (CH;CHO) #4746 & R & £ s CH;CH(OH)CH.CHO » ALK 4
A CH;CH=CHCHO - &ttt SAA R TE > AL+ FIEERAEETEHIRE
#4& (Swodenk, 1983 ) o

Catalyst

(@) CH:CH=CH; ————— CH,CH,CH,CHO + CHLCHCHO
CO/MH2 |
CH,
- - CHs;CH,CH,CH,OH
Catalytic Hydrogenation
Catalyst
(b) CH:CH=CH; ————» CH;CH,CH,CH,0H + CILCHCILOIL +CO,
CO/Ha> |
CH,
Aldol Condensation Dehydration

(© 2 CH;CHO——— CH;CH(OH),CH,CHO ——— CH;CH=CHCHO + H,0

l Hydrogenation
CH;3;CH,CH,CH,0OH

Hz

2-2 /6245 TERER (Swodenk, 1983)

(a) Oxo synthesis ; (b) Reppe process ; (c¢) crotonaldehyde hydrogenation



24 A EATEEZ A

TER AR X K48 X & B Clostridium/§ 89 FAS R AH © AR B E 5 R 8
EURBRERFARRKT AR RE  —HTEBEBRNI - F ReykoClostridium
acetobutylicum ATCC 8247%u Clostridium acetobutylicum DSM 1731 ; 7 —#& & 35 8
¥ % > dwClostridium beijerinckii ~ Clostridium acetobutylicum NCIMB 8052Fu
Clostridium saccharoperbutylacetom N1-4 - H ¥ > X 2l Clostridium acetobutylicum
ZABRFRABRAL®H - (Ezejietal, 2008)

Clostridium acetobutylicum % 3 8§ K, % P& & (Gram-positive) » 71974 5 4% Smith
FoHobbsFr 32 & » B b # 4 7T & 4 acetonefubutyl alcohol 4y % 2 o sh#R L 2 A 42
REEHGMN  mioAEARE  BRRA ey B RaH - —REENLE A
Ao Qg HEi A ~ K~ ARG LR Ao s ) R o A A R a9 IRE A 15~69C
18 f£pH{E %46.5-7.0 %8 E30~37TC eyt £ K& - R £ s a1t
45 2% 3 b acetone- T &2-ethanol (ABE)feH, ~ CO, M # 132 £ B K 69 BLAk o

B EATEEESRE P 0 R E 37 C& A% 0 tblbiotin ~ p-aminobenzoic
(PABA)E ML AERFZCET eV EFRAAREN - FEBFRABIY /]
B} > % A % i Astationary phase 3t H 4mfu iRy % A AR L ey 2l ¥ > BLEG T BEfw
a c e t 0 n e
MEZHEIRS °

% 2-3  Clostridium #% # ABE ## Reh | A H# (Ezeji et al., 2008 )

Organisms Sugar preference




C. acetobutylicum 260 glucose > cellobiose > mannose > arabinose > galactose > xylose
C. acetobutylicum 824 glucose > arabinose > xylose > cellobiose > galactose > mannose
C. saccharobutylicum 262  glucose > arabinose > galactose > cellobiose > xylose > mannose
C. butylicum NRRL 592 glucose > cellobiose > mannose > arabinose > galactose > xylose

C. beijerinckii BA 101 cellobiose > glucose > xylose > arabinose > mannose > galactose

“fx % X ABE & &M %
2-5 AR EEE AT H TR R R Z R R

BEHRGSBBITERAETEDR N RRAETELEARAHEET R
W F o B H AR B B TE e AR R E K > B BUFads 1 &
#3(steam stripping distillation) ~ & 32 (gas stripping) * %& ft(adsorption) ~ %% 7% 2
(pervaporation)fa ik - /& 48 # Bt (liquid—liquid extraction) - R 5] 5Bk L 7 ¥ T B2 &

WL AEFEEE 8 4o B 2-3 © (Qureshi et al.,2005)
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6000

5000

4000

butanol]
a8
3

2000

1000

Energy Requirement [Kcal Kg"

88 Gs Perv Ext Ad

Butanol Recovery Technigues
2-3 FE) p#e U H T B e X AE R F R ki
SS—steam stripping distillation; GS—gas stripping; Perv—pervaporation;
Ext—Iliquid-liquid extraction; Ad—adsorption
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2-6 B M
2-6-1 % It #

El R B &R BT AR BEHRN R BN BERHE & DA E
Fofl R BB A AT HERMEAANERZEHSH RILEZOER BRI
Hashk @me 3% AFARTLE S MEATL » R MIERIL - PILEZ R H
FERRMZNE > MBEBRZ S FHLERRMAER > MRILELMILA BERHR
MAER > B P AT A R 6 £ F A o R MBI FUAE 64 RO S 016 AR R F 4
BHynF RO FEAM -

2-6-2 Bt R I

KEREANFCRBEERRARGABE T HEBESE MY o0 BT
BIRRARAE R G T 694 AR 02 AR > SR T LS AR B R AR T e
AR5 B B8 & Frd (adsorb) 5 3% ] 38 #8 & % [t | (adsorbent) » i H & 88 % & RBP4
X R #5224 R (adsorbate)

BRI SRR BNRIE BRI B Z 658N RE > &bl E T etk
R A% BT A A B4R 4E (dipole moment) o % [t &Y M ] & B R i H 91 o% it ) R 2 A

A H YRR Wy B RiE: IR R A BRAE LSRR -

1.4 22 %% [1¢ (physical adsorption)

RO EZER N QLT REA SN £ F &84&{t(polarization) ~ {&4%
(dipole)z Fleyta 24k > A EVER W FRAE A S BRI T UM A MIERN
MERMERBAERREBR/IAL — SR FRANES Rt g%itha g
RACBEGBMAE > SNBRMHAESCEHROBIR TR WRMERGILE R —

HRENERBY > MA SRR L -

12



2./t£: 9% [t (chemical absorption)

ICR R ZH BRI E R B R BB AR ) A0 FHIRERGI
R MR R I E AR B2 ] E AL sEE 0 T M2 850 — AR M
S ANERGERBEE TS BACERMRLIBRMAFA G ITRA % -
(g A, 1999)

% 2-3 FFIR MBI T 522 %% 4 4 (Qureshi et al. 2005)

Adsorbent Components Butanol in feed  Butanol adsorption
present in feed solution (g/L) capacity(mg /g)

Silicalite BE’ 21.5 97
Activated Butanol 5.0-30.0 130
Charcoal(granular)

Bone Charcoal Butanol 5.0-30.0 206
Silicalite ABEHaHb "~ 10 48
Activated Carbon Butanol 15 252
Resins(XAD-4) Butanol 14.4 100
Resins(XAD-2) Butanol 16.5 78
Resins(XAD-8) Butanol 15.5 66
Amberlite (XAD-7) Butanol 20 69
Amberlite( XAD-4) Butanol 20 83
Bonopore Butanol 20 74
Bonopore — nitrated Butanol 20 55
Polyvinylpyridine Butanol 14.9 68

“butanol ethanol mixture

k3 - - . . .
acetone, butanol, ethano, acetic acid and butyric acid mixture

13



2-7 B ABRBN
2-7-1 Bf AR RIE

B3 & AF (pervaporation) T L A F R FMBH ARG Ay BERFZ— » &
4 89 % & (permeation) & 7 4§ (vaporation) ® A& R [F] 5 842 - £ B3 45w B B 4o
B2-4 > LIRS T R X EEM AR > THARMEZERG T R
HEeE) 1 > B EBEM > A THAREA A EH > AR LM EEM
NIRFA BN PR 2 B R Ry EHENE Y -

o - AN .
|~ AN apor
|~ N phase

Soltltion /O J
] o 0 Pae Diffusion\
0 < N
o V ~ |
O Y%) 0 N Evaporatiot

O e N —()
- |~ Membrane ]
Liquid > thickness X
phase Pz N

2-4 BBRBETE

A BB RENEBRFIAR T 0 7 5 FE £ R A B IR (sorption-
diffusion mechanism)(Graham et al,.1996,Baker et al,.1995) » B X K32 3% A% 84
DA TINZATBREREEMRF: B0 ARMEHBRIENRE » F =35
BB BRI BB NIRA R =300 B E B YT 5 AR 69T XL I A A A
# e

B AR EM AR BB E 28 354R 0 — @ E(Flux) » = & th(separation
factor) - @ FAAK F WM A BB NATILE R0 EBMA S - mBHFLAK
RN BRI WK B BB T R ERG RIS o B Bk fTI % R
MZBEREFILRARSEAERTFTREZZRA -
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(1) & & (flux):

’r:A % t
HPIBEE(mYh) W AW EEBAKBZEE(Q) A BEBEERMm)

A AR R (h) -

(2) i #%# tb(separation factor):

EfaBBEw X Y AR EF A BN REERNEESF -

2-T-2 BB SL

TR F & 1917 F£d Kobers #2145 > F| F BEBR 4R 4e 8 F R ey Ko o Bk
Bk fa—HF 1950 £ EBREUAAREE > 2B 5 EAEBHBEREE > &
& B9 X B 33 v - Binning £ 1960 FB4630454 8 A2 5 2 B E1L69T4T
Mo ERARAFEEBEAMERBOBETARBEEL AR B2 AFRA
—H&EFATHEI - A% 1980 4 > & GFT A% & PVA(polyvinyl alcohol) A &
PAN(polyacrylinitrile)# &8 » oy 69 JE i 7 B KB 6 B A2 > 7 1982 FAE
%3 B E 1500 FHEKIEAEG TR 0 BISL T EASE AE R R Eoay Kt
(Huang,1991) - 514 GFT X 8] a4 42 ek R A B4kt =+ % B KA TR 3]
T 1991 FXFH > 2R EYF ISOZARRABELERBERE - ZBAAL B
¥ibay s FHEM Y AE R GFT X356 & & > 23 & F R B R4y Mitsui ~ £

&4 Artisan B T i 49 Pervatech &L B 45 4 & S A% 4 kb oy 538 A B8 -
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2-7-3 B A AR

BE BB RARRT s B AR B AR 0) B - B R AR
FAUR s mE A0 R AR EITy 8 M E R F AT L ABM
F 2 7% #7PE (Solubility) LA & & £ % #t(Diffusivity) (J.J.Shieh, 1997) o # %% %45 %
B EFLARANASIHEDER S FRIGZREEERRGIOUREFE
MR A M RE(ERELE)  Rbit R 6 23 F A7 AEM LA 8
B R Ao RIEH H B R E R B P oIRGB AR 8k
HAHN S BREFES NI LRGBS RMEZEFLRAL - #E
B e AR E R 0 B4 % i@ 2 (High flux)~ % % 4% tb High separation factor) B4 & R 4F
&4 #% %€ M (Excellent stability) &9 24 ft » {238 F R LM A £ F M I REIEE - MR
% B B 3R o AR VR MR- ¥R #X 32 % (Solution-diffusion model) » i @B b ¥ 2 A &

7ok Mt 3% # e (Solubility selectivity)#fe #% 4 3% #% b (Diffusivity selectivity) °

BTABNBTE  SEABRBHENETRKREFTRENER  — KM
T B 5 BERCR S A NRIE A A E AR Ak F e R Rl AT R X
BEABEBERT FRAMRMA BRGRA I FEEAS T RN T B0 :EE
the ZHEES FRADGEZL  RAENFTALRSHEES A b H > Bbik
EEEZR KR M GBS EZZBEP E(rubbery state) # &% F+— PDMS
(polydimethylsiloxane) > Bp & A7 3F #4silicone rubber - PDMS & 1% 3£ A # mx f7 49 &
HRTEHARMAEESORES  RAEBRBET AN —ROHBES S
F oo HNH S A MM KR T E - PDMS#)EIF L R4S > IR TPDMSH: - 63
Silicone ~ Polypropylenefupolyether-block-amide % #+ ' . % Bk 7 % F R & %

16



(—) PDMS(polydimethylsiloxane)

PDMSH—# 8B 6&n T EASHHKEE - i @ LA KTRE
P ALEARR T AR B A RAFOM 4T 84 - e 250C AT @ AR A RAFEIBAER
P o gbsbh o H A E 58 & (dielectric strength) ~ By KM F AR IEH RA4F > A ¥ A k48
FRZ o WwimER AR BN KBREFEA o A E R EE ™A
WoRF T E RARLER SHARE AMUTHARERAEEFRMZA
A Fo Kk Z 4B (Baker et al., 1993)

PDMS(polydimethylsiloxane) » BP & Ff 35 &9silicone rubber » 154§ %7 BB - PDMS
TEEFRARNGERE RT HEARMA LSRN A BT AR
—RAHEIBE R T o HNF L AMM Y AKER TS - PDMSHyEFEM R > B
TPDMS4h » 4% Silicone, Polypropylene % 41 & Bk F % M R ¥ 2 %38 A4
B o B s HPDMSH4# A Am Asilicalite (% U 89silica) » 7T X 1842 % PDMS# A #

WeyEIELL -

N
fsi—o}
CHs; )

2- 5 PDMS(polydimethylsiloxane) 2 1t £ &% #% X,

(=)PEBA (polyether-block-amide)

PEBA (polyether-block-amide) & % &% - B f 4k Fx £ R4 > AT BB MR F
o —MEFRR - RN RBEL TR R B RF N S REAT AR - PEBAZ B BKME
Hpt o PEBAM B k3 % 24 % 0 B APEBABEHNF HIEALITAM &
Bl 85 ey 42 M 35 & )8 (Aromatic Hydrocarbons) & B 47 4 4 » 4o 3 &y Fo ¥ R

17



(K.W. Boddeker G. B., 1990) -

0 0
[ H H | [
HO _PC _C11H22— N +C _CllH22_ N am—lc—C4Hg_ Cc—0 —C4Hg—(—0— C4H8 3n—10 ];H

2- 6 PEBA(polyether-block-amide) % 1b% & #% 5,

2-7-4 B3E AR AN T BB

ABE %8 A8 £ A At 3B B4 {2 B 4 1960 £ RE®ARBA £ Wi EE
TEOTE SR X2RARNTREEEN THAETAAZRSE  URZHEMR
HEAY  URGZEER B TROGEEERFE - BAIME » RIF ey TE
BEEAMaAEERRERREBTEE TEER  RtBHERTRETYERE
B EF2HRamE R BEAESZ ARG RIS HFIREINE B bt
CHEAMERURFN - EZHRETEATROIHZR e FREEEEE
A ERE  Rubdo T A B REBRERT TERE #BTBLTEHAMRY
FEXRR MR BRI > BT A 26 LR B i 4 AL oY 42 5% E (Zanati et
al., 2006) -

124 F B340 AN B AR 00 T B o B B i £ e 45405 A RUB8 T 42 (Gas
stripping) LA & A A %+ 735 B (Pervaporation) © A AW R8T X EZRAA T
BE e B4 0 AR RA(RCOY) T A B - BB BER TR E TEE 8 AR
TEAR  BAR SRS T BB AR R EBAT T — A& e @it fm SRR T
UAFE R A B AR P ATAE AR P IR » AR PR XM R RRFI AN AE Z 894
# o AN RELELRENRATREE > @ REBEBE > BbiFsiai
AL ENY BATHIARTENBY AXIBAMEIALZATHOR AL
FEERREARTABIRIXATE/ILAEEZTRM -

7 — A FAER R8T 8264 7 X Bp & B34 2448 78 B (Pervaporation) 89 3@ 8

BMRREBITREEA TE - NS ER PR TLERKTEEENG :FHE
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RSN BAF W RO P T LR A A SE AR ABEe:8E
BRRBETELFFAMEREREEE N LSRG EEB AR -
243 74 (pervaporation ) 47 ¥ A48 A 693878 3 B & — 8 L B4 2k 3%3

2N

N

B % LB 0 AR AR ide S AR Bl e A T B AR B e TR A R AL TR0 B
BBR PR B SR RAR SR 6 E Ay £ AR A BB 0 i — A
1b A A T LA B R B B AR BT o iR B AR 5 B Sb b B A3
AR R BE R R R A AR A ER - JLsh o da B
SRR R R R — TS R R B R RIBL R R AN
s T AN £ B o SUR AR A P8 R ) -

B R R T 5 A EEE RSN AR A BEA 0 DR
S8 8 6 AL 52 T P S SR Ao e 0 R ) 2 AR T SUB AR A Y BB
FH T ARG GRS~ K 0 IR BBIE e B B b AT R IR AR R 6 £
MR A RSN RH AR 0 B AEREIE ARG E

=)

K
RET BmBENENERARAET X ER L@@ L RERBRERE-

BT EABE > AREBRAEENAM RTATE RAFEACE &
EOowbmpsnh BRNEGEEFRLBEARBEERANTREET £y
BTEORAERELR EME THEBROERLA NS AR SEARE
REB| A B BEEZ AR R — B -

2-83% /T BF & & 693 B% K&
() RS TEREWNT A HE

M TEH e EREBRT TEY ST RUEIIRJ[NRE &
— SR TERAERAER AURSEBAEH TEHO L ARIBEH AR

R FAE - A AN TERR@EFEGREEEHAERE BN RE —TH
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#H AL ERNDZRETHARBESRD XYL A A BIKee 8 5
R B % 7E M (lysisactivity) » 3T LA 2038 pnfm B 8 T BR 09wl 2 Pk © F A RAE AT R
HTEEB AN 545 88 R EKA0% » TEZOY &35 R E T A3 & T30% ©
ANFEELRL RATRBREA MR AEH TEAIHGF T L K&
M TENRAFA T AETRES R ETRAEINZ TEAIMENZEEAMR

(Dolly et al.,2000) °

(=) S TELG HENER

—fXABE# B ¥ > AMAE - TE - CEHLLEI RN A3:6:1 mEREESR
ot s R RZ e TE -MEARNTRRARMTRZGBE > AMTRE
RAMF A LiE— P RHARGBENRRE BRRYBEFTREANE
MRFH T EDIeH] > KT RE T EF B LR B0 AT - SBAL T EF A &
P 04 Bl 4285 > 4vacetoacetyl-CoA:acetate/butyrate:CoA transferase ~ T BS AR £ B % >
AL T BR Y A& A RIS TEFLL Bl BIF ik - A4 AIAKRR TR F X
BEHIRCER AQBBAR » FFAKHE E AR LB A RKAE » &Mk acetyl-

CoA &9 #t » W T LR 5 T B2 48 & o 75 5| Fl 69 tbfp) o (Blaschek,1991)

(2) &4 4B H Az 01 o B b AL T

ey TEE B A 2 WAz —ARMER Ay X RER E ey o dkstioB 8y
AMEBFEHAERENRE  BREEAEERARS > MBKA AL XL
BRABHUTESREEL AME XA REBENG TERE  EME
RTEH B F LD E - 55 A 5018 A 3 AR AR 0 2 8 X 0 LM A K B
A& RA o XERAE 538 %8 (pervaporation) ¥ - BE AT 9 B A - RABE A KRR

%% J& 84 7% 77 (Huang et al.,2001) -
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% 2-4 tb# R B %% %4 3% B 2 Butanol flux #o Separation factor

Membrane type Feed solution Butanol flux  Separation Refernece
(g/mzlh) factor(a)
PDMS ABE solution 18 18.9 A. Jonquieres et
(PERVAP-1060) al. (1997)
PDMS ABE solution 16 217 A. Jonquieres et
(PERVAP-1070) al. (1997)
Silicalite filled ABE solution 414 49 J.C. Huang et al.
PDMS (2001)
Liquid membrane ABE solution 54 245 A. Thongsukmak
et al. (2007)
PEBA ABE solution 6.6 12.4 F.F. Liu et
al.(2005)
PTFE ABE solution 08 95 D.L. Vrana et al.
(1993)
PDMS/ceramic ABE solution 181 18.4 Gongping Liu et
al.(2011)
Silicalite filled  ABE fermentation 48 973 N. Qureshi et al.
PDMS broth” (2001)
Liquid membrane ABE fermentation 31 197 A. Thongsukmak
broth” et al. (2007)
PDMS/ceramic  ABE fermentation 163 16.2 Gongping Liu et
broth” al.(2011)
PDMS ABE fermentation _ 93~18.8 N. Qureshi et al.
broth™” (1999)
PP ABE fermentation 0.5~8.1 2.6~6 N. Qureshi et al.
broth™ (1992)
Liquid membrane ABE fermentation 33 66 M. Matsumura et
broth™ al.(1992)
PDMS/ceramic  ABE fermentation 48.2 15.1 Gongping Liu et
broth™ al.(2011)

* Cells-free or spent ABE (Acetone-Butanol-Ethanol) fermentation broth

 ABE fermentation-Pervaporation(PV) coupled process
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=% XmibHaryk
31 KR
311 R
AT AE R 6 Btk A B AN T RIRE RS T B %A BCRC

10639 % Clostridium acetobutylicum °

3-122 KRB

31 XBRER
P X4 RX 4 TR
48 B 4 Sodium molybdate dehydrate BAb 2 M X gAt
5 B 4 Sodium sulfat B T
TR 4R Cupric sulfate SHOWA
BER &R Manganese sulfate monohydrat SHOWA
B 4% Magnesium sulfate monohydrat SHOWA
R ¢ Zinc sulfate hepahydrate SHOWA
bl d Sulfuric acid SHOWA
Bk 8, =47 Dipotassium hydrogenphosphat SHOWA
HAaLXFEE p-aminobenzoic acid MP Biochenical
EXUE S Biotin SHOWA
A5 Calcium dichloride dehydrate SHOWA
aftuss Cobalt dichloride dehydrate SHOWA
afbsk Ferric chlorid SHOWA
B Bk Acetic acid SHOWA
T8 Butyric acid Riedel-de Haen
Y. Ethanol 7 B
TE Butanol KANTO
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i & kXA R g

Hih Glycerol KANTO

B B Hydrochloric Acid Scharlau

A A4 Sodium Hydroxid SHOWA

FrAb & & iR Tryptone DIFCO BD

B R R Yeast Extract DIFCO BD

RCM Reinforced Clostridial Medium DIFCO BD

BE-R Glucose ROQUETTE

FRRLAK VE M Granular Activated Carbon

PDMS Poly dimethyl siloxan A2 T ERA g4
A ALAE 4 Cuing agent feALE T EHR K a4t
H R Toluene -

PEBAX2533 PEBAX2533 Atofina
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32 THRARS

(3-2KBARS
R A 5% o he
pH meter PH-206 Lutron
EFRF BJ100M Precisa
T PEAF Ak 5 MS-3205B Chrom Tech
5B A RREE EA635 TRIDENT
2REESE 3BH-24 R
R GENESYS 10UV Thermo
A48 B 1R Focus GC Thermo
BE B E 2300STAT YSI
RS R R LUS-15 7 B
g L AN Universal-32R Hettich
B 7K B A Simplicity MILLPORE
MERAMBAKEEK  WSC044 FISTREEM
REEAS MS1 minishaker IKA
5 LR B EEAR BTF-A 5L B4
B 46 LO-150 e
TRERS DC300H DECTA
Bl RS RS - JE A
M £ B Pore size 0.1um A RE
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33 a¥FE
3-3-1Biomass 4 # &

AR EERUGEE R MR > AR AR K K620 nm TR EH AL
% & (Optical density, 0.D.) » Bl ml # B0 5% EER » AA60 C B4k
$£24 hr > R4% A A 92 & (Dry cell weight, DCW) © 4k &-18 85 ] 2k A7 & R] 69 DCW Fu
OD.{E/EE > Br=T4# 43 DCW £10.D.14 i &9 Bl 14

AL I EL H 42X | DCW(g/1)=(0.D.-0.0258)/0.6796 (Ft4% 1)

3-3-2Glucose »# F ik
YRR B A M B (9000 rpm, 5 min) > BR_E 5 R K10 12 AR

1% B YSI 1500 Sport L-Lactate analyzer 47 & 8] o

3-3-3GC o+ FHi*

ARG KB CERATITZ EFRRE - AR EBTARMKIO ZH
¥ > {# A 248 & #71& (Thermo model Focus GC series with FID detector) if # & £
#m % 4 SEG BP20(25 m x 0.22 mm, 0.25 um) - #4583 E 120 C - 445304814 2L
216 C /min 23R S48 £200 C - #4455 min ; 7 4FFL(injector)& & 200 C ;
AR 8B & KX #7187 % (FID detector) & 250 C 5 #E#% A8 (carrier gas)
BERA ABEAE 25 ml/minc E4t8ess 1 ue

K M R E R AR B A AR = AR
&) (acetone) #x & 4 # #2 X, : Concentration(g/l)=area/481371 (/4% 2)

Z B2 (ethanol) # &4 # # K © Concentration(g/l)=area/493603 (Fit4% 3)
T & (butanol ) 2 4 # #2 X, : Concentration(g/l)=area/815976 (Fit4% 4)
& (acetic acid) #x &4 # #2 X, * Concentration(g/l)=area/307473 (Fit4% 5)

T & (butyric acid) ¥ = 44 #2 R, : Concentration(g/l)=area/472142(F4 4% 6)
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3-4 kWA ik
3-4-1 HAERTF

W8 B B P o 8y Clostridium  acetobutylicum BCRC 10639 (F] % #:
ATCC 824) z A4k ¥t % > # 2RCM (reinforced clostridialmedium) & A& 3% & 2
AL EHANSARAERCZRAH T - £37 C ERBRAMENEBITRAE
#72 hro 0.8 ml HikA00.2 ml HmAMERCEFIHHRE S BASASO
%CO, #u50 % N, Z AR ME > K E-20 C KMHESF -
3-4-2 & F 35 % H e # (Seed medium, SM)

B2 B B A38 g/ 89RCM (reinforced clostridial medium) 7% A& 32 & £ 50 ml »
W HHRAZPHO68 12 EAHBRT IR BALHROEET » BUREKA
BHEE BKEREE T A&B20 min GRERE A AHl2kg/lemy» BE A121 C ) 4
BALBRBARRE » 75 DEAERAAL > KB RARIES FHEL S R
FRAF#-20 C 894 R4 # & fTheat-shocked (70 'C > 2min) > A K8 Z32 KK
EHANGHERAERCZRAH T > FEEBILAMUIT C BATRAIZA30
N
#%3-3RCM 2% %

Compounds Concentration(g/L)
Lab-lemco powder 10
Peptone 10
Soluble starch 1

Glucose 5
Cysteine - HCI1 0.5

NaCl 5
CH3;COONa 3

Agar 0.5

Yeast extract 3
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3-4-3 2% B2 32 % A #e ! (Fermentation medium, FM)

RF F % shtbfp) Be B 477 F 69382 A 0 A R|F AL UINHCI FEpH 248
%o ZB25ml BIAREBRET T REBARFMOER  BAREAKEEE L K
EREAFETPRE2054 FAARBATRE ERTS DBEEERREEL > K

Pl RREES TRELD

EULR 4 20% 3 3

Compound Concentration(g/L)
Tryptone 1
Yeast extract 5
Glucose 80
Biotin 0.01
p-aminobenzoic acid 0.01
Na;SOy4 0.18
K,HPO, 0.175
Mineral salt solution 1 mL
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% 3- 5 Mineral salt solution % g,

Compound Concentration(g/L)
NaMoOy - 2H,0 0.24

CoCl, - 6H,0 0.24

CaCl, - 2H,O 1.5

FeCls; 16.2

CuSOq4 0.159

ZnSO4 - TH,0 0.516
MnSO; - H,O 1.7

MgSO4 - TH,0 24.6
H,SO4(6M) 28 mL

3-4-4 3
S A SMELFMZ 3 353X % LA75 DB R RAR A% EANERAENES - R2.5ml
SM /mEFM 44 0 i@ AGRA R 82 (50 %CO2 #u50 %N2 )it 4% BBk F It A4

P 37 C AT -
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3-6 ¥ & B
3-6-15-L 34 X B B X pR BB
(1) T34 SM 3 &R
(2 2 10% #HHBAEH SMBEANTL FM B3R A P8k -
(G2 AREA B E=37C » #:%=100 rpm » BALA ARFRAIKE) -

(3) HxEHFER A 60 | FF -

3-6-3 B B Z R 4F

B & @ #EFARERME PE(Polyethylene) ~ PC(Polycarbonat) ~ PLA(Poly lactic

acid ) ~ AC(Activated carbon) ) ¥ 9& it T EZ4E /7 o

() B & 15g/L TEZ&R30mL 28.c% ¥ > 324 1 NHCI #H % £ pH=4.8 -

2) »B#H PE~PC~PLA~AC L 15g AR LiliggoEd » BN ITCHESR
Kig T o

3) mA#H0~1~3-5~10~15~30~ 60 4EE Ak °

4) # LA KRR R 2 Ak s 0 A GC WX TERE S °

3-6-4 MM R Z I

Be): #E3 AC 2R TEEAE S -

(1) 35 AR B 2 7E s e A 10 ml F 8 F K o
(2) B E 140 ~ 150 Coyidin F X EATRMAER
(3) FIR A BT R IEEWE -

(4) # A GC EATHH ©
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3-6-5 K ] BF F] s A 75 ME AR A B BEAG IRAR 3T

B & WARF R A BN B RT AR TEIPE -

(1) AT32%& 50 ml SM 34 5 > 330% 30 /8% o

Q) R 10% #HBHEHK SM#EZE 25 mIFM 35/ 4 F -

(3) Al A EERER] 0~ 12~ 24 ~ 36 Fo 48 /[ B N 5 g BB EEE IR T o

(4) HasnHEFI 4 T2 BF -

3-6-6 HEREHMBRIRAVMB BT ENERANER

B oy Al RAAEEE AR AR TN R TEE TN A A THZBE -

(1) AT3 %4 200 ml SM 3243k > 324 30 /N8 o

(2) 2 10% B EH SMEA 1 LFM B33 4K F354 0 OS5 RGMBE=37
C,#%:2=100 rpm) -

(3) fe A5 B% 24 /NG 2 4% 0 S A EEAR b X AR EER DURER 40 ml/hr EABGRIEAE A
FPRETAMBEBRZ M A AN BB AEEEE Y > EFE
BERAFANS A 150 g FARIKFM R Z BRI E B P -

(4) RN B A 1N BB OB P SRR R RS
I R

(5) 4zt B2 Pl & 72 /NBE o
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3-6-7 HEREBBITERRRMLZF
Be): HAEHRABBITENERRM THALZ TEHIPY -
(1) AT32 % 200 ml SM 32 & A& » 324 30 /N 6F o
(2) & 10% #HE 2 SM A I LEM B35 5K ¥38 % G R4 IRE=37
C.#%:£=100 rpm) °
() HA B 24 1% > WA BRAZETEAN150g B IBME X RHIK BT 1
AN SR YA
(4) 48 BER ] A 72 B
3-6-8 PDMS # f&t 8 45
(1) B & 3 % PDMS &4 T4 0.3 7, E4L®H £ 100 ml BeAr F -
(2) dmA 10ml 89 F R E ERBEAR T > BRI 1o o
Q) MEEFZERKELSER L AR EHBRER G EHRALELE L -
4 BFEHFOERKELTRTHEN] B EERFZROREER
(5) B EZHAL 3N fEIEE T2
(6) #4 % 154+ = PDMS # g4 A Mitutoyo digital micrometer 8] 2 g2 £ 4

S0pm #+ 10pm -

3-6-9 PEBA # 1 %4

(1) & & 1 3¢ PEBAX2533 &4 F49 19 5 TE £ 100 ml /5 #8 + » 4£ 80°C T 4w
N WA 2 N

Q) BEEFZERRELSAR L AR EHBRERY G EHRLELE L -

Q) BEHFYHERRAELTRTHEN 24 /1 FERFZRETEER -

(4) W EEERAL 24 N0 (BB R eEE -

(5) # #1547 = PEBA # 8 #] A Mitutoyo digital micrometer 8] £ 5B 4 %

50um + 10pm
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3-3 #| A PEBA #4F sk 2 /%35 K as AR
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B 3-4 2F A AR BB AEZE
ISL 28848 ;2. ;3. MABERMA 42 EABBB 5= ;6.coldtrap ; 7EZH#

3-6-10 B3 A B WA ZRF

Ba): HARESEABEEMEBERERT TEIBE

(1) 5o Sg/L THE - 4g/L mEA -~ 1.33g/L TE ~3.5g/L LA THIEEE
#& 1000 ml o

(2) #% LERBIN otk EF Ao E 3TC -

(3) % %A PDMS 14 % PEBA # B LA A @& % 0.08m” ~EE % 50 um;
FBCAE R R A 40 ml/ min YRR A BRI R EFAPV A% FIER -

(4) FELE %= pump 3t B46 3 BF 0 £ 30 548 5 B M B R o kAR F BRI 2
BR R BE R 0 43R4 RRR] A 480 H4E o

(5) Mot 2 4.8 4T GC i -

3-6-11 BE A A %PV)Z R ERF
By HEHRBBREBEGRT 5060 CO)HBRTEEZSE -
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(1) Be& 8g/L TE:~ 4g/LR/ER~133g/L TE:~35¢g/L TBAvTERZ B #HE
% 1000 ml -

(2) A LRIERBIN kBT 53w E 375060 C -

(3) oA % @Ak 0.08 m* Fu B & 50 um 2 PEBA & 155 % A5 B8  MAMBERY
B LA 40 ml/ min &R BIERM Bk EEANPV A4 FIEER o

(4) BAECE % pump 3 BA463T B - £2 4 30 248 5 IR M HF o A F B 3 42
S LB 0 FloAE L i &AM A e Ak BT ARSI A 8 hEF o

(5) e % 2 4% 34T GC 5 -

36-12 BB ABAKIEETH

Bey AR P BB SR EALERBEREERTEIE 24 -

() &% 8g/L TE ~ 4gL HEA -~ 133/l L& ~35gL LB TH AR
& 1000 ml o

(2) # LiERBIN Bk EF B E3TC -

(3) A # @ H 0.08 m* 4o B A 50 um 2 PEBA ¥ 16538 A2 A8 ¢ MAERY
40 ml/ min B RRAFIEIRM R EEANPY AL PIER

(4) BB E % pump 3t 4638 0 £ 30 48 5 B A W B AR o B F BRI 2
SR BEAE 0 MBIRAERTR A 8 B o

(5) e 24 5 4T GC o -

3-6-13 RE TEIRA #1758 R 2EH
B 4RSI b AR FI T BER A (] T~ 1061 gLIBHEATA S A A 488
A THZYE -
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(1) AT324& 250 ml SM 3% 4 » 3% 30 /J\6% o

(2) X 10% #H =4 SM # £ 2500ml FM 32 &K ¥ -

(3) BARA AR (50% CO2Fv 50% No) #e45 R AIRIL > 38K AR M B BIE 37C »
#%3%: 105 rpm ~ A& 45 pH4.8 ©

(4) BEBAEN TERESHED] 45171~ 10£1 g/L 03> 55 BERAABIRYT
A 40 ml/ min B9k FAT KB IEAL AT A HERIE -

(5) BHEBBERMNPY R GM B RS ERBHR AN BERETRA 8/
B o

6) EREBABEBBRRAF G BEEHEE 60 [ HERRT R

3-6-14 LB ERBERERMHHEE THZEH

Boy A AL EABAR T EEERHLE TEIYY

(1) AT3% % 250 ml SM 32 %K » 38% 30 /) \6F

(2) A 10% B:-H &4 SM # £ 2500ml FM s %A F -

(3) BARAS AR (50% CO2Fv 50% No) #e5 BRAIRIL > 3R AR A BIE 37C »
#3%: 105 rpm ~ Ag %5 pH 4.8

(4) ERBENTEREYFER 751 gL 05> R EBRA|RBIR T H L 40 ml/
min &R EAME LB A EATH R B

(5) BHBEERIMN PV RSBl d6 858 AR B IR A A2 TF 0 B B B 46 AT 60K
BREE A 50 %(wiv) o Bk Rk % 15 ml/hr o 335 A5 9185k 3 4 05 )
By 24 NBF o

(6) &R 24 NEFYBE ABEBRRFBENEZFR > BEEBER 34 BFER
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Fwd ERAHSG
4-1 S-LIRH#H XS X I REEER T

BIRER B 4-1 piom » LABEA2 0545 > TEREDE 120/l £4 0 sbik
BB 81 Bk ¥ AT AR B a6 C. acetobutylicum Z. T B2EE 12~16 g/L 48 4% » 3]
BIHI R R L ERBE ST OH AR ERARFIR - BT EREAL 36 /2
BTl mMABREELEH -

HETROFTHR KA RAERFESETEEBRAERE  REDEDd
BEsbAb By MR BN TERE MR TEHAROFELE - 5k
P48 A AVRFERE G - BE T X o R KFERAE E A ° A T 06 FA B AE IR 5%
8y 18 AE & B A A & it (adsorption)Fe 5 1 7 4 (pervaporation) g vy 78 5B 4%

Hr o I EE R A C. acetobutylicum % & TEEZ % H o

3.5 - 100 n — o
b acetone acetic acid
3.0 - ethanol ™ butyric acid 1
' butanol % glucose
%0 4 biomass ~
~ 12 S~
PY-2 R NG A A, A N 89
e ~~
B, B o oz
~" 2.0 A ~ ‘8
a V 8
g 15 é o]
' S 40 A P
o = y
2 2
Ka) eT)] g
1.0 g
- 4 O
20 - S
0.5 ,
0.0 ot R g e . 0

0 12 24 36 48 60 72

fermentation time (hr)

4-1 ER8 ~ 3 BB A ABE JRE /2 5 L B4 X bR BR 0 0 BRI 1
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4-2 RIME B
4-2-1 R M iE4F

AE B A A PE(Polyethylene) ~ PC(Polycarbonat) ~ PLA(Poly lactic acid )
AC(Activated carbon) 4 #& R F] 69 R M4+ - K3t H A ER T R M T B2 HE /1 Z A
Ko BERERWE 42 R AR RMEAE > ERMAEN U AC A
% RBRMAEN %0042/ gAC > HHARBRMMBZRIEN NS > itk

HREREMRAE AR ERIE B EO TR -

0.07

0.06

0.05 A

0.04

0.03 A

0.02

butanol adsorbed (g/g adsobent)

0.01

0.00

PE PC PLA AC

4-2PE ~ PC ~ PLA #v AC Z & [t T BFAE /7 tL %

38



4-2-2 LM K B

BT THEREEREE > R TR ETR - # T &4 RHIKE acetone -
butanol #Fv ethanol #& &5 /% /5 T B 3£ /458 = 0 > H acetone ~butanol F» ethanol
LB 3 4 51 £ 99.2 ~ 98.07 Av 99.4 wt% » K384 65 BIAR A AL wIUL 5 sy LA

B R RTRRAREEM PR B -

% 4- 1 A-B-E 5840 4K 78 Mo Z BLIH AE

Components adsorption Desorption Desorption (wt%)
weight(m g) weight (m g)
Acetone 4.12 4.09 99.20
Butanol 6.23 6.11 98.07
Ethanol 1.88 1.87 99.40
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4-2-3 B Ao 75 MBS B B R Z B R BB AR 3T

HAFRRR B R ER RRG RIS N S LS AR B R R B
R e N TE A R BER P X BB RBM B AR TE R ST IEE £
ZofodE 43 F 0 HERBTA Mg 2 FM #4880 8 55w iE e 2
FM #35 > H & miEMaey ABE 2 22570 A Mo tm & > P 0
NI o Z A FRIR A AR ] 4-4) 0 JAREE 12 R AR 0 O BRI e E e 2
BT BRRBRARBEEREARLE  EALTRAFEBAANERF
RIEEA T2 AR ERR L ARBERFEARRBTLEZIHE ML
T RETRAGNERRAERM T EL BRI T E6 SRR LK E 58T
Y RRAERBRTEAZR HNEARERALRTHEORE SREH

o TR AR PR T R A AL A -

0.6
Il Acetone
05 4 [ Butanol
o I Ethanol
N
N
=
=
O 04 A
=
=)
g
03 03 T
N
=)
5)
>
= 02 -
w2
i
o
= 0.1 1 D
0.0 ﬂ
24 h 36 h 48 h

control 12 h

[ 4- 3Total A-B-E 4 Z f& 7R 5] B Rl s o FERL AR 78 ME B 45 FR AP R BE 2 3 B2 1S
7
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B 4 4 555 R B LB S £ 58 B O 1 i oS I+ i 12
INBE IS o TE PR

4-2-4 BERBHMBRERARALRITERRERRER

BTEBLAMABEEMEEMR  ARTRAM THGEHA A EH 5L 4
BeAg > BATHARBRZNRRARTF - $HBEE 24 0 BFESPXTRRES
7~8 g/l A4 > ShMEBIEA AWK ARG MG BTERRRMER > &R0 E
4-5 % 0 BEREHERRRMEE > TERE 734g/L B E 44291 BREFAR
B 5.53g/L 1 E 4.60 g/l BB EBRMEFZREECTRETRE > 244
BEAG N &) B A MEIR ELAR R BOE Wk AR F o A7 e R A E MEa R I RIS B H A R
MEEFRRMAEENER RMERE @ ARBAGRGEET » TE
BRERAM 442¢g/Lg EHZE S596g/L pmig &FEAE > A THABEAALEL
KRB BB BREESF T FBRKREERBRRAERRBAAEZEERXA LA
o MR ABBLBERIEK -
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3.5 1 100 10
. acetone a acetic acid
20 ethanol = butyric acid
butanol ¢ biomass | g
glucose =
~ A~ ~
ST SR R AU A N\ a— e S
&0 2013 3
75] (D) s
2 |2 2
g 1540 -4 2
S = g
. p— :
° ©0 2
10 1 °
2
-2
0.5 4
0.0 = ' p—— ——T— 1o
60

fermentation time (hr)
Bl4-5SEHE - N AR ABEEE A SL B8 b - fo 258 24hr 44 35 B IR 48 i %
BREEFR AL ET I FERRRMET GBS

425 BERABBITERRRMEZF
AEBEMCREEB @A B AR PAR > BEREBRTINTRRARE
B HTEREESbwE 4-6 i > & 7.21 gL AZAME E 4.05 g/L > & AE
# % 0.0204 ¢ BuOH/g FAK Ak B Pesn 5 (28 BRWAZ514 » ABERERF A
RES B AR AE RN AT AR A LEERRS WFEMNARE
RIAZF T BARARE A RAE RN T B > Rl BB AR AT GAFHE
IR P A BB A SR AR A — TR B AN S SRR

R A RRAEZRSIEL > EhpF ARE K -
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3.0 100 8

acetic acid
butyric acid
biomass

L4 acetone
o] ethanol

2.5 A /
R butanol

80 &

m o m D>

glucose -6

2.0 4
60 -

40 -

biomass (g/L)
glucose (g/L)
solvents & acids (g/L)

20
0.5 4

0 12 24 36 48 60 72

fermentation time (hr)
4-6 - AEARABEREA SLEEME Y > A48 24hr B35 BER A4 iR
A7 1N P as R I A2 T 6 3 BRI T

& 4-2 e A& MR M K B ABE 28 82 2 Butanol produced ~butanol productivity

& Yield A Glucose utilization Eb #;

Butanol' Glucose Butanol Butanol

Method (2) utilization  productivity Yield®
(2) (g /1/h) (g/g)

Batch 11.62 74.8 0.194 0.155
Adsorption without cell 8.48 68.2 0.128 0.124
Adsorption with cell 9.44 74.4 0.130 0.127

'the sum of butanol produced in the fermenter and collected in the adsorbents per

working volume

2yield is defined as butanol produced per glucose consumed
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% 4-3 Xk LA A Rk e A 42 ABE 25 B2 #F solvents productivity & yield bt

Process Adsorbent Solvents Solvents ref.
productivity yield
(g/V/h) (g/2)
Batch Polyvinylpyridine 0.92 0.32 N. Qureshi,2000
Batch(without cell) Activated carbon 0.24 0.23 this work
Batch(with cell) Activated carbon 0.26 0.23 this work

4-2-6 4845

GATHRBRMER BRKEERHNTEAMRE REZRMEN A K
) /1 S 8do k 42 12 % B A7 C. acetobutylicum * F TEE Vit R SR A THE
A & 1% £ (productivity) A B s R X A A £ > R mBEKE A F &%k F
(productivity) » » #7225 33 7T AE & B 7 FER K B M A AR B T BF 69 ) B LR A
R TEERSN XM E o Bt B EE S b — RGEATEERMZ L]
ZRBRMEEY BHEERAMARKRBMEEIRT C. acetobutylicum FAXHik
RomBERAARITTELAERE - BA R 43 ARARARLERILE > G
B4k 45 400 AUk & 2L Polyvinylpyridine /£ & % F & & # % 49 ABE 4 & & & >
T A 5 A 5 st A A R v B E R 7% ABE 382 3 & A AR SHH ABE & & 3%
o RMmiEMR G @OARR > SERRHNEA A% ABE 8 P2 TEIERK
HHE ARTHAHTEAE " NHRMELHEAREFTZRMBEHEHH R

Wt LR 2R E C. acetobutylicum * & T EZ B -
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43 BEABT®R
4-3-1 % A B BAHRF

PEBA#PDMS it m#g M i85 — AW A LSS A AR FABRT
B2 69 % & (Huang , 2001) 1274 A BAFE Y 3R S35 B — A AN KRB RANEE %
AR TE - Bk b KE 54 A PEBAftPDMS f #& 4 B 45 3 A A B0
P TESRREOYE RRERWEAT 4877 4 gL TH - 4 gLAE -
133 g/l T8 ~3.5 g/l #4035 g/LT B2 A58 R ¥ » SAPEBA i i 48 &7
PDMS % it £ 8 5 69 TEE# PR ik £ » A PEBAM B HMN BB A R4 69 510 4
# o &4-4~ 45 L PEBAFuPDMS 84 3 B 5~ AN TEEEE A8 /L
B BEIR T 0 PEBA A % 60 T B A5 1218 B A0 5B 4 1 50 31 £9.975 g/m”h
#99.02 > MPDMS i B 2 %1 £ 3.911 g/m*/h#92.03 > L F B 4 £ 4] A PEBA# 14 T B2
188 9 B B A OB F (Liu.,2005)896.6 g/m’/h » 3% A sbik £ B T A & 42 7 3 B8
BEORE AR FPAERGEBERAASOum MXERY &R EAALI00m
M % — & Xk (Fouad,2008) » & # At ey B A T 52130 um > TEFE 245 B 8F LA
WEER A 1020 gm7h > BREHAEABEIRAA BB THSREE  244L
RENBZEABBRET BANBE IR HERIENBGLEERRABORLE
A o HORFR T P PEBA B 69 B R 3 50 ¢ m A 75 KR B ATIRAE o

AIMESFE R A £ T EASREZ 74531 PEBA Fv PDMS #5454
R 2.449 49 2.658 g/m’/he B gb i T 8L A5 1 8 8 BE T HRAE 5 18 A2 09 B 4 ABE
BEHNAEETEARENEE T RXARNATHRANRTEEATSEY - £ ABE
BEEBE T AR 0 o 5] A & B (acidogenic) % £ fu & 7% | (solventogenic) F%
B EHEABPAGERERMBET  STRERTREBSE AT ALY
Mo - HEARAEE TE - Bk RISEeFRETSEAE 204 #n

ABE 84 & TELIEFRA8 o &7 PEBA BN TEA & i@ 5

fﬁé

b > %3 A PEBA #ABAEA TR FRIFTHEM -
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o PDMS

butanol (g/L)

4 T T T T
0 2 4

6
Time (hr)

[ 4-7 tb#x PEBA Fv PDMS # BB R BLEAR ¥ T BR A X T A5 E

10 - 120

acefone o acetone(PV)
v ethanol ¢ ethanol(PV)

] butanol
:_A' R utanol g butanol(PV) | 4
/

- 80
- 60

- 40

A-B-E conc.(g/L) in Tank

A-B-E conc.(g/L) in PV

- 20

Time (hr)

B 4- 8 #] FA PEBA 4 2 #4753 A5 2 A-B-E B B bl Rk &3 % A-B-E
B EAE IR

46



% 4- 4 RE) 5% &3 8 B # solvents #» acids flux #= removal volume b #

Flux (g/m*/h)
Membrane
Acetone Butanol Ethanol Acetic acid  Butyric acid Total
PDMS 0.69 391 0.00 1.85 2.65 248.13
PEBA 0.91 9.98 1.72 1.02 245 101.75

* 4-5 R %% 35 8 B 4 solvents fv acids 2 Separation factor bt #

Separation factor( « )

Membrane
Acetone Butanol Ethanol Acetic acid  Butyric acid
PDMS 1.63 2.03 0.00 1.11 2.00
PEBA 3.72 9.02 2.31 1.98 2.10
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4-3-2 BH AR BRI
B AR ERERZEE T B E L S e SR

Fﬂ

& miE

@
Jet

A

B g LA o ARIFERAE th (Byring H., 1935) » & @8 e 8y 5 T4 B #EF -
Edn Tt ELARR S FITFBZIIUA RE A BEAER MERE LA
BT EEIEERRIREE m TR GBEBEYE R T T TREE > [
B RBRARSTTFROK G EREZT LI -

JE B BB T T AR 3 B A RS o R B AN BEAR IR 4 A AR KR (3T
CrATHERXERRNAET R BEBEHNSEABLREAEET 37
50 #2 60 C » R4K3t PEBA B #3588 AR ase - &R b E 4-9 ~4-10 A7
TOBGOBEESRTRINAEBER T AN FRTRSALEZ K
B HiE B S o bi%FE th(separation factor)#8s~ > 48 ¥ & EF L& > PEBA
MEARG TEEFL LM ZFRE N wm KT A AR EFEL > B&AF
ESBTALTSIFBZYE 5518 PEBA HBLILLBAZY % B~ T EeRUR M ¥
mERBE BV A LB 0 BIER M XRK(F.F. Liu et al.,2005)% 48 F] &9 &
RoLATEHLAZT LI REERENRAMABREIE v A T8 LS NER
FHE LT TS B B BER 0 SUE R AU REIR E — ey 37 CHE A BE AR
BAEBRE -
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4-9 FFIAE RARIEBEGT 50 60 C)#i% ik Hat AN BR BB

5
20
18 1 ® —&— Acetone
16 4 @ Buytanol
v—- Ethanol
14 | A Acetic acid
S —&— Butyric acid
g 121
& .
§ 10 _ @ )
E
g 87
]
15}
6 .
v T ——
4 - _— -V T —nm
__—
2| &= s 4
" \0\
O T T T T T
35 40 45 50 55 60 65
Temperature (°C)
4-10 K ) i A3 R B (37 ~ 50 ~ 60 C)¥Hi%iE A4 & MBI L 9L
bi7

solvents & acids flux (g/m2/h)

450
14 4 —— Acetone A Acetic acid
m
@ Butanol —m— Butyric acid / 400
12 4 v— Ethanol —&— Total flux //,..o
// - 350
10 1 ‘ ................................................. ' /
// + 300
/
8 - /
, - 250
//
6 -
y - 200
//.
//
4 /// P - 150
/// —_— - -
2 /// —_— -
o T _ o 4 ~ 100
g, A v
0 T T T ' I %0
35 40 45 50 55 &0 o

Temperature (°C)

49

Total flux ( g/mz/h)



4-3-3 BEAR A B H EPHERES

BNBEARARERA-—Z2EMO A4 BARELRE AR AR H
WA E THRHCR ZINSREIE T > Bk B iR AR E 37 CERBE A
BAGRFEMENEZE T4 R AT R SR TIRE DR -
WA 2SR ERBE AR E SIS A& R TR 4-6 > AEAf LE
ZHEPHEH AN A K LD 308 UK 21.0% T TEEZE B-FHRIH 71.4% > 7T
AANAFEAR CERA BRHOARE HHAENFRRT MEBUEE RS
RY AR TRRAZRENAEZHEERN RS FHRULEMEHRARENR
BB AL MARERTEHUR - FETRER > RRTEA LR TE

Bl A FHIRE -

£4-6A-BEABE AL KL T BT

Recovery(g) / Removed (g) Mass Balance (wt %)
Acetone Butanol Ethanol Acetone Butanol Ethanol
0.298/0.966 1.295/1.813 0.065/0.307 30.8 71.4 21.0
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43- A XRTHREERBFETBERBRALBR
TEAARMRAREZWEY EHRENTESATHEAYE SREANR
T TR R EATSE AR SRS T RAEF RIS AT
RN TEREAER  » A EEBENTEREER 421 715
101 gL $22FABARETHBRER - BERERN 8 HAEZRRER
TERE b2t ABEHERIF T X ADE R - LB BRI A 60 [ oF - F
BRiERwE 4-12~ 13~ 14 pion > BB AMEHMERE > A PMBE A B R
4200 g HAMEIEHRT 0 MAALIRREEI8T e HEHE > i bk
BT R EEBSERABBREBERT AR ST TEHEHNARYFET Lo
SReRFIR o FIF T BROY A & o 7 IMEMF — R A RAF LA RS B Fo 45 5538
ZHRBEBEHNAROAERTZE BB 411 Fim BRARREEYAREA 24 hr
BERROTHE  TZ2RXRNATEMSREASERTEM  £4£1-7x1T
BEREESBE AT I MRER AR PHBIFALA—KFREN > M 10£1
gL TEERE BB A B HREE CEFARMTE  BAALTER
B 101 g/l He#TEREABCERET  BATECEMIIFHREY
A 10-15 g /L WL REDEIABNARRS  LERTHMEHRRET
Mo i 1% & kB 1 5 8do k& 4-7 o IR KT B3 4 & 3% & (productivity)fo & % (yield)
A+ TERELELSERBEZIREENI A 0277 glh Fv 207 g/g > 4a#
AR BRI EEHY 0.194 g/h/l Fu 0.155 g/g B35 & 43% Fv 34% - bz 4b
BRAEAMBAEH A - CORED LM A Hey s SHRAT AR AR A4

MY JE R 42 ABE 8 ¢ o
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4.0

Batch
Pervap at 4 g/l Butanol
Pervap at 7 g/l Butanol

-
351 A
-#  Pervap at 10g/l Butanol

P

Biomass (g/L)

72

fermentation time (hr)

4- 11 R B T B8 B IR 1B AT B 18 A3 AL 2R B2 17 Biomass A& Rt

\

359 100 ; ‘ 14
| ; acetonea acetic acid
| ethanolm butyric acid
30 4 butanola glucose 12
% 4 & biomass
)5 10 —
B0
p—a
= = 60 2
= ~—
20 204 b - §
72} [} 3
S P12 2
RS en S
s
1.0 4 I
20 -
0.5 [’
0.0 - 0 0

fermentation time (hr)

4- 12 TERE=421 /L &> $MBE R R AR BITIREEELE
ABE 2 5 (B &k 4 E M A 8 NoFBiE A4 4R1F)
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3.0 - 100 — 14
\ o acetone & acetic acid
0| ethanol ® butyric acid
55 \4 butanol @ lucose - 12
' 800 <o iomass
=
2o - 10 ED
S | S 3
N Ln I ,g
] )
X 1.5 A
E P
ke 2 40 (¢ 2
o0
© 10 v
- 4 B
[75]
05 4 20 /
) . L,
=
00 [ i G S N ——— 2 0
0 12 24 36 48 60 72

fermentation time (hr)

B 4- 135 L Bd 4 TBRIR BL="T21 g/L 85 > $ WA AR A R EATIRE A
ZE ABE 25/ (R & mL &R A 8 INF5E AHHRIE)

3.5 100 acetonea acetic acid "
ethanolm butyric acid
30 - butanole glucose 12
80 4 biomass —
| L =
o5 10 =
~~ ~~
— — 3
S~ ~
60 g
B ool B B
a 2 3
g 3 E
£ 15 S 40- 0 g
- p— :
S o0 >
1.0 - 4 g
- 3
20 -
0.5 2
0.0 - 0 0

0 12 24 36 48
fermentation time (hr)

B 4- 14 5 L #5242 ﬁTﬂ;—/ﬁ)}E—lO"‘lg/LHj‘ & 0t %

71( %"&

A ABE 2 H# (BE&RAKERA 8 NpBd AR 4RE)
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& A4-T RE) T B4 B R L AT B8 20 9% S bt R B2 #17% Butanol produced
Butanol productivity&Yield & Glucose utilization Ft#

Butanol of Butanol’ Glucose Butanol Butanol
pervaporation (2) utilization productivity Yield®
initialized (g/1) (2) (g /1/h) (g/g.)
Batch 29.0 187 0.194 0.263
4+1 batch 37.8 200 0.252 0.322
7+1 batch 41.5 200 0.277 0.342
10#1 batch 35.5 200 0.237 0.281

! the sum of butanol produced in the fermenter and collected in the permeate

2yield is defined as butanol produced per glucose consumed
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B 4- 15 88 R B S A W URE B

WA EE N ARGEER - MEBEMEBESZAEEER - A% AR A
SRz E Y -

4-16 J& A M RBIEHR A AR B E R R %0 S-L BB R
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4-3-5 0B B X BRUHRBEAN ABE %8
WIFATEARE TEEXEBREFHSELLEREA G HBRERRTT
BEZ ¥Rt o BIET TEHAEMEEATH gL ABGETEAERRRAR A4
0277 gllh #2 0207 g/lg > B TH—HS R ETEAZRFE  KATREDH D EEHE
BERERRES 0 ARG EUR A B BB 36 AT B A 00 8RAF 0 4K 24hr 3] 48
NS BF 24 hr o SRR L 50 (W/V) % ~ £ERHRER A 15 ml/ hr BATERK 0 4R
O P SLARAE 538 AR AT R — B RSB RIS A B SR KRR
Pt LALE SB T B 3t 2 A5 B2 (dilute effect) © & Rho 8] 4-17 Prom - 27538 AR AF
BAM T ERR B 4 Fr A 6-8 g/l > RN T B HpHIRE 10-15 g/L » a5k &4
BIRBEBEFEEENERKTERE » SAMN ARG ALK I oo R F|
o Rl EBRERBBPAE - TEAOCEREAEEENRA WY > &
Bok 2 TR BRZE LN C acetobutylicum ¢ TEEA EiR & o R R T A
HE AR ORRLE KELEDHIBEEN TR AR N E L H Ak 4-10
BRAT A DEENEFETEEAEBRETUAARRS TEAEZRE L TE
Ak B FE R 55 A 0270 g/l/h F2 0.169 g/g» Z#ATH BB E A A KBRE
BT THEREEZHRELBEN &S ARSTEHELAZRFPER -Gt
RABRRBEA B A0 B AEGNAE ABE B YA Z TR LA E RENE
1L ATHE o
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3.5 1 100 ‘ 12

‘ b4 acetone A aCCtiC. aci(%
l o ethanol | u b}ltyrlc acid
3.0 1 ‘ v butanol ‘ g giggéasis o PN
v 3
2.5 5
—_ , =
’J ~ B!
g 172
ED 2 0 _ S~ :9
% 0 3
< o 08
g 154 9 y
S = :
i ) -4 [}
>
1.0 1 E
2
0.5 1 4 . o D -,
0.0 - :

fermentation time (hr)
4- 17 5-L 55 WA o 3% 45 7B 91 3 BB OEH £ & ABE Z 15
(B RE M A 24 1 W55 AR M)

& 4-8 R T BR 3 BEIR L #4753 &4 solvents #u acids flux b #

Butanol of Average solvents & acids permeat flux (g/m*/h)
pervaporation  Acetone Butanol  Ethanol  Acetic Butyric total
initialized (g/1) acid acid
4+1 batch 3.19 9.94 0.56 0.00 0.08 236.62
7+1 batch 3.40 15.18 0.71 0.00 0.22 195.38
10£1 batch 0.48 12.15 0.28 0.05 0.25 160.80
Glucose
. 2.65 14.18 0.50 0.00 0.52 177.51
feeding

& 4-9 R ) T B B IR B #4758 % %8 Z solvents Fv acids Separation factor b

Butanol of Separation factor «
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pervaporation

Acetone Butanol Ethanol  Acetic acid Butyric acid
initialized (g/1)
4+1 4.21 8.64 3.35 0.00 0.27
71 4.29 14.19 3.30 0.00 0.31
10+1 0.75 13.68 1.65 0.14 2.13
Glucose feeding 391 14.96 3.07 0.00 2.27

% 4- 10 & B 4B a5k 1 47 538 A8 148 4 ik =k 3 B2 #1 % Butanol produced ~Butanol
productivity&Yield A Glucose utilization Eb #t

Fermentation Butanol' Glucose Butanol Butanol Yield®
strategy (2) utilization productivity (g/g)
() (g/1/h)
Batch 29.0 187 0.194 0.155
Glucose feeding 56.5 336 0.270 0.169

'the sum of butanol produced in the fermenter and collected in the permeate

?yield is defined as butanol produced per glucose consumed

* 4- 11 XBREAI A %5 4% A /£ ABE % B8 ¥} solvents productivity & yield tb

L

Process Membrane Solvents Solvents yield ref.
productivity (g/e)
(g/1/h)
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fed-batch

silicone membrane

0.98 0.43 N. Qureshi,2000
fed-batch Silicalite—silicone 0.18 031 N. Qureshi, 2001
composite membrane
continuous silicone membrane 3.50 0.39 N. Qureshi et
al.,2004
continuous ionic liquid 2.34 _ Katrin Schwarz at
membrane al.,2008
Glucose PEBA 1.08 0.39 this work
feeding

59




4-3-6 &

BE AR BE BT VT SAR ORISR P I R et B AT BB BURAY AE
RAGCHT L XBRETEAMERGBERBEN b AE 5 +452 PEBA i 4a
% PDMS B A 8 4E TEE A5 108 2 RGEEL - £ A48 Al &£ ABE 4B 0%
WiEE > HBEABRS N S B R 48497 » 7 1 TEIRER B4E TE
HRBEUAREELL AT £] TEREMBETHAEARATARE - MAF
AR ERSE A B ARESTRY T IR BAS NIE B AR R HIREAE
HEREHTHAERE ESR

ik 411 BBk A T A6 A ABE BB L RFR R 45 R L 0 B LR R

Bho o UXBRPREXBHARSYWABE AL ZR R > ANAAELALLSSER
& 9LE5HE A 7 ABE BFBE ey BF R 4a 0 $ 3 ABE A& 2R RN BRI LR -

5% ABEAZRRRG > KRRTERKFHOBEREGEE BN UARK
GHEMNRERARALALAZRR -AAB AR AL O THEAREBGEHEYD
ZEBFL URRBZEAEANEE DR R 0 TESREB S (FRT AR
MNZIRE - RERGAERE » UREFMHESEIT ABE # B2 & 658 A8
DEEBMWEABRARNGENRERALTEL -
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FEF EHsEn

5-1

%

ERMBEHHOEEFT G R FRRY TEHEARBHNRMARS
0.042 g/ g AC » $IEFERKFE MR BRI TR T Z BRI E -
B ERA £ R M ABE 8 2 TEE R RIZAR > KART2AH
TEASZ-—MRMELHARESETIRMEE MR IR L RH
M E ¥ C. acetobutylicum % & TEEZ 3% o
EBBRBEBEMEE G N PEBAH TEARSEELL  #HEA
BT 258 AEEAM -
EBBERBBREBESE @ > 375040 60CZ TELLRBEN A
10.31 ~9.97 #v 11.8 g/m*/h > K5 E324E 0 EIR 5 E KA BRI TE
#HrhE BEHTEEZFLOAEYR WEEIT CAERTZIAER
SEERE -
AR TEREETSLBERBARBRERFZMREETR T BTET
BRREATHl g LBATHEABEBRERF A TEHEAEZRERE R 05
20277 g/lh %2 0207 g/g A&tk > AN B EBHLE AR L2542 84
MRBELTEAZRRERZE FRERAT 43%F0 34 % -
Fe A 5E AR BB BB C acetobutylicum & TEHHE &
TEAERERAEZRSH %0270 g/ 1/ h#0 0.169 g/g > BT kR A E0F
Plid 4% XAEH B A 48 8 R 4% 0978 h LT AT 1
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52 RARRE

A R4 Ri5 PEBA B E A B HBE LS ABESBERA I YR L 424 %
B FE— B EARA AR RA ~ A AlE > ROERRM -SRI - KR
AARBDAEEERF EREESFANTELENER > RRTUAFRERMER
o ik OB ¥ B £ (waste) $2KE 4 4 (lignocellulose ) REX B £ R >
WwER-FERME BEEEREFELAARFERIEE - LRMET @ 7T A
AARBRAXRE T A BTAEAR REBEEHERES SAEERFHRTE
e XS Z B AR ERES - AR T4 3 PEBA B £ 283 R
B R A®Ed SEM AR REROR L T BB MR E TR
R AR EE LR HNERARTEERFERA KRR TH b H
FEBUE DRI RS AE R o £ JE Al PEBA 235 A4 B 9L F) B M4 4] SL 4B
WERERBT > FEHBRTEH ABE FE#EAMRS TEAER R E £
KRR ARERE KoM 24E ABE B &S00 5E AR BEA R ROBRE
AAeEI¥EL -
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M4k 2: R ER (acetone) R E &

3e+6

3e+6 1 °
y=481371x
R’=0.9971
2e+6 -

2e+6

area

1e+6

5e+5 A

Acetone (g/L)

A BA (acetone ) #xZ 4 H #2 R, : Concentration(g/l)=area/481371

M4k 3: B (ethanol) &4

3e+6

3e+6 y=493603x °
R’=0.9981

2e+6

2e+6

area

1e+6 A

5e+5 A

0 T T T T T
0 1 2 3 4 5 6

Ethanol (g/L)

C B2 (ethanol) # =4 #2 &, : Concentration(g/l)=area/493603
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Mi4%k 4: T B2 (butanol) 4 & 4%
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4e+6 R?=0.9992
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0 T T T T T
0 1 2 3 4 5 6
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T & (butanol ) # &4 # #2 K, : Concentration(g/l)=area/815976

Mi4% 5: LB (acetic acid ) & 4%
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1.6e+6
y=307473x

1.4e+6 R?*=0.9957
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B (acetic acid) # & 4 7 #2 K, ' Concentration(g/l)=area/307473
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Mi4% 6: T B (butyric acid ) R Z 4%

3e+6

3e+6 - y=472142x °
R’=0.9937

2e+6

2e+6

area

1e+6

5e+5 A

Butyric acid (g/L)

T & (butyric acid) # & 4 H #2 KX, * Concentration(g/l)=area/472142

71



Mk 7: BB ARBEMATZ PEBA §E 2 SEM B

SEI 5.0k  X1,000 10um WD 9.6mm

Miék S: B3k A% WiE4F 24 e84 2 PEBA # 2 SEM B

i ﬂ 7._‘7‘
5.0k X1,000 10um WD 9.6mm
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