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Abstract

The acetone—butanol-ethanol (ABE) fermentation process continues to receive

attention as a source of fuel and chemical feedstock based on renewable resources.

The traditional batch fermentation process, however, suffers from various problems

which impede its commercial development. End-product inhibition, low product

concentration, large volumes of fermentation broth, requirement of large bioreactors,

and high costs associated with generating the required steam to distill the fermentation

products from broth has largely contributed to the decline in fermentative ABE

production.

In-situ solvent extraction during fermentation has been shown to be one

technique that enhances solvent production in ABE fermentation by reducing end-

product inhibition by butanol. In this study, biodiesel was used as the in-situ

extractant to reduce end product inhibition and to enhance solvent productivity for

ABE fermentation, to bypass the energy intensive butanol recovery process, and to

result in an ABE enriched biodiesel with improved fuel properties.

During batch operation, no significant toxicity of biodiesel on the growth of cell

is observed, and its effect results the best in producing butanol when biodiesel is

added at the ratios of 1:1(vol%). In the fed-batch operation, the maximum of butanol

in total obtained is 29.51 g/L, the glucose utilization enhanced significantly from 0.34
11}



to 0.45 g/g.

During fed-batch operation, scale up with adding biodiesel and immobilization,

the maximum of butanol in total obtained is 28.44 g/L, the solvent productivity and

yield was 0.38 g/L/hr and 0.29 g/g respectively. On the other hand, during continuous

operation, the maximum of butanol in total obtained is 175.92 g/L when the dilution

rate was at 0.024 and 0.012 1/hr of broth and biodiesel; the solvent productivity and

yield was 0.55 g/L/hr and 0.27 g/g respectively. As compared to the previous

experiment (without the addition of biodiesel) the productivity enhanced significantly

from 0.46 to 0.55 g/L/hr. Therefore, the in situ removal of butanol by additions of

biodiesel contains great potential for commercial usages in ABE fermentation.

Keywords: ABE fermentation, butanol, liquid-liquid extraction, biodiesel,

continuous process.
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TR BRI TR B T A LA F R 4{##?' » it 7 f%(n-butanol)
~ i 7 fg(sec-butanol) ~ £ 7 A% (iso-butanol) ~ Ax 7 f%(tert-butanol) 5 fic 4 F= 3 T
4 A 07 iR G 17 R4 ff 4 butanol) v butanol FEFRAE 0 £ F Lk T3
VR CREEE R WA o 2Bk et R A SN
CH3CH,CH,CH,OH & + & 74.12 g/mol> % 1 atm & 2 117.73 C~P 837 C>
%25 CTavafzEa 9.1 mL/100 mL H,O » & 3 ,fé;%f]&%zr%\, 2-1 251 o

TRAELESFRCERM AR RIS N - 2P de 7 B R E
Rl B2 38 U F AR AT A MR s F N AAF VRS T iy

( Dibutyl phthalate, DBP) ~ #8% = ? & ¥ 7 7 fig (Phenyl-butyl phthalate, BBP )

it

SH LA R FFMAT R R R AR WE SRR
Edfe M1 E R 6§ FRADREY T IEST L F R RE RS At
s B2 U (4 2-1) (Durre,2007) ©

LA FWE 26 o d NI EEA MRS F o R FHD R T
FF R HORR ST 100% 5T fREG 2R S 2 g R AT YR e i (ethanol)

gt > BRAROME E > deic R 28 LB F R RRE S TR M #

TR R BT e B SRR A 22 AT O T I R



%2-1 " @Ry s BHEfol & &* (Jinetal, 2011)

TR B+ BT LR RS
AR — NI S B s L E
oA — e d MR AR

1-Butanol NN \w CEY R - 7 AT ARE
o R a2 X
i I Ao ] o
L8 TR — GleT fprE
/\l/ 1ERFEA - LRk
2-Butanol Bk E A1 AH
OH
7% A o kL5 Ao A
DERDE I~ 7 4v |
iso-Butanol 1 EFEA - 2 “,f Wk
)\/0“ R A
7 A
H z ﬁ* %,r} )

tert-Butanol

1 i/}i e L T/F”?‘E
PRRRL I 7 Se BT F B Bfoy L oo

MTBE ~ ETBE ~ TBHP ¥ & 44 -




% 22 EHfe@ir R M (Jinetal, 2011)

R 5 v pE L g 7 PR
PR C4-C1s C12-Cos CH;OH C,HsOH C4H,OH
Lz iE 0-10 40-55 3 8 25
FiiE 80-99 20-30 111 108 96
3 5 £ (% weight) - - 50 34.8 21.6
% B (g/mL) at 20°C 0.72-0.78 0.82-0.86 0.796 0.79 0.808
B R (C) ~300 ~210 470 434 385
L gk (C) at closed up -45 t0-38 65-88 12 8 35
B 44 5 (MI/kg) 42.7 42.5 19.9 26.8 33.1
# 2L(°C) 25-215 180-370 64.5 78.4 117.7
g 14.7 14.3 6.49 9.02 11.2
e (kl/kg) at 25°C 380-500 270 1109 904 582
7 4] (% vol.) 0.6-8 1.5-7.6 6.0-36.5 4.3-19 1.4-11.2
4o/ 4 (kPa) at 38°C 31.01 1.86 31.69 13.8 2.27
# 4 4k A& (mm?/s) at 40°C 0.4-0.8( 20°C) 1.9-4.1 0.59 1.08 2.63




2-3 ABE(acetone-butanol-ethanol)z g% crd=

1% et P pgiE 4 A7 Rt 1861 &£ d Pasteur B £ {80 & b m%—‘ﬁ 7R e
7R o Weizmann *t 7 7 & S H I iAey o FIRTBAE ABREE LD
LB L AP P o 5 1912~1914 & B > i $f— o4 ‘Eﬁ'ﬁki@ﬁ/}%ﬁrﬁﬂi‘ {8 R e L
= Clostridium acetobutylicum » %4 & % 15 74| * C. acetobutylicum % % 2

A RAARE o T BAGRL FARAS DS 1914 £ B - E AW

REF ZREFZEYAMITLRAAZTYHMAY TR EVE L PP M= IR
HRfeR &l T > 715 R Bk DAL A e a 1915 & B & Rrchr
Weizmann % ¥ % %) > §|* C. acetobutylicum 3 %+ 2 3 it & &% RFCf15 »

Pl 1918 # S H L EREED A > 24 &7 3000 ¥ fik fo 6000 w7 g

MmEF 1927 & T BAARARAGREBARDLAF PR E LA S S o

1960 & % > d N F it EPpFran A FE - P FREALA AT RS AF -
AR feA 3 5wt E R R HRA R a2 R R S it B

e

EREPR O et PR AT AR T B X EALA BIF o Efle 2 B

=

mHED LT DEFRFEFFREEUe - 1973 EN kA

T

| B

a
(=)

7]

2
h

~

ﬁ&’?"’x_ﬁi*?/é’ /&(E_‘;_j'T‘ é.},%r/g,l%ahg y i.,q “;‘;«‘fx%‘f']’#?i
AFRKRBAEWN RS 0 R ikd T fR(ABE)2Z 7 £ = #4=(Jones

and Woods, 1986) -



2-3.1 M2 P wpEi
flr et P pr@fe k2 A7 e pr il 2 L5 ABE S5 0 THIT Ak
C. acetobutylicum # 2 A— 3 fi¥ (acetone) ~ B— 7 fi#(butanol)f= E— ¢ f#(ethanol)

¥ B C. acetobutylicum e J52 S 4B 2-1 #77 » A &R R H 4 X2 A5 73 I

34

A s REE e g o v gF a8 CLoacetobutylicum 41 % glucose 5d  glycolysis
B i A 4 pyruvate © £ 5d pyruvate # =+ § e05 $#4 ¢ 3% acetate ~ butyrate

lactate ¥ > A fa A2 ? B pF ¢ f2d CO fr Hyv d 2 32 4 =

lf“‘kﬂ

5 HEE D
ERUFFEFFEROPH B € 7 R T "2 ARE > Flpb o Rt pERfE2 S AR
(acidogenic phase) °

AR

|

K- T

o
('

A_% butyricacid k& <3t 2¢g/L ¥ pHE™
I M5 PFE B e~ B R (S 8 a3 A 4 A P (solventogenic phase) 0 #t BF P
JR REEL TR R %ﬁ d acetoacetyl-CoA # % = acetone 2. F g f& > 1R_j¢ o 3 fi¥
A 4 acetic acid~butyric acid & & = acetyl-CoA % butyryl-CoA # %5 d acetoacetate
decarboxylase # )3 fit > acetyl-CoA 5 ¢ acetaldehyde dehydrogenase f= alcohol
dehydrogenase(ADH) ¥ |z f% » i&— # §|* butyraldehyde dehydrogenase (BYDH)
4 butanol dehydrogenase (BDH)z it > & & 4 butyryl-CoA # i = 1 & 4~

= f% o (Bahl et al., 1982)



Biomass

\

Lignocellulosic biom ass

!\

Starch Cellulose Hemicellolose
Extracellular (pretreatment or hydrolysis of biomass) Glucose Xylose, Ar sbinose

Intracellular (acidogenesis and solventogenesis)

Lactate %

6
Acetyl-phophate <

~
TP ADP NADH NAD+ NADH NAD+

co2

10
Acetoacetate

A 4

Acetoacetyl-CoA
8 NADH

NADH
3-Hydroxybutyryl-CoA
11

H20
Crotonyl-CoA
NADH
12
NAD+
14 13 15 16
@ ﬁ Butyryl-phosphate T Butyryl-CoA W Butyraldehyde FT
ATP ADP CoA Pi NADH NAD+  NADPH NADP+

Bl 2-1  Metabolic pathways in C. acetobutylicum for the acidogenic and
solventogenic phase. Enzymes are indicated by numbers as follows: (1) enzymes
including in glycolysis process (2) pyruvate—ferredoxinoxidoreductase; (3)
acetaldehyde dehydrogenase; (4) ethanol dehydrogenase; (5) phosphate
acetyltransferase (phosphotransacettylase); (6) acetate kinase; (7) thiolase
(acetyl-CoA acetyltransferase); (8) 3-hydroxybutyryl-CoA dehydrogenase; (9)
acetoacetyl-CoA: acetate/butyrate:CoA-transferase; (10) acetoacetate decarboxylase;
(11) crotonase; (12) butyryl-CoA dehydrogenase; (13) phosphate butyltransferase
(phosphotransbutyrylase); (14) butyrate kinase; (15) butyraldehyde dehydrogenase;
(16) butanol dehydrogenase; (17) hydrogenase. (Kumar et al., 2011)



232 fEEL X3
flr v E LA k4 A7 pEan 2 A £ F = 48 Oxo synthesis ~ Reppe synthesis

Fv crotonaldehyde hydrogenation » £ i* 5§ & & ;% 4 @] 2-2 #7757 ° Oxo synthesis ( §]
22a) £41% Co-~Rh # Ru § (e i #4745 % (CH;CHCH,) 2 feht » £
Fre— § R (CO) #E f (Hy) »irett ) 7 pEsr B e Bt bl s
B4 Z2ER2Z kA% k7 (CH;CH,CH,CHO) £ & i+ 18 {8 7 f% (Falbe,
1970 ) - Reppe synthesis ( 8] 2-2b) £ F]* it & %73 2 a0 ,,T dbv— F it
ek (HO) »r g A T i R T A4 - F it (COy) v p F 7 3
MOR MR TR e d gt e A S F B m 2P ¥ 1Y (Bochmanetal, 1999) -
crotonaldehyde hydrogenation ( #] 2-2c) PRI & 1% ¢ gF (CH;CHO) & 735 & R &
5 &4 = CH;CH(OH)CH,CHO > £ %-k s 4 = CH;CH=CHCHO > #.{é @ it 4 =

TR P AT ECE LY AT R F RIS (Swodenk, 1983) o

Catalyst CH,CHCHO
a CH,CH=CH, ——— CH,CH,CH,CHO + I
COM, CH,
e CHiCH,CH,CH,OH

Hydrogenation

Catalyst CH,CHCH,0OH
b CH,CH=CH, T CH,CH,CH,CH,OH + (I3H + 2C0O,
) 3

2

Aldg
Condensation Cehydration
C 2 CH,CHO =+ CH,CH(OH)CH,CHO =———+ CH,CH=CHCHO +H,0

Hydrogenation

CH,CH,CH,CH,0H -
2

10



B2-2 & E&=27mmF R (a) Oxo synthesis 5 (b) Reppe process ; (c)
crotonaldehyde hydrogenation

2-4 AR T HER

R F R RSB e kR E T B T £ Rk I
2. A G e &4  C.acetobutylicum ~ C. beijerinckii (14 = &_C. butylicum) -
C. saccharoperbutylacetonicum 4= C. saccharobutylicum - Shaheen % 4 4| * 7 [¢ &
AFREFFAL VM RGer BALEEF(ZFREAR) EATA 3 7 88
(7 %7 FEBfr2APRPFERA S5 0d 2397 AP VE7 B &5
R BT R 4F ch T o Shaheen ¥ 4 cn5ih £ EHE§ 4p 2t > C. acetobutylicum
L i & Mkl 5 A el F > @ C.saccharobutylicum RIiE & r043 8 % (£33 % A >
C. saccharoperbutylacetonicum ¥4+t % fé3 % A2 2 £ AN Yok o T A

C.beijerinckii » ¥ § NRRL B592 Fjth$f>t 7 fis £ A0 2 M L ehit I o

2

(Shaheen et al., 2000)

Y- BATEARY VR P nEPR /f"]a‘% (Distillers Dried Grains with
Soluble » fj £ DDGS) &7k 12 & # 4 1£52 % 4 » 1 #7 I Btk 2 & ABE j3 4l st
2 - DDGS kA F i & 343 ¢ BF M4 BH - X5 BIo%ib) A

(ARt B peiE) B b F s fedh i o £ 24 2" 2 FFRER{OR

Rl

W g s o £ IR SRR 8 o B AP

gt ] 5 25:5:10:20 g/L - (Blaschek and Ezeji., 1995)
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% 2-3 = f& Ffd vt 4 7 (Shaheen et al., 2000)

Microbial strain

Maize medium 6%

Molasses mash medium

concentration (g/L) ABE solvent yield concentration (g/L) ABE solvent yield
C. acetobutylicum
NCIMB 619 19.6 24.5 7.8 13
ATCC 824 19.2 24 9.5 15.8
DSM 1732 or NCIMB 2951 17.9 224 4.1 6.8
C. saccharobutylicum
NCP P262 11.3 14.1 17.9 29.8
NCP P258 10.8 13.5 18.3 30.5
C. saccharoperbutylacetonicum
N1-4 14.2 17.8 4.9 8.2
N1-504 10.8 13.5 18.3 30.5
C. beijerinckii
NRRL B592 16.2 20.8 11.1 18.5
NCP P260 11.3 14 18.9 31.5
NRRL B593 14.1 17.6 11.5 19.2

12



#2-4 7 46 Clastridium 41 % 7 i3 # 424 32 7 (DDGS) vk f2 & 4 ¢ & fhpr s et

Solvent production (g/L)

Sugar utilization

Microbial culture Fermentation time (hr) GM:AX Preference
A B E Total
C. acetobutylicum 260 48 6.3 13.2 0.8 20.3 100:100:92:71 G>M>A>X
C. acetobutylicum 824 96 4.7 13.1 0.6 18.4 100:100:60:80 G>M>X>A
C. saccharobutylicum 262 72 3.2 10.4 0.7 14.3 74:38:63:42 G>A>X>M
C. butylicum NRRL 502 60 6.7 12.5 0.5 19.7 100:100:89:86 G>M>A>X
C. beijerinckii 8032 60 3.4 10.5 0.7 14.6 81:42:49:64 G>X>A>M
C. beijerinckii BA101™ 84 3.5 13.9 0.5 18.0 100:54:65:78 G>X>A>M

"Blaschek and Ezeji., 1995

“Chen and Blaschek., 1999
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2-5 @F#a A % Clostridium acetobutylicum
C. acetobutylicum % % fF < 5 £ (Gram-positive) » ** 1974 # 4% Smith fr

L
i}

Hobbs #7# 1 » F]* 7R +¥ A 2 acetone {r butyl alcohol @ ¢ &2 o *H gt

ek BB e b Bl S o B L A E HRE R o - B

F_&

‘%?i % ~
A e g~ 3 K S AT A frid e

or=

FoW &4 EE R L 15-69C o

A pH ® 5 657 % R 30-37°Cemki v 4 £ P o

d 3t aE-f A E Y &5 5 iE & Acetone-Butanol-Ethanol ( ABE) fr

H, ~CO;, jé’fé’%ﬁ—‘ﬁfraf’ * @ 4E > s T A 7 8 (butanol) i# 10-16 g/L p*

¢ ¥ Clostridium 2 2 & it i%% » B EF LT ar - Tdg§f cm IS ¢ BRI

T

% 1§ adsorption ~ gas stripping ~ liquid-liquid extraction ~ reverse osmosis ~ perstraction

fv pervaporation % = ;% > 52

Wi

BEAAY T EBESE A E2 P (Qureshiet
al., 1995)

s | P
00 ENI-;V 6.0mm x10.0k SE

Bl 2-3 C. acetobutylicum # SEM T 3§ if(Ni et al., 2009)
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26 HEAE

B e A P A I NIRRT A AR A LT R -
BFZOZTRREPN RSP AF R FHTTIEET v RSN AiFRE
imre kAR e A R Tid A 3 it VRIS B RSO AR R
48 (carriers) ¥ - @ ficd P d SRS H B R LR S B R o APROTRIFHE
Pink ks d vy JM L AT A R X R PR
AL 7 L EAF R o L ehie R R Tk S
(£,2007)c Flpt > A2 A S E G AP R RB ~F B R FLT A4 5%

FER TR $ R R SO EE B S

261 HETI-FREIATH

CREELE 3. Bl % Sl e AR E N S PE I g RE IR S PE N i A ]
Lengpe s FERE B P BESRIER P 2 2 ed VF R puEn H
xR E M G T S R Y R A ARMR 2
R oo ¢ Haitgpslae o i ¢ C. acetobutylicum § #2% <1 ABE 2 A i F o F
o s eenfE e o T30 % kaom B R Y ¥ ABE 2 A3 5 ¥ £ 0.3-0.5 g/L/hr >+t
BrezbEE b2 4 A F 0.1-0.3 g/L/hr B ° zad >MeR iz hf & H ¥~ 3 ABE
AAFF BRI ERS A B ESFZRE BT AL (scale-up) A

16



? o (Qureshi et al., 2004 )
2-7 ABE w jc v

d * C. acetobutylicum % p ez ¢ Flz #pkix? 7 mBEARER (10~16
g/L) > ¥ime 24 F (V15 > e HRMKA A @& F (productivity)fo M 8 i+ 5 (yield)
A5 0 @ P oA BB F fR Ay 20 R (in situ)# % FE R “,’f. w R
e ABE 732 #| » i imre X DA IV drd] o 27w endgie A3 LAY BFR i
SR AW “,/TT 1 e E AR R 0 — 4§ A e pervaporation (Qureshi and
Blaschek 2000; Qureshi et al. 2001) ~ adsorption (Qureshi et al. 2005) ~ liquid-liquid
extraction (Groot et al. 1990; Qureshi and Maddox 1995) ~ gas stripping (Maddox et al.
1995; Qureshi and Blaschek 2001a; Ezeji et al. 2003, 2004) -~ reverse osmosis (Garcia
et al. 1986)fr perstraction (Grobben et al. 1993;Qureshi and Maddox. 2005)% » # ©

PRI BT AL 25 ¢
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%2-5 ABEA $ vz #j#=(Diirre.,1998)

Method

Principle

Advantage

Disadvantage

Adsorption

Gas stripping

Liquid/liquid

extraction

Membrane

evaporation

FI* A A gk
don AR S B R R
g g 4

BR 0 F ALK
I S e i

1% g0k 3 33 e BT
RN £ 24
T TR % | ¢ mfs ik~

TR RO opE

FiUI* 3 AL E 5T g
B BT LTS
GRPC TR 50 A W T

FIOHE - RS RI60

BB Z3 4 2 g
e RP) > P EITE S

—

W RfeRy > MFE -
MaE ’ﬁ v

19



Method Principle Advantage Disadvantage

Perstraction #g i liquid/liquid extraction BEHEM FITHE S b R
s E A B pE R e 3 iﬁ%é.é@&—i@;ﬁﬂ? At
k)

Pervaporation FI# A WL E- B2 I BRERZFp I EER/D BUE S E ARt B O
T PR R g oo TAEITE S LT U"&’f”ﬁiﬁ%é
Rl e L e e D T SEEOT

Reverse osmosis

z

-_

17 L e 7§ R A
o MR enip i A A
E NSNS L o

i i
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2-8 Liquid-liquid extraction f§ /i

WIS FERY “,f 7 ® @ % > Liquid-liquid extraction®_¥ — #& 3 »x 5 v
Yoo U inR I A RS PRI G FRERR E o I REPS A AR R B ip 3
BRI ER N DA ST B BT A TR R Y 7 R Sa e
& #ix(distribution coefficients) > #2787 FE & § &t £ F]Z v £ 5w @A 2 plisgh
F A A g Rl 0 FIM AR BT B ERRCRA)Y 0 U L M BT R B
| (extractant) » » f]}u%’;ﬁ ip o e 8 > v MG - B MAEPR R S b o A B
€73 ¢ wie 2 4 3 T {rst it A5 = (emulsion formation) » iz ® B XL £ ¥ 14 5L PR D
ArPE A E Hwme A 4 3 L PR A RS PR ¢ FE'F«T te— B IR
HEOER 3BT RRENBRAYP > TRETEHT - BIL#HDLdH o &

A AL & perstraction (Ezeji et al., 2007a) °

Medlum Yo
i ] Extractant
T .
- —t |
— "1 — Rotating DIsc /[ “—»
— | —  Column ABE Solvents
T \_ _/ Extractant
— & | —— _|_Solvent recycle ‘[/ recovery

N RN A unlt

Solvent make up

Broth recycle

B2-4 Liquid-liquid extraction 7+ &, Bl(Groot et al., 1992)
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;@ﬁﬁﬁﬁﬁﬁwﬁgﬁﬁw’ﬂ&ﬁﬁ—%%ﬁﬁ&M%WZQ%mw

AAFZitirrdH RET RS BEE ma‘ﬁ &> & fie & He(distribution coefficients)

g

riE #F F (selectivity) o ~ fie A A% B 2 T2 X PP AP B EERY v { M

BAETRD B A A ER TR AT FRABLT R

(1) % pe s #ix(distribution coefficients)

BoK g Al B> CohAird it ek & (kg/L) > C, 5 A

15 4 ok 4p ek & (kg/L) (Groot et al. 1990) e

(2) iE # F (selectivity)

RS LERT Ky 5 fRens el Ky B okARY G R A e ek i

(Groot et al. 1990) -
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2-8.1 HBHAL

0K B EPEAY FEHGT BBIER - AN S BRI RIRT P AR
FeiE A7 ¢ 47 f% uif #F | (selectivity)fr 4 47 4p % 14(Shukla et al., 1988; Job et al.,
1989) o iz ;3 &% ¢ - 4 fg(oleyl alcohol) (Qureshi and Maddox, 1995; Davison
and Thompson, 1993) ~ % f%(decanol) (Evans and Wang, 1988) ~ #8 ¥ = ¥ B = ~ fig
(dibutyl phthalate) (Qureshi and Maddox, 1995)f=& 3 = f%(polypropylene glycol)
(Barton and Daugulis, 1992)¢ 4 B £ * &3 % 3 (TR 3 HZ B0 7 I L 124
7@ (Methylated crude palm oil) (Ishizaki et al., 1999)f=? 3 it % {45 7% (methylated
sunflower oil) (Grobben et al., 1993)» & S # 3 4 £ R {7 BenZ B> 1 2
FRRERY M7 BER o A AR R 2 F W (biodiesel) F 1T 5 BE] o

#2:6 - B F L F PR F fos fie kB

Extractant Toxicity" Partition coefficient®
Hexanol Toxic 9.91-12
Octanol Toxic 7.33-10
Decanol Toxic 6.2-8

Oleyl alcohol Nontoxic 3214

Castor oil Nontoxic 2-6

Corn oil Nontoxic 0.6-0.7
Hexadecane Nontoxic 0.148

Kerosene Nontoxic 0.127

“ 4 C. acetobutylicum 4 C. beijerinkii =33 %

PKarcher et al. (2005), Evans et al. (1988), and Groot et al. (1990)
24



AR AT AR TEE SRR FIL KW AL g w2
Filtz 4 BRERNE S FRYAZPRETEAL VERE R FIIER
o 2L G E RS TR & A RDE S o 3 g«gﬁw SR UL N
“,f C. acetobutylicum 3 ¥ » ch ABE» j& % 2-7 ¥ 7@ 4 F o gL 557 iR
(butanol) » &> A drd] > @ FH T BIERK AR A 11.6 gL &2 1] 165 g/L >
HEW ABE kR 20g/L } 23299 g/l &~ w2 42%f- 50% - 7 7 ABE
AFLENGEATEFRA AL DS G T B Ark 2-8 7 0 L=
{# (cetane number)j¥_48 #% = 1| 54 » /4 g 2 (cold filter plugging point, CFFP)j& & #
58C* 1] 027C » Fl#* » ¥ %7 & ABE # iz hdcd T3 ¢ 554
Fiev kA ABE hA 2R i e ansit g o BF A f A 4 TR

#~ ¥ e F(Li et al, 2010) o
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%27 ABE &4 Fi ¢ A fie k #ie(Li et al., 2010)

Products Partition coefficient”
Acetone 0.19
Ethanol 0.16
Butanol 1.23
Acetic acid 0.22
Butyric acid 1.62

YR By A A FPRIG PFRERAPR & PRRT o B2 FRW Y APk
BUp g Ad ek R BB TR S0mL b2 ik & 100 mL ¢ g
2ge T Nl gk ~05g e fE~02g e Ar05g T R R ARR &
B30CeB 2 mE Y B % 24 PF o

% 2-8 &4 ABE 9@ i 4c ABE 2 2 85 12 1 gid (Lietal, 2010)

Fuel property Biodiesel ABE-enriched biodiesel
Water and sediment 0.03 0.05

CFPP* 5.8 0.2

Kinematic viscosity, 40°C 4.2 3.1

Flash point 140 95

Sulfated ash 0.019 0.012

Cetane number 48 54

Carbon residue 0.055 0.043

Acid number 0.75 0.37
Phosphorus content 0.003 0.003

Fuel properties were tested based on the procedures of the American Society of
Testing and Materials(ASTM)
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*CFPP cold filter plugging point
- (B (CN)AL e 5 3 S B 2ok e v p| B 51 8 Bk L eni b R e
PSR 0 LR 2 e SRR a2 TR R P W
2R 5 & JEFM 2 EN14214 2003 (E) #2 2 Wz ASTM D6751 » =0 ¥ ;

e

BB R LR R YRS 2 4 R 2 R RARRE U E L F

B e 4 st 2 B RARE o L 2 A RS p i Ap DR
Tt ARGl A o RV AT &+ 2 % (n-cetane) ¥ a -7

# % (a-methylnaphthalene)i% 7 e #84f § 4 #cfe = 7® & F+(Ramos et al., 2009) -

LA EARE o N ARV PR AREE SIEF R S P O M e s —

aﬁl

FOUORomE t g s LA REARM PISIFF VSR TR ET
* 53 RRGOEA5E 2 (Meher et al., 2006) -
AN SR e L L e R T P SRL RS WF R M
B A RELFET o §FM L EEREF #4447 20 mL ek g g R
(Ramos et al., 2009) o ¥ /4 o BLAX M PF » & T Fuf sa ke AR4F - AR F A AR T 1 o
- AT o B AR s g B G -15TC 0 tp T RS ik R BT LR Y 0 @ -
HEE L REE 2 S9C W L sE 11C o 4 7&{;% v B RTE B
et~ gl EP ’fjﬁjﬁ T F SRR MERD A ZFRY 5 FP o 2 AE
B B P F R R L REDRE £ 29 LI bR
R LR g o (e 1 5 2 TR B4 10 g/L 7 R fT

43T 6CHmmB® 2 2 1) 0 )
27



% 2-9 A7 fEde b 2 4 S8 45 14 (Ramos et al., 2009)

EN 4 g 17 i =2 wER *E vRE AR 3= EX
fnz & wt.% 97.7 99 99.5 99.5 96.9 97.2 97.8 99.7 99.8
54 AR ,

. mm?/s 45 45 4.6 4.4 4.2 4.2 4.1 4.2 4.4
407C)
ARG 13 C 176 178 176 170 171 177 175 172 170
L2 — 61 57 53 55 49 50 48 57 53
CFFP C 10 -6 17 -10 -5 -3 -6 -6 -12
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2-9 A B2 A R4

ER SO PIY BB fORTAREIE IR EFARE <D
A 4 oo TP T e A P T w T R E R TR 0 B HpiEe
3% 74 (steam stripping distillation) ~ # #%(gas stripping) ~ ¥ *i(adsorption) ~ ;% %
# % (pervaporation) i —i% 4p 5 P~(liquid-liquid extraction) » H 7 Fe 4 3 H jiest

A T 4200 it & 4o B) 2-4 97 7 (Qureshi et al., 2005) ¢

AN

CR 2-5F IR BA BLEAY ATE Y EA I F TP i RRE

A DB EH o R P&y 2% 24 A3 R A s S

6000
)_f’
= 50001
2
= ]
[}
g 4000
T 1
Eg 3000 |
8
£3 ]
= ,-"’-’
g 2000
o>
g 1000 {50
w
u/’/

58 GS Fanv Ext Ad
Butanol Recovery Techniques

Bl 2-5 7 I A YLt i w fer4L it B (Qureshi et al., 2005)

SS —steam stripping distillation > GS —gas stripping » Perv—perva-poration »

Ext—Iliquid-liquid extraction > Ad —adsorption on to silicalite
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2-10 2 FEBFA

4 B4 (Biodiesel)* fL2 4 s b o - AFEZF AR v A & A S
REF G B ap b bt R A Ear A1 Ew o nE ko 572 7
B A DV N R R LR N AN TR F G e B3

B - faR* 2~ & - &4 57 A fzl(biodegradable)z WL o

AFREN AR DREE B TS A S i R Sl vhidgpet o H
§ R (COy) et s 5 T8% » Fl 5 ¥ hi 4R 7 ¥ 4 % (aromatic) © 1L
{2 H- 3 it (CO) g 5 46.7% > 4 F$ 2z (particulate emissions)»
FU66. 7% 0 AIER TR s R0 452% 0 F)pt o T F U - BB AR
B0tk ¢ (Helwani et al, 2009) o *& gt 2 # > 515 v 3§ e a0t 8(9150C)
foiginph » @ B B 5 - BRI R (volatility) fodk B B ok o TS %
P i 0 5| EF hB T Ao B # 7 & & (Al-Zuhair., 2007) -

Hb ek R G fEF 0 4o 129 (palm) ~ % 5 45 (rapeseed) ~ = & (soybean)
Jfr(castor)frffr & Af(jatropha) & > @ i P B frB B B FE AR T B E F Y
PERGRS A RERF 0 9F 217 2 24000 kgtr iR 0 24 AL T Y A
i 9 AL Kk (Al-Zuhair., 2007) ©

PEL TR F Sl &5 S /R e B~ PRHLR VAL (FFA)

Jok A G ROEFERAF BB FL £ A a Bl & R B R £.60-70C -
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# fig 1 (Transesterification) £_p = 1 ¥ + & F * k24 F 2 F&W 32 > 7

2.

CEAEN RS F BT REE BB Lk M WA A - 5

IS

3y

THEFE A AR B 0 D0 i F BZRREAF LA 2 F A
» g1t & (catalyst) » & 35 B& 2 BT & (acid catalyst) ~ 4& |+ 18t | (alkali catalyst) -
2 gLt & (heterogeneous catalyst) ~ %% fi¥ % (lipase) - B]2-6 = = fa+ ¥ fig 2 #&

fa i Kl o B /pkend B et 513

Ester group

Fl{'--fC—O}C—H + H—0O—CH, Fl{gC—O_%CHa H—O—C—H
ﬁ Catalyst Na* (|:|}

R,—C—0—C—H + H-O—CH; —— R,~C—0-CH; + H—O—C—H

0] o}
Fl3—é|:—O—C—H + H—0O—CHs4 Fl3—|C|:—O—CH3 H—O0—C—H
H !
Triglyceride Methanol Ea?y Acid Methyl Glycerol
ster

B2-6 =Zped a2t F i
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Bl 2-7 % dk BLiCgEAg A 4 B R ARR] 0 27 F 7 R (methanol) i
T S AL T Ak g (fatty acid methyl esters, FAME){e&| 2 4 4 # (glycerin) »
7 ) 2-8 B & ik L1 88 iy chi% A2 ) (Schuchardt et al.,, 1998) « % 4 3 £ #5df e s fit
(free fatty acid, FFA)enid if & £ K 4k B - @ hitl-m 3 2 £ FFA R &
A FR IR o PR AR T e g R Dk BLIL ciEARY B R A8 et i
F R o FRgg 2 B iy b iE A2 (Basu et al., 1996) o dg 0T R BAFAcL § it 4o
(KOH){rd ¥ i 4 (NaOH)&_i¢ 2 Fod &5 3 & & crg it & > TR ER X
% HorZ g o apE e (%iE(Helwanietal., 2009) » ¥ — 3 & > e i F i chps
P vt LT F R T 400 B 0 PEERT RN G B R TR A Y ke B

A f YAk I R %13 0 @ #1014 (Al-Zuhair., 2007)
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MeOH Catalyst Water washing or
- H,PO, Agueous

NaOH Phosphates phase

Methanol
o %
QOil waste

Refined
vegetable oil

Transesterification

Vacuum distillation

HaPO,
MeOH and
—_—
Fal hase+«—— water
tty p — Glycerin
Phosphates Aqueous (92%) v
phase Biodiesel (99.6%)

Bl 2-7 I * dg it 2 & 4 8 2 A2 Bl (Helwani et al., 2009)

Hy,SO, MeQH Qil
l Biodiesel (99.6%)
H.S0,/MeOH
Methanol and Vacuum
water i i

Glycerin (929%) and
water

Simultaneous
Yellow esterification and
grease i i

Vacuum Water

Distillation H,S0,+Ca0—Ca Gravity \

CaO CaS0,

v

B 2-8 JI* gt & g2 A 2 F & 2 i 42 Bl (Helwani et al., 2009)
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31 REH#

311 7% FHk

2% FHmEHBEE

A F Bt * hp R Clostridium acetobutylicum » B REp 2 4 F iR k3 2 2

% ¥ = (Bioresource Collection and Research Center ) » Ff&.% 5. : BCRC10639 -

3-12 F%F&

%31 FHRESGHE

A4 B L R "%
3L, (L v P Tryptone DIFCO BD
s LB Yeast Extract DIFCO BD

4 ik 4
Pt

R i 4

o P A
FifidE
FifhdE
R
Ffa & = 49
i AFT R
A5 %
F v 47

L 4

e

%y
i

Ry

Sodium molybdate dehydrate
Sulfuric acid

Sodium sulfate

Cupric sulfate

Manganese sulfate monohydrate
Magnesium sulfate heptahydrate
Zinc sulfate heptahydrate
Dipotassium hydrogenphosphate
p-aminobenzoic acid

Biotin

Calcium dichloride dihydrate
Cobalt dichloride hexahydrate

Ferric chloride

35

o fe it 8 st g AL
SHOWA

W B E
SHOWA
Scharlau
SHOWA
SHOWA
SHOWA
ACROS
SIGMA

W B E
Hanawa

SHOWA



A%"—fr;i
- ﬁ/;i
Pk

>

-
(‘J
&

Acetic acid
Butyric acid
Acetone
Ethanol
Butanol

n-Hexane

Hydrochloric acid

Sodium Hydroxide

Glucose

Glycerol

Reinforced clostridial medium

Biodiesel

SHOWA
ACROS
TEDIA
ECHO
ACROS
SHOWA
Scharlau
SHOWA
ROQUETTE
SHOWA

DIFCO BD
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313 FHKRE

132 FHRBHE

RERA 35t g
pH meter PH-206 Lutron

T AT BJ 100M Precisa
BERERE MS-3205B ChromTech
BREF AL EA635 TRIDENT
# ﬁ#ﬁ? [ 3BH-24 HIGH TEN
AL KRRl Simplicity MILLIPORE
W ok Wi WSC044 FIDTREEM
B B E CR 2200 Weilheim
iR RTR%H LUS-150 LIAN SHEN
Pl A i MCD-2000 HSIANGTALI
LR L Universal-32R Hettich
RERIE MS1 minishaker IKA
R hREF DC300H DECTA
R Y GENESYS 10UV Thermo

7 5B~ R 2300STAT YSI

F A0 K A7 & Focus GC Thermo

R LO-150 LIAN SHEN
5L fe BTF-A 5L A

FE R Masterflex L/S Drives Cole-Parmer

07553-75
MR R K CRC-30L PROYES
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SL F I % - BRGNP

3-2 A3
3-2.1 Biomass 4 5 % %

PO FFE BRI RRAEZFRABE MG F P o d o nig 9,000
rpm &2 10 min £ > A BFEM e Gk o g bR o RE e g - kg
gl gs fs 4=E o BB A 3C £ (Dry cell weight, DCW ) B~7 ek B 2. Fik >
Fl ok R A R K 620nm TR E L F %A (Optical density, 0.D.) » & % F
kB “Tip| 18 9 DCW 4r O.D. & (¥ B] > J& 17 4 £ 4 : DCW(g/1)=(0.D.-0.0258)/0.6796

(*ifd5r2) e

3-22 FEBAFS 2

Mgl g v s Y530 (9000 rpm, 5 min) o A AL EFRE O FR o B R

F1* YSI2300STAT Glucose analyzer * i& {7 & | -
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3-2.3 Fpsix ¥ ABE(Acetone-Butanol-Ethanol)ik & | £ = 2

Pr

ET

R I g P o d dro i 9000 rpm 3w 10 min {8 0 A B

fot ik o B~ b i 3 % Filter &g > 11* § 40 % 47 & (Thermo model Focus GC

series ) X & ] o £ fn g £ 5 SEG BP20 (25 m»0.22 mmx0.25 um ) > 4248 & 120

Cr ¥ 3min {4 16°C/min 2_ & F 28 3 200°C > &4F 5 min; ;L %43 (injector )

BB 200°C 5 @B S LGS R ® (FID detector) » B & 250°C ; i#iX 5 48

(carrier gas) & % # (nitrogen)» /it & 25 ml/mim ° J &+ 5 44 = 1uL -
R e R T I T

{7 fit (acetone) s £ R > 423 : Concentration(g/L)=area/602178 (*i45 3)

¢ f%(ethanol) & £ 4 = 4% ;% : Concentration(g/L)=area/497086 (*i4k 4)

7 F%(butanol)# £ 41 > #%;' : Concentration(g/L)=area/990559 (4% 5)
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3-24 A FEp? T pmkRRE

#7273 ABE ch2 Fop R avdpe g @ o Gd o 9000 rpm g
10min #5 » F= S 4Rfe TR AR A 4L o P~ G chjd 4p > & % I ¢ *=(hexane)§ IF
VEAR| o KA R a ot H P 4% 5 4p K 47 & (Thermo model Focus GC series ) %
EEER L g s SEGBP20 (25 mx0.22 mmx0.25 um ) » 4248 & 120°C -
4F 3min {8012 16°C/min 2 & F 2 3 200°C » 24F 2 min- 2 {& £ 2 10°C/min
Zo FAR 3 230°C 0 4% 30 min ; ;L EF3 (injector) > B & 230°C 5 W R E 2
L gd S g B (FID detector) @ i & 230°C ; 3% 5 8 (carrier gas) 5 ¥ #
(nitrogen ) » 7 & 25 ml/mim ° j3 ¢+ R 84 5 1uL -

AE R e HAES ER TR EERESR

7 F%(butanol)# & 41~ #%3% : Concentration(g/L)=area/1160954 (4% 6)
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3-3 R #
3-31 AfFF

PP AFFTRESZ2 ALY S Syl BCRCI0639 1 C. acetobutylicum 2. 4
FAICHEE OROBABAARABRC R C>IRIAF DRI ECVERRIEA
P o M 3TCHA 30 PF -2 08mL FHixfr 02 mL 4 4 ¥ » g g g ¢ R

A

£353 > » 75 50%COxfr 50% Ny 2R & § R4 18 » 22 » -20°C ok $a4 ok %75 o

3-32 FfiE
B35 20-20C kg N 4 ik T g 0 JIF B F B EAR T T0CE B
W2min 6> #AIPABAL LRI AF e DORFE TEERTRA

@Yo 3T CE % 30 ) pF o
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3-3.3 f 3 # A (Seed Medium, SM)
fe @k & 5 38 g/L eh RCM (reinforced clostridial medium) ;7% i 32 & £ 50 mL

C M5 T M pHP L 68 6 B h BB F L L F RIS EY 0 £ A

g

FREH Y 23R %Y BEF 20 min (4% FB4 5 12 keglem® > B R S 121
T FRAARFARED > LTS %FW g ERER R EFH\ETLPFE
AAr s B3 320 Cefud ik f8 F)iE 7 heat-shocked (70 °C > 2 min) > #-H ] » 12
RAT T ZIRI AF 2 REEY  EIERRAHNIT CEAFRE BA

30 ] B o

% 3-3 A % A (seed medium, SM)

Compounds Concentration (g/L)
‘Lab-lemco’ powder 10

Peptone 10

Soluble starch 1

Glucose 5

Cysteine - HCI 0.5

NaCl 5
CH;COONa 3

Agar 0.5

Yeast extract 3
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3-3.4 FpE % L (Fermentation Medium, FM)

BT FES G R e A A 9 MR M pH BT 4815 > 1)
%ﬁﬁﬁﬁﬂ’?ﬁ%&%ﬁvﬁﬁ’iuﬁﬂﬁﬁﬂj’ﬁiﬁﬁﬁﬂ&ﬁ
20 A48 FR A AP FRBD 0 0TS %P EREFRL 0 RI R AR L

SR

% 3-4 #FpEr: £ A (fermentation medium, FM)

Compounds Concentration (g/L)
Na,SO04 0.18
K>,HPO4 0.175
Tryptone 1

Yeast extract 5

Glucose 80

Biotin 0.01
P-aminobenzonic acid 0.01
Mineral salt solution 1 mL
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4 3-5 L &1 327 (Mineral salt solution) =i 1t & o L5 F¥3s & A ¢

Z_ = /& -Mineral salt solution °

% 3-5 Mineral salt solution %8 =¢

Compounds Concentration (g/L)
NaMoOy - 2H,0 0.24
CoCl, - 6H,O 0.24
CaCl, - 2H,O 1.5
FeCl; 16.203
CuSOq4 0.1598
ZnS0O4 - TH,O 0.5164
MnSO;, - H,O 1.7
MgSO, - 7TH,0 24.574
H,SO4 (6M) 28 mL
3-35 #BA

s T 15 SM 2o BLIYIRE 2 E1S FM B 2 75 %R 0 R 0 R

FiTsH P~ 100mLSM 4c X 5L F B Bis - % B Fasr RELF & ~R & F 850

% COy fr 50% Ny ) & 12 {58 -k W 2418 & 5 37 C

44



3-36 2 TR YR

Py e iAok nd BRI AFTHRD W I e g 7 H
#W TR 5 100g hx B R0 o 4o » E b G| fE(methanol) © H A9 v (Y%wt)
5 15% > & § 1“4 05g i 5 500pm > 2 70CERTE B2 | s> R4
Fr30 T FIRARRG PR AFEN TR IRBAS IT“L{*‘] 2 (glycerol)
PR3-l R R isend W o ASLFRES G o d N2 FRY R ER

)

X ETILE Fee A ER G UL TR B o
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HrLR %

Liquid-liquid

extraction

\ 4

\ 4
|
=R
V=
p-i

SLFRE

\ 4

v

/fJ‘ Sy E%Fé&‘fr'bl‘ [

\ 4

4R R

B3-2 FHEH
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3-51 # ?"L,ﬂy s dr cPPE R REET L ()2 35 48
Pendfed i I PR BRI 40 7 ot Bend T 4F C. acetobutylicum 2 2 7 i

v

(w,
o

(1) e ¥ 38g/L «nSM 5 % # 50 mL » 32 % 30 /| & o

(2) ™ 10%#EFE S SM&ED 77 25mLFM dufzsg? > £ 2455 -

(3) i #e 12.5mL fe 25mL hd ot & = 53 0 2 FM $ cpfifio o0 5 1:0.5
fo 1103 ~ R 2 F 8(50% COy fr 50% Np) 2% & Fe ¥ TR & Adg T * 30 9
if?ﬁ 3T CR AR BE T2

(4) FI4pn 18 s it il F 4 12244036 ] Prenphiz » €33 4 #0785~

AELK O ERF Q)T RN I LR ITCaB AR BT T2 PF o

352 Hai R LPFEY REN

Poeh RS 40 2 00 H pF R §F C. acetobutylicum 2 £ 2 1 -

(1) fe® 38g/L hSM & % A 50mL - 3 % 30 /] p¥ o

(2) 72 10%#EFE % SM#EZET P2 F 77 25mLFM eggsg? - & 184%

(3) #-185%2 &% Feh FM A W4c » 25mL 2 F e > 2 FM $#id cof ff
Ble il 26 »REFHAUSREER ITCHARIBL -

(4) & [ 12 ] PP~ 35gdhag k(e 0 4 AR THEML L2 81 o
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3-53 HFLi BALE pEARA

PodEitd AR AL P REFGM > H AWML L o

(1) e 38g/L < SM 32 % 4 50mL » 32 % 30 -] p¥ o

(2) ™ 10% 8% SMAEI # 25 25 mLFM shfgsg® o £ 24 5g -

(3) #-24 5L° #% F#NFM A u4c » 25 mL ¢4 kb > 2 (53 ~ R & § 7

FREEE ONIICRARYEA T EFR 12 FERAE B3 ki

T4t o
(4) £33 % 748 | Premphiz » BT P 12 5HIBD o e » P B B ERT §
O FMEZA2mL ¥ 5BERDPI20g/L 2+ > 288 »REF

ERr R A RSERA > TR 12 R 3N REF AT o

3-5.4 5L F i B FLF EEAAE

Peandfidic A BRErP @R g BL AL By

(1) fe ¥ 38g/L 7 SM 32 4 2 100 mL » 32 % 30 ] P& -

(2) pei 1 LnFM g% & - 5~ 5 Lenk BEY o &7 4 A5 (i 1.68-2.38
mm >~ wEE 200g) 0 12 2L hd B o

(3) M 10%%FE# SM 423 P iEehS LF REY » SHFE 8 L F 1(50%
CO, fv 50% Ny)saa# k¥ TRt > B30 37Cefzif kP 27 % o

(4) t48~724096 | FE S §EMERF AL 10 gL 11T 4~ 5§



BOERTFBEGROFM B &4 w8 T BERD ¥ 40 gL

o

LHFEA IR APBTL 144 )

-

3-55 5L F B F 4R GE k) ¥ piae s

oA B AP R ()RR L AL B

(1) e % 38g/L 7 SM 32 % 4 100 mL » 32 % 30 | P& o

(2) rE 1 LOFMuEA > B r SLaF BEY > 205 5o 5 (UL 1.68-2.38
mm >~ EE 200g) 0 12 2L hd B o

(3) ™2 10%4%FE#SM &3 S LF BEY » D3I~ £ 5 18(50%
COy fr 50% Np) B dF R ¥ Bt » B30 37TCnif ki@ &7 % -

() F#pR? FERERFHED 10gL 1T P4 F kAT § 400 g/L)k 4
RO FM 3 4 A4 > HaPE R L SmL/hr o #5 5 HER BEF A 10gL

it BERFRL 114 pF o

3-5.6 5L F 5 % £ 4§ #+ = 4 (Repeated Fed-batch) % fg 42 &

PR EAT S R L A R W

Xy
+

(1) pe % 38g/L éhSM #2 % 7 100 mL > 35 % 30 ] p% o
() FrE I LenFMB £ & » 5 Lehr BEY o &4 mef (42 1.68-2.38
mm -~ 2HEE 200g) 0 1 E 2L it Faw o
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(3) ™ 10%ZFAE#-SM &I FiEen5 LF BEY » S5 ~ 2 & §F 4(50%
COr v 50% Ny) 45 k¥ it » B 37 Cmig kP 2R % o

(4) FF 5423 10g/L T g BFaERs— X(500mL) % » £ & » 500
mL 37erus & A > Mg R FEBEAL YR T0gL 2 -8R A o B4

R L 132 ) B o

3-5.7 5L F & ik 4 7% (Continuous) % f% 2 &

PRt B iRl TR R S s A2 B

(1) e % 38g/L ch SM 32 % A& 100 mL » 32 % 30 | pF o

(2) rE 1 LOFMu &4 B r SLaF BEY > 205 5o A5 (L 1.68-2.38
mm >~ EE 200g) 0 12 2L chd B o

(3) 2 10%=FE#SM L FubehS LA REY > S3FFE » R & F H(50%
CO, v 50% Np) 45 k¥ B > B 37 Ceazif k@ 27 & -

(4) $FFHERFFETI0 gL T Bh g g1 kR 5 85
g/L > A&#L# & 5 24 mL/hr o

(5) B3 %I 60 /| Preppriz » 4 F oo e T 8 ik 5

& 24 mL/hr -
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5% CO,
Pump
Feed tank
i )
i
v 1
¥
Broth Brick

2

Pump

Bilodiexel <--

% broth port from

I—’*—"Oil port from

22

Pump

9
.
-

C'ollectinn
vessel

B3-3 @A HERA N A

B34 @35 R A
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4-1 ”P A FRB N FRRY L PR ESG ,,] g2
AR R PR B A 2 R AR eh2 T 3 C. acetobutylicum %
4 A7 fg2 B fgs o A B % 4B 4-1 fr7 0 24 (Control)n\,,\,l et ’Fﬁ‘—fx—,r‘:

HAp % 721 p o SR T 3 e S R R e T Rk R R

N

Ao dle 1018 gL AW E 0 2 FERFF AR B gL TR R
HBlA T R IR R R B B 4o o 1] e g gt 1:0.5 ok ehdE > 4
FIv 0 j Gk 4-1 ¢ deif o B e 1ol e il £ 1:0.5 Reh b oo Ap il
R FERED T BE, BEFRF ORFERAF A B L AT RER Ok
B L3 fIsr et R gak o, Fpt > VR & ABE $ ARy HAacd
RAEHTRFTMOAL LG ok m o B o 2 24 PG 1] 0l TR
MEHAMA AT R darck  HATEERT I 1551£195¢g/L- A >
R B A L1t lend R o BT MRER & 14761113 gL BB 24 )
AR Bor Rk AR T <o F o g I P SR WA (TR 02 T HE AR
2R o0 23 ﬁﬁz?,ag;rsggw £ ,:1‘;&«;‘?]:4\1 Iil énd oty KigiFg 277 -
v/l%;fﬂ 3> 41* C. acetobutylicum ATCC824 FthiE i3 & > % 35 % I 48
P PEEPEIE L R BT de » 10 ABE AR € F B ARk 0 B = i?;éfgkrr
REenZ 2-7 9 WO BT OiRAR o 4 R { BATE R AT A AR

mffxﬁpﬁ&il«ﬂi&—/«l ’Fﬁ%ﬁ_\;]l}?}’?ﬁj—/] vu ’?ﬁé’ui%ﬁ_g‘gzéﬁg’*@?ﬁ?" ﬁj’;&’
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FORFEMAABMPEL AL ST Fed PR S a0 e 2o

fe(Lietal,,2010) > X > Fl5 &7 - BR%RFH? TR LG J‘ﬁti B H

J—
n‘?&
3
i
i__w

o B3 AT 36 PEapFE o Hppne TmER SREEDR
gk 4 ri.%—fc fr ¢ &t 10g/L ER > @ © biomass + B 4-/LT "E o ppEA
& 4R ke (T AR 2 A ABE (k3 & o Fpt o R AP B T
P A LA e B F R TR

424043 5 AR HFFRET Ffr” i kipfeid 4p ¥ 5Pk Fehfa) o
FR P 7 O IR kAR ST BRE R R Kb 11 g/ BAMER T > Hiddp ¢ b

CERER S BAER A E D) 180 A4z 157 Mk R E FIARE S ST fRes

N

\

fo e 08 2+ om kAp¥ 7 FRIERBEAR A— B4nam 60 A 48T "F i 5 1l
oo fppeidfh- LWL E P T Aop ik 067 23 > & frevd
B 162 ik - LI BT fA R R B T g
SRR FRAE - BEF A R E R hest Feha e i A REEDE
FRife? 607 Bh gk TR o B VR B R B TR T pRend

AL g5 SR
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20

[ control
18 -  — 5

1:05
. | [e=
14 A
12 A

10 A

Total butanol (g/L)
H

Time (hr)

Bl4-1 7 PR ERiicd bt blend FEa L 47 fd 2 82 )

41 AR PR BGAR t bend T B oRdpdei dp ¢ T iR A

e 4
(hr) 1:1 1:0.5
kAR PR(g/L) @ dp T R(g/L) kAR fR(g/L) @ dn T R(g/L)
0 6.95 7.81 8.88 10.19
12 4.89 8.09 6.98 10.47
24 6.06 9.46 8.06 11.18
36 6.35 8.93 7.06 10.85
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—O— oil phase
—&— water phase

Butanol (g/L)
o

0 <l’ T T T T T T T
00 10 30 60 120 180 240 300

T (min)

W42 @ hckdnfedp Y chEBE S QSmLend PR 225mL ¢ 5025
S e BT RARR & 0 A 37CHUS A RE Y E B 300 A 4h)

5
—@— water phase
¢ —O— oil phase
4 -
o
CIE
kel
'S
<
L
S
2 27
S
m
1 -
O (f T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

T (min)

B 4-3 ~prh-kipfom dp P hF B & (400 mL eh2 Fd 22 400mL & 7 2 g
< fehd B KA A 0 B 3TC R A TRE Y F B 180 4 43)
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42 Focd FHp PR Y AP
=P B dE it gt d B8 iRl R e (1:1) vs.dn i d(control) 2. pE R & AR5

o FRERAR 4-4 40 4-5 #0n 0 bR £ P 24 ) PREAPEIR 0 A KRG X
448 3.08 g/Lfr2.96 g/L » @ ¢ pF pH » % 3|5 M 14,04 fo 4.01 » F2 2] 0 pF 5
A fe ) (acidogenic phase) > ~ € ¢h {¥fhdre BT BEHR L 2 > 4 R pH &
- B AT H o 218 0 d i~ & 73 AE (solventogenic phase) © < £ F LIS E
FAF R T ot A AR o g% ABE 80 H pH A Bdew 2 o @ Bid
B % chpH G40 d & 44 54 o

R 4-4 ¢ F g b AT 36 ) R o Hipdlle i B 57
T e PRI F L L EERERN T BER S ET g kR
10 g/L> 4 #RFFHAZRZ 2" 2> B2 oty iy T RIEA T &G 1%
,T*ug Prélmre 4 £ 4p 3(%,2009) 2 ABE 2 ZF (productive'ity) e it 5 (yield)
& w5041 g/L/hr fr 025 g/g o @ RIFREF] 5 4 Freeih 2 Uk 4 4 “/T‘ FEER N D
TR RFRERAEF - BT EBERKLE R L LB R Y

8 [ Prenphiz o HF FAEC 2T R A T2 J P AT BIER
16.97+0.82¢g/L - # ABE # & i F & i i & & % §_0.44 g/L/hr §v 0.34 g/g > §245
Flefprez ™ o B4 g gt Fgng R o TP I Rk BB

B R e A ABE#HREY MW T BA ARG A ok BT 1L
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20 70

Total butanol Glucose
—O— control —4— control
—— 11 —A— 11 - 60
- 50
-
2 J
3 -4 B
s 3
2 8
2 -30 5
[ O
S)
l_
r 20
- 10
T - O
0 12 24 36 48 60 72
Time (hr)

Bl 44 Gl FRHGCDEEHEZ G REATT FRIFLELERT Y R

6
Biomass pH
—O— control —&— control
57 —e— 11 —— 11
T
S 4
]
-
2 3
a
©
5
@ 2]
1 .
0 T T T T T T T
0 12 24 36 48 60 72

Time (hr)

B 4-5 Facd FEd(DEgdles 24 EopH 2 PR ¢ &

58



43 ¥4 AR S
Aot ST B A8 L PR SRR Y F R P R} S ATERUR

T AL AT B PR S Ao 4-6 YTF 0 R A 48 JBi%men;,Tﬁ

sy

FRERRDYFH2mL g FEBERK AR A0 gLA w18 gL
TR A KR T g R R SRR A 2 &84 ] PehpRiz
SR IYHER o HEF T RBIER KD 2951 g/l ABE e12 & i F o (- F
(ABE 2 =k B/H 5 # 42k &)~ & 4 0.44 g/L/hr v 0.45 g/g> 132 % e+ = 7
gt oA AE S iR - wark e g e FR AR A034 g/g

3045¢g/g> F AR g > Ft > TR BB
PAL A= R R AT R ARG FREARS > A AUELEL R 222
ABE & > 2o w R AEpRfodtp? 7 EREAEDIHI AL & 20k
Boo BI4-T 5ipte LA i 2 e it ? ojoApfeid 4pen™ pRRA > Bl 7 5
Il 84 ] prenpFiz > HoRARTeid PR B 0T FRIER > 4 B E 13,65 g/l v
1586 g/L» @ f3p & 60 ] P28 » 27 R b Apcha fe fodios R A 1.1-1.2

2B 0k ded 1 peetiien 123 2 5 (Qing et al., 2010) -
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35

Fed-batch

—e— total butanol
—&— glucose
—-%— biomass

30

L

Total butanol (g/L)

Batch

—O— total butanol
—4— glucose
—-%— biomass

B14-6 e 1l 2 ot H e drge ol 2 0 1

18

Time (hr)

60

40

20

—O— water phase
—&— oil phase

Butanol concentration (g/L)

0 12 24

48 60 72 84 96
Time (hr)

Glucose (g/L)

B 4-7  Fde 11 2 T 2 3+ At -KApfeid Ap e f% ik &

60

Biomass (g/L)



4-4 SLFBEFZAPR R

R AR P AR X 1 % C. acetobutylicum 4 &2 7 Rz LA 1
PR A 1 Lo 2L c02 o 0200 g B2t AE - H g2 5 1.68-2.38 mm>
AAST FEER S 63/l ¥ EMERNIED 10g/L T B B s T4
o r B S BERTEHG0gL) s % A 60mL » BFaERT §EmER
AwI 40 gL 2L d A B TR A ARERRE LR o e B

TOEREME A A IL 2% o RS R Ao 48 40T 0 48~ 72 Jr 96 /| i erpE

o FIRERERY TR BRI 10gL AT AR BT B T4

l:d«

B M BERR AT 40 gL 24 0 B4 A K e %A u] L 038 o/L/hr
10029 g/g R T L F B B 120 ) e iE b T RS 2B R 2844 g/L
v 2_{8 7 ﬁ%/&ﬁi"g -}/E-'/é ﬁ"&‘l‘é—-}}ft:‘[ ’EH}"J—’ Re .r‘]r-r Lbfﬁ/\fb #B LA ﬁ?m/}?‘ﬁi i&@g

il AL L 10gL FREPPRFpry A2 £ > R mBA T2 TR

< o §4-9 3 ABE hokipfe” i Apd sk ulk A o
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4 30 70
25 9 - 60
3 -
- 50
o 20
- = o
S S F40 B
n c
a2 8 15 A 3
@ = 8
5 = [ 2
0 8 o
2 10 -
14 —O— total butanol 20
—-%— biomass
57 —— glucose - 10
—<— pH
0 - 0 T T T T T T T T T T 0
0 12 24 36 48 60 72 84 96 108 120 132 144
Time (hr)
B 4-8 SL & Jis B =x 4 kL4 C. acetobutylicum # £ z_ g2 58
12
water phase oil phase
—4— acetone —o—
10 4 butanol //‘\
—O— ethanol //' e ——o
- —O— butanol 4
=
2 8
c
2
©
b}
c 6 1
(]
o
c
<)
(8]
L 4 A
[an]
<
2 -
0
0 20 40 60 80 100 120 140 160
Time (hr)

r 5.0

- 4.5

- 4.0

- 3.5

- 3.0

B 49 SLFRBEEF=41H ABE -kipfe fp i dp? cnd Wk R
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45 S5LF EZFHAa4(GR )R %
F SR AE SRR (Gl ek )43 2+ 12 & C. acetobutylicum # & 7 A%

ZHF o LTS T L Fae 2Lt Fik{r200 g A it meg - Hdis 3
1.68-2.38 mm > 424§ FAEER 5 6l g/l § H 5B ERY 4T 10g/L 1T pF >
Bl aes) @&r» 2273 ERT FHU0gL)T 4 40 8
ik 5 A4S5mL/hr B FHEAFALI0gL 24 d @ TEBRKRES T HE
AT EREAE hAF A IL .

FEHRES AW 410977 > A EF 0B P PFL i R TBERT LGP
B A aagg s PR R FfeR - BR %A 0 AR 4-11 ¢ R3] FlL R
WARY T ERAE R C AT g P AL £ 10 g/l FRRPEF R Ao
AL RTBAERFHTRD o A AT 108 ] BrenpEE 0 F Bk T R
AR 2976 g/L - H Ffogg it F o w g 043 g/L/hrfr 028 g/g > &2 5 - B

PR AAAR % 038 g/L/hr v 029 g/gApvt » H 2 A3 5 5 &= g% -
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Bl 4-10 SL & Jis B =t 442 (G 8 ) %+ C. acetobutylicum # £

Rl 4-11

Biomass (g/L)

Total butanol (g/L)

ABE concentration (g/L)

SLF BE=caGREs)E ABE tokipfe R b dp @ 0 d wlk

35 70
30 ] - 60
25 4 - 50
20 1 TSm0 =0 = 0= 40
\/ —O— total butanol (continuous feeding)
15 X —— total butanol (previous) L 30
IAW4 —-%— biomass
II<> —A— glucose
10 A —<— pH F 20
5 F 10
e —%
0 *—¥ —T— T T T T T T T T T T T 0

0 12 24 36 42 48 60 66 72 84 90 96 108 114 120 132 144

Time (hr)

Glucose (g/L)

12

10 +

©
1

water phase
—O— putanol
—4— acetone
—— ethanol

oil phase
——

butanol

66 72 84 90
Time (hr)

i3

64

96 108 114

r 4.8

- 4.6

- 4.4

- 4.2

- 4.0

- 3.8

- 3.6

7
~

h5 )
®

pH

s
7
7

e
*



4-6 5L F i £ 45+ = 4 (Repeated Fed-batch)® 2%

* R BRiF T EAF T HT 304 1B & CLoacetobutylicum 4 2 7 g2 BiER e 1
(120 I L’J?J: te 2L end B8 {0 200 g F i e BT 5 1.68-2.38 mm
4T EAEERL 60g/L F 5 MERWALT 10g/L ™ B4038 7€ 45
TR AEF REBPN FRERES500mL Dk > A FRFITTE R AL K
FERMTEBEARF YIRS EARBRAMAE D ASF AL

PEREF IR 4-12 47 0 AR AT 3640 66 ) PR 0 LT LR
e M 10 g/l IR T E AT AR R RF R RN AR B T D70 g/L
WA BLAFM S ERY o pH g A 2 AT H N BRIF
B AR DIATHUR SR Bdsie ~ APRE 0 2 A WL WRPH T 2 it

»AGEE > % WEER S ABES # pHA x v o A H M

1“‘\‘-'3

m oo A
UBATY 0 B MR R IET 27 gL 24 0 L b - APEE 0 B AT
PRk 33 g/l B 66 ) PERE R F| A B B B 03.59 g/l A % o AR
FHAMEr w2 3oLl 2+ HFL-EFFETFATH > HPFL &
B ARREE s R AR T ARk R S KT 85 gL § b g HE RPN G
RA 2 - wrd] > A2 LEF o A E D] 96 ] PrenpFiz o ptpER 4p e
7 ERER TR B FME e s B e 4120 ] PenpE iE koS il

R4 AER 3628/l B4 AiE ek & A w| £ 051 g/L/hr4r 033 g/g -
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120 + 40 4 r 5.0
100 - // 4.8
30 1\ ,’ -3
\ #
80 - \ I 4.6
> \ I -
3 %/ ? ,' repeated-batch >
o c \ o
S 60 - g 20 4 —0— tTtaI butanol Lo % L 4.4
G} a —4— glucose £
- —%— bi i=]
% # biomass @
40 2 I - 4.2
|
10 4 ,’ - L1
20 - ! A - 4.0
Fed-batch (continuous feeding)
—e— total butanol
0- 0 T T T T T T T T 0 - 3.8

0 12 24 36 42 48 60 66 72 84 90 96 108 114 120 132
Times (hr)

B 4-12 5L 7 B £ 45 $ % A4k 4 C. acetobutylicum 2 £ 2. 8258

12
water phase oil phase .
—O— butanol —-9— butanol Vi \'//"’.
10 1 —— acetone

—{O— ethanol

©
1

ABE concentration (g/L)
(o]

0 12 24 36 42 48 60 66 72 84 90 96 108 114 120 132
Times (hr)

Bl 4-13 SLFRFLAF+ A4 E ABE d-kfpfe @i fp? hE wkR
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4-7 5L F & B ¥ ;% (Continuous) ¥ % 3 %

A= R AF R N < 1 & C.acetobutylicum £ & 7 Rz B o
1 EREAE A 1 L"J,;J% be 2 L B fr200 g F 2 i mEp s B T 5 1.68-2.38 mm
AR H FEER S 60g/L F R EMERYALI 10g/L N TR BoeE TR
AR BT ERBERAF A IO YL 24 AT SBITHREEFTR > FRR
el HgpsRy pivERT BB AEE > Tl A F RGN E R 5 24 mL/hr
AR ER A A S S5 KRR S 80 gL A st & ) 60 /| PR
MAps BAEFR T FHEF 5 24ml/hr e

PG EIB® 4-14 977 > BP VT UFRTFRBERI LG WY R R
Fhl0 gl 24 0 a £ERMAAPGN 6015 gL2 Bk w 2F > ¥ HFME
BURRA ARRERE oM G REFZ R DT BERERF I §
B g5 iR ¢ EMens £ o R EMB AL > B AE FEBELD A
dONERR S RN AR A E RS S A AT T BIEA T
FUED G -RRR O QEFRM T BRG] I R T F AR B
£ ET IR A ABE - B4l  BRTIBEAHAR
BETREER IV AN F A o 2 8 AR AT 450 B P L E TR
o Hokdpfen Ap® T ik R L 736 g/L fo 847 g/L> @ ABE #4 A i %
gt e u R 0.55g/L/hrfr 027 g/g s B A F o F 2w enH L F N Ap
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42 2Rtz e 6 2 kAR ABE 7 productivity v yield v+ fii &

Organism Type of Method forin ~ extractant Solvent ~ Productivity  Yield (g/g) Reference
fermentation Situ Product Conc. (g/L/hr)
Removal (g/L)
C. saccharoperbutylacetonicum Batch Liquid-Liquid CPOE 29.8 0.55 0.40 Ishizaki et al.,
Extraction (1999)
C. beijerinckii Batch Pervaporation — 51.5 0.69 0.42 Qureshi and
Blaschek (1999)
C. saccharoperbutylacetonicum Batch Liquid-Liquid Oleyl alcohol 27.9 0.52 0.38 Ishizaki et al.,
Extraction (1999)
C. acetobutylicum BCRC10639 Batch Liquid-Liquid  Biodiesel 24.32 0.44 0.34 This study
Extraction
C. beijerinckii BA101 Fed-batch Gas stripping — 233 1.16 0.47 Ezeji et al.,
(2004b)
C. beijerinckii BA101 Fed-batch Pervaporation — 165.1 0.98 0.43 Groot et al.,
(1984)
C. acetobutylicum BCRC10639 Fed-batch Liquid-Liquid  Biodiesel 38.6 0.38 0.29 This study
Extraction
C. acetobutylicum BCRC10639 Feb-batch” Liquid-Liquid  Biodiesel 39.62 0.43 0.28 This study
Extraction
C. acetobutylicum BCRC10639 Repeated Liquid-Liquid  Biodiesel 55.33 0.51 0.33 This study
Fed-batch Extraction
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Organism Type of Method for in extractant Dilution rate Productivity  Yield Reference
fermentation  Situ Product (1/hr) (g/L/hr) (g/g)

Removal

C. acetobutylicum B5313 Continuous  Liquid-Liquid  Oleyl alcohol 0.2 2.5 0.35  Bankaretal.,
Extraction and decanol (2012)

C. acetobutylicum P262 Continuous  Liquid-Liquid Dibutyl 0.41 1.5 0.23  Qureshi et al.,
Extraction phthalate (1995)

C. acetobutylicum P262 Continuous  Liquid-Liquid  Oleyl alcohol 0.35 1.9 0.36  Qureshi et al.,
Extraction (1995)

C. acetobutylicum BCRC10639  Continuous  Liquid-Liquid Biodiesel 0.024(broth) 0.55 0.27  This study
Extraction 0.012(biodiesel)

* . .
continuous feeding
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